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0Abstract
The development of metal-nitrogen-carbons (M-N-Cs) has gained significant
momentum in the 21st century, driven by their potential as sustainable alter-
natives to precious metals for electrocatalytic applications. However, as the
pyrolytic synthesis often produces highly disordered carbonized materials, it can
be challenging to accurately characterize the active sites and their involvement
in the catalytic reactions. In this regard, quantum chemical methodologies like
density functional theory (DFT) could provide crucial atomic-level information
to guide the characterization and optimization of M-N-Cs. In this thesis, I present
computational studies related to the synthesis of M-N-Cs in the first part, fol-
lowed by their electrocatalytic applications in the second part. In parallel to these
studies, potential factors for the material degradation during the synthesis and
applications are also identified, especially for the generally active but unstable
Fe-N-Cs.

Inspired by the recent success of the templating-transmetallation strategy in
producing M-N-Cs with dense active sites, the first part of the thesis features a
computational investigation on the chemical properties of metals at the MN4 sites.
By constructing and optimizing structural models for the incorporation of MN4
motifs in conductive carbon matrices, we determined several advantages of using
molecular DFT methods for modeling the active sites, especially the structurally
complex pyrrolic MN4 motifs. Using these models, we further examined the
trends among the first-row transition metals pertaining their binding within the
MN4 site as well as their relative affinity to the pyrrolic or pyridinic motifs. It
could be shown that metals with more significant ionic binding character, such as
Zn and Mg, are more likely to form the pyrrolic MN4 sites than the catalytically
active metals like Fe and Co, leading to the successful characterization of the
pyrrolic MN4 sites from synthesis strategies which utilized Zn2+ or Mg2+ as the
sacrificial templating ions. In addition, the binding of Zn was determined to be
the weakest among the transition metals, making it an optimal choice for the
subsequent transmetallation.

As the transmetallation step generally retains the original structure of the active
site, in addition to its morphological properties and active site densities, it became
a crucial starting point for intrinsic activity comparisons among metals in the
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M-N-Cs. In the second part of this thesis, the electrocatalytic mechanisms for
the oxygen reduction reaction (ORR) and the carbon dioxide reduction reaction
(CO2RR) on the previously identified pyrrolic MN4 sites are presented along with
corresponding side reactions including the Fenton reaction and the hydrogen
evolution reaction (HER). The combined efforts of theory and experiment led to
the identification of inconspicuous species at the interface, such as hydroxides for
alkaline ORR, water for the Fenton reaction, and cations for the CO2RR, which
in fact play an active role in the mechanisms of the respective reactions. For the
ORR, we determined the involvement of the outer-sphere electron transfer in the
reactionmechanism, especially in the alkalinemedium, leading to the formation of
H2O2 whose subsequent reactions could depend on specific interactions with the
MN4 site. For the CO2RR, a theory-experiment contradiction in the activity and
selectivity of Ni-N-Cs could be resolved with the inclusion of alkali metal ions in
the mechanism, whose adsorption was made favorable by the pyrrolic N atoms at
the MN4 site. Overall, these insights derived with DFT provide strong theoretical
support for the knowledge-based optimization of the activity, selectivity and
stability of M-N-Cs for sustainable energy conversion applications.
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0Kurzzusammenfassung

Die Entwicklung vom metall- und stickstoff-codotierten Kohlenstoff (M-N-C) hat
im 21. Jahrhundert erheblichen Auftrieb erhalten, angetrieben durch ihr Potenzial
als nachhaltige Alternativen zu Edelmetallen für elektrokatalytische Anwendun-
gen. Da jedoch die pyrolytische Synthese oft stark ungeordnete karbonisierte
Materialien erzeugt, kann es herausfordernd sein, die aktiven Zentren genau
zu charakterisieren und ihre Beteiligung an den katalytischen Reaktionen zu
verstehen. In diesem Zusammenhang können quantenchemische Methoden wie
die Dichtefunktionaltheorie (DFT) entscheidende atomare Informationen liefern,
um die Charakterisierung und Optimierung von M-N-Cs zu unterstützen. In
dieser Arbeit präsentiere ich im ersten Teil theoretische Studien zur Synthese von
M-N-Cs, gefolgt von deren elektrokatalytischen Anwendungen im zweiten Teil.
Parallel zu diesen Erkenntnissen werden potenzielle Faktoren für die Materialde-
gradierung während der Synthese und Anwendungen identifiziert, insbesondere
für die im Allgemeinen aktiven, aber instabilen Fe-N-Cs.

Inspiriert von dem Erfolg der Templating-Transmetallation-Strategie bei der Her-
stellung von M-N-Cs mit erhöhten Dichten der aktiven Zentren, beinhaltet der
erste Teil dieser Arbeit eine theoretische Untersuchung der chemischen Eigen-
schaften von Metallatomen an den aktiven Zentren. Durch den Aufbau sowie die
Optimierung von Strukturmodellen für die Integration vonMN4-Motiven in leitfä-
higen Kohlenstoffe haben wir mehrere Vorteile der Verwendung von molekularen
DFT-Methoden zur Modellierung der aktiven Zentren festgestellt, besonders für
die strukturell komplexen pyrrolischen MN4-Motive. Unter Verwendung dieser
Modelle haben wir weiterhin die Trends unter den Übergangsmetallen der ersten
Reihe in Bezug auf ihre Bindung innerhalb der MN4-Zentren sowie ihre relative
Affinität zu den pyrrolischen oder pyridinischen Motiven untersucht. Es konnte
gezeigt werden, dass Metalle mit stärker ionischem Bindungscharakter, wie Zn
und Mg, eher dazu neigen, die pyrrolischen MN4-Zentren zu bilden als die kataly-
tisch aktiven Metalle wie Fe und Co, was zur erfolgreichen Charakterisierung der
pyrrolischen MN4-Zentren aus Synthesestrategien führte, die Zn2+ oder Mg2+ als
Templating-Ionen verwendeten. Zusätzlich wurde festgestellt, dass die Bindung
von Zn zu den schwächsten unter den untersuchten Metallen gehört, weshalb es
sich ideal für die anschließende Transmetallation eignet.
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Da die Transmetallationsstrategie im Allgemeinen die ursprüngliche Struktur

der aktiven Zentren beibehält und zudem deren morphologische Eigenschaf-
ten sowie Dichten der aktiven Zentren, wird sie zu einem entscheidenden Aus-
gangspunkt für intrinsische Aktivitätsvergleiche zwischen den Metallen in den
M-N-Cs. Im zweiten Teil dieser Arbeit werden die elektrokatalytischen Mecha-
nismen für die Sauerstoffreduktionsreaktion (ORR) und die Kohlendioxidreduk-
tionsreaktion (CO2RR) zusammen mit entsprechenden Nebenreaktionen wie
der Fenton-Reaktion und der Wasserstoffentwicklungsreaktion (HER) vorge-
stellt. Die ausführliche Analyse von theoretischen und experimentellen Daten
führte zur Identifizierung unauffälliger Spezies an den Grenzflächen, wie Hy-
droxide für die alkalische ORR, Wasser für die Fenton-Reaktion und Kationen
für die CO2RR, die eigentlich eine aktive Rolle bei der Mechanismen der je-
weiligen Reaktionen spielen. Für die ORR bestimmten wir die Beteiligung des
Outer-Sphere-Elektronentransfers im Reaktionsmechanismus, insbesondere im
alkalischen Medium, was zur Bildung von H2O2 führte, dessen folgende Reaktio-
nen von spezifischen Wechselwirkungen mit den MN4-Zentren abhängen könnte.
Bei der CO2RR konnte ein Widerspruch zwischen Theorie und Experiment hin-
sichtlich der Aktivität und Selektivität von Ni-N-Cs durch die Einbeziehung von
Alkalimetallionen im Mechanismus gelöst werden, deren Adsorption durch die
pyrrolischen Stickstoffatome an den MN4-Zentren begünstigt wurde. Insgesamt
bieten diese Erkenntnisse aus der Dichtefunktionaltheorie (DFT) eine solide theo-
retische Grundlage für die wissensbasierte Optimierung der Aktivität, Selektivität
und Stabilität von M-N-Cs für nachhaltige Energieumwandlungsanwendungen.
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1 Introduction

”In the midst of chaos, there is also opportunity.”
-Sun Tzu

In the drive towards a sustainable economy, there is a surging interest in the
utilization of carbon for numerous energy-related applications, justified by its
huge natural abundance and diversity in structural and electronic properties [1].
In particular, conductive carbonmatrices based on graphitic materials are relevant
to electrocatalysis due to their ability to host foreign elements that promote
electron transfers [2, 3]. These materials can potentially substitute precious
metal-based catalysts for the oxygen reduction reaction (ORR) and carbon dioxide
reduction reaction (CO2RR), among other electrochemical processes, severely
reducing their economic and environmental burden [3, 4]. Despite its advantages,
the huge structural variability of carbon often translates to structural disorder
within the materials, making it particularly challenging to characterize active sites
and perform mechanistic studies. In that regard, computational approaches like
density functional theory (DFT) can be strategically invoked to derive atomic-level
insights on the coordination structures and catalytic mechanisms, complementing
the experimental optimization of the carbon-based catalysts [5].

Among the plethora of doped carbon materials, the most important ones with
regards to electrocatalytic applications are the metal- and nitrogen-doped carbons
(M-N-Cs), especially those hosting the transition metals (TMs). For instance,
Fe-N-Cs and Co-N-Cs are promising materials for alkaline ORR, achieving initial
performances that can match or even exceed state-of-the-art catalysts derived
from platinum group metals (PGMs) [6–8]. For CO2RR, Ni-N-Cs and Cu-N-Cs can
be highly selective towards the production of CO [9, 10], potentially substituting
noble metals like Ag and Au. Besides electrocatalysis, certain M-N-Cs have also
been shown to catalyze the Fenton reaction, dissociating hydrogen peroxide to
produce reactive oxygen species (ROS). Although such reactions are detrimental
to the stability of the electrochemical cell, recent crossovers to the biomedical
discipline exploited the Fenton reactivity of certain M-N-Cs for killing pathogens
and cancer cells, providing a cheaper and possibly safer alternative to the enzyme-
based biocatalysts [11].
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Chapter 1 Introduction

1.1 M-N-C Synthesis

The study of M-N-Cs for electrochemical applications dates back to 1964, when
Jasinski et al. showed that certain metal phthalocyanine complexes were able to
catalyze ORR [12, 13]. Later, Jahnke et al. reported a significant improvement
of ORR performance upon pyrolysis of such complexes supported on carbon,
possibly integrating the MN4 macrocycles into the support [14]. More than
a decade later, Gupta et al. reported the synthesis of pyrolyzed materials with
similar ORR activities, but without theMN4 macrocycle as precursors, showcasing
the inherent ability of metals to template the MN4 sites during pyrolysis [15].
Since then, a variety of precursors have been proposed for the pyrolytic synthesis
of M-N-Cs, including nitrogen-rich organic molecules [7, 16], polymers [15, 17,
18], ionic liquids [19, 20] and metal-organic frameworks (MOFs) [8, 21–24].

Although increasing the sheer quantity of active sites should intuitively lead
to better catalytic performances, attempts to introduce more TM dopants into
the material are often faced with a synthetic dilemma [25]. TMs that confer the
best ORR activity to M-N-Cs, such as Fe and Co, are also known to catalyze the
graphitization of the carbon framework at the pyrolysis temperatures [26], leading
to the expulsion of the TM dopants to form inorganic side phases such as metallic
nanoparticles, metal carbides, and metal nitrides that cannot be removed by acid
washing [27–29]. The collective process, known as carbothermal reduction, not
only limits the electrochemical activity through the morphological destruction of
the catalyst, but also complicates the characterization andmechanistic studies due
to the presence of side phases [25]. In order to eliminate carbothermal reduction
from the picture, Mehmood et al. proposed a templating-transmetallation strategy
that used Mg2+ to template the MgN4 sites during pyrolysis, followed by an ion
exchange with Fe2+ [30]. Following its success in eliminating side phases in M-
N-Cs, the templating-transmetallation strategy was further optimized in recent
years to produce M-N-Cs with dense active sites, with the majority of successful
strategies employing Zn2+ as the sacrificial templating ion [8, 24, 25, 31].

Throughout the optimization of the templating-transmetallation procedures, it
became increasingly evident that metals like Zn and Mg are not merely placehold-
ers for the active TMs, but are actively involved in the formation and stabilization
of the single atom sites [25, 30]. Furthermore, the absence of side phases from
such synthesis procedures facilitated an accurate characterization of the coordi-
nation structure, for example in Paper M1 and Paper M5, potentially resolving a
long-standing controversy in the coordination chemistry at the MN4 site. On the
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Catalytic Properties of M-N-Cs
Section
1.2

Figure 1.1: Magnified view of the planar pyrrolic MN4 structure (middle) and the inner
sphere mechanisms for ORR (left), parallel H2O2RR and Fenton reaction (bottom), com-
peting CO2RR and HER (right).

one hand of the controversy, the structural resemblance of the pyridinic MN4C10
coordination to graphene (Figure 2.5a) is proposed to confer thermodynamic
stability to the active site [32–34]. On the other hand, several recent studies have
correlated the electrochemical activities to the pyrrolic MN4C12 coordination
shown in Figure 1.1 [35–38], mirroring nature’s preference in forming pyrrolic
MN4 complexes. Paper M1 and Paper M2 feature the discussions on the tem-
plating effect of different metal ions in relation to their respective affinity to the
pyrrolic or pyridinic MN4 motifs, along with the thermodynamics and kinetics
of the transmetallation process.

1.2 Catalytic Properties of M-N-Cs

1.2.1 Oxygen Reduction Reaction

With a relatively long historical development as discussed in Section 1.1, the ORR
is the most widely studied electrocatalytic application of M-N-Cs. The process is
fundamental to fuel cells and metal-air batteries, utilizing atmospheric oxygen
instead of a stored oxidant for the energy conversion. Consequently, these energy
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Chapter 1 Introduction

storage devices are able to achieve some of the highest energy densities (energy
per unit volume) or specific energies (energy per unit mass) [39, 40], making them
desirable for applications that require minimal weight or volume (e.g. portable
and wearable electronics [40, 41], aviation [42, 43] and marine mobility [44,
45]). Unfortunately, the exceptional energy storage capacities come at the cost of
Faradaic losses and diminished power densities, as a result of the sluggish kinetics
for the activation of O2 [46]. As the ORR kinetics is often current-limiting for
the overall energy conversion, power densities can be boosted by introducing
an ORR electrocatalyst, conventionally derived from the scarce and expensive
platinum group metals (PGMs) like Pt and Pd. However, major development in
the past two decades contributed to the rise of M-N-Cs, especially Fe-N-Cs and
Co-N-Cs, as potential economically and environmentally sustainable alternatives
to the PGMs [6, 7].

For electrocatalytic processes like the ORR, an understanding of the under-
lying reaction mechanisms is crucial for the knowledge-based design of the
catalysts. The most commonly proposed mechanism for ORR involves consecu-
tive reductive protonation to an O2 directly adsorbed at an active site (Figure 1.1,
left). The so-called inner-sphere mechanism is deeply rooted in the conventional
understanding of heterogeneous catalysis, where surface adsorption would intu-
itively precede any form of reaction. However, one critical difference between
electrocatalysis and thermal catalysis is often overlooked, namely the increased
emphasis on interfacial electron transfers compared to the surface-induced colli-
sions. Alternative to the inner-sphere mechanism is the outer-sphere mechanism,
described by a long-range electron transfer to species at the outer-Helmholtz
planes. Such a mechanism is especially relevant in the alkaline environment,
as the inner-sphere activity could be restricted by the specific adsorption of
hydroxides [47–49]. Experimentally, the relative contributions from either the
inner-sphere or the outer-sphere electron transfers could be determined through
poisoning the active sites. Malko et al. reported that poisoning a Fe-N-C with
nitrite (NO –

2 ) and nitric oxide (NO) led to a reduction in acidic ORR activity,
but surprisingly negligible influence on alkaline ORR [50]. The difference in
poisoning behavior suggested that a free Fe-site indeed contributes to acidic
ORR, consistent with an inner-sphere mechanism, while the alkaline ORR does
not necessarily involve the Fe-site. In a subsequent study, Malko et al. further
determined a smaller kinetic isotope effect in the alkaline environment than in
acid, suggesting the existence of a proton-free rate-determining step (RDS) as
another hint towards an outer-sphere electron transfer [51]. In Paper M3, we
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provide further evidence for the outer-sphere electron transfer through corre-
lations between the experimental onset potentials and the calculated valence
electronic properties at the MN4 site. Paper M4 extends the theoretical study
to other metals, with a supplementary analysis of the electronic distributions,
thereby elucidating the influence of the metal dopant on the valence electronic
properties of the carbon host.

1.2.2 Hydrogen Peroxide Reduction and Fenton Reaction

Among the ORR-active M-N-Cs, those containing the mid-TMs like Cr-N-Cs,
Mn-N-Cs and Fe-N-Cs are often reported to catalyze the full 4-electron reduc-
tion to water [3, 7, 52–55], while late TMs like Co-N-Cs generally favor partial
2-electron reduction (2e-ORR) to H2O2 [55, 56]. Mechanistically, the full reduc-
tion can be further categorized into direct mechanisms which do not involve a
H2O2 intermediate (4e-ORR), or indirect ones involving the production and con-
sumption of H2O2 at the same active site (2e+2e-ORR) or at different active sites
(2e×2e-ORR) [3].1 For the in-situ quantification of H2O2 yield using macroscopic
techniques like the rotating ring-disk electrode (RRDE), the distinction between
the direct and indirect mechanisms can be convoluted by the thickness of the
porous materials, as a thicker catalyst would trap the H2O2 intermediates longer
and promote their subsequent reduction, making it seem like a direct 4e-ORR
process. In fact, several studies reported lower electron transfer numbers and
larger H2O2 yields as the catalyst loading decreased [52, 57, 58], implying that
the apparent 4e-selectivity of certain M-N-Cs could be better represented with a
2e+2e-ORR mechanism.
Since H2O2 appears to be involved in ORR, either as an intermediate (2e+2e-

ORR) or a product (2e-ORR), an understanding of its origin as well as how
it interacts with the materials can provide crucial guidance in improving the
selectivity and stability of catalysts during ORR. Notably, the formation of H2O2 is
highly consistent with the adsorption-free nature of the outer-sphere mechanism
as introduced in Section 1.2.1. While an outer-sphere electron transfer to a H2O2
at the OHP is also possible, and in fact very likely to occur, a fully outer-sphere
mechanism cannot explain differences in the ORR selectivities. In addition to
the elucidation of the outer-sphere mechanism for the RDS, Paper M3 further
illustrates that the ORR selectivity, especially pertaining to the differences among

1 I assume the former definition for indirect processes, but note that an ”active-site” for the
outer-sphere electron transfer is subject to interpretations.
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Chapter 1 Introduction

M-N-Cs, cannot be fully explained with an outer-sphere process. This inspired a
computational study of the specific interactions between MN4 sites and H2O2,
which will be presented in Paper M4.

For materials that exhibit high inner-sphere activity like Fe-N-Cs, the strong
interactions between H2O2 and the active sites can be both a blessing and a curse.
On the one hand, promoting the dissociation of H2O2 would ultimately lead to
its subsequent reduction to water, increasing the overall current densities and
preventing it from corroding other parts of the electrochemical cell. On the other
hand, side reactions with H2O2 tend to produce reactive oxygen species (ROS)
that accelerate the degradation of the catalyst via demetallation [18, 59] and
oxidative destruction of the carbon matrix [60, 61], leading to highly active Fe-N-
Cs losing their activities within hours of operation [21, 62]. While the degradation
mechanism of Fe-N-Cs is not fully understood so far, the Fenton reaction is
commonly identified as the culprit [63]. In an ideal H2O2RR mechanism, a H2O2
molecule would dissociate into OH ligands that would later desorb as hydroxide
or water (Figure 1.1, bottom). The Fenton reaction is mechanistically similar, also
involving the dissociation of a H2O2, but with one ·OH desorbing as a radical
instead (Figure 1.1, bottom). Despite its rare occurrence relative to the desired
H2O2RR, the occasional ROS generated by the Fenton reaction would gradually
destroy the catalyst. In a recent work by Eigler et al., the Fenton reaction has
been reported, and even exploited, to enlarge defects in graphene for other
applications, showcasing its significant morphological influence on carbon-based
materials [64]. In Paper M4, we examine the specific interactions between the
MN4 site and H2O2 to provide a clearer understanding on how these interactions
could correlate to the selectivity and stability of M-N-Cs during ORR.

Although the Fenton reaction is effectively a disease for 4e-ORR catalysis,
it can be advantageous in situations where ·OH radicals are desired. In bio-
chemistry, the targeted production of ROS from H2O2, for example with the
peroxidase enzyme [65, 66], is relevant for the elimination of harmful bacteria
and tumor cells [11, 67]. Recently, the Fenton-like activity of certain M-N-Cs has
been exploited for the treatment of various medical conditions [11], including
cancer [68–70], bacteria-infected wounds [71, 72] and diabetic ulcers [73]. Due to
their higher Fenton activities compared to biocatalysts based on the peroxidase
enzyme, they not only reduce the material cost for the treatment, but also the
required H2O2 dosage, potentially lowering the toxicity of the treatment. Paper
S1 features a mechanistic study of the Fenton reaction on a trivalent Cu-N-C
which is used in combination with gold nanoparticles to treat diabetic ulcers.
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Although the study has little to do with electrochemistry, the conclusions derived
from the mechanistic studies are expected to be relevant for the Fenton-induced
degradation of Fe-N-Cs during ORR.

1.2.3 Carbon Dioxide Reduction Reaction

In the context of carbon capture and utilization (CCU), the CO2RR (Figure 1.1,
right) encompasses a promising class of reactions that convert the greenhouse
gas CO2 to useful chemical products through an input of electrical energy, ideally
from a renewable source. The products of CO2RR are extremely diverse, ranging
from 2-electron products like carbon monoxide (CO) and formic acid (HCOOH) to
higher carbon ”C2+” products [74]. Universally, CO2RR electrocatalysts have to
overcome the hurdle of suppressing the competing hydrogen evolution reaction
(HER, Figure 1.1, right), requiring active sites that interact selectively with CO2
instead of the huge reservoir of protons in the aqueous medium.

For M-N-Cs featuring atomically dispersed active sites, the CO2RR selectivity is
generally confined to 2-electron C1 products CO [10, 75, 76] and HCOOH [77] due
to the inability of a single atom site to promote C-C coupling. In particular, high
Faradaic efficiencies for CO (FECO > 90%) have been reported for Ni-N-Cs [9, 78–
80]. This pronounced reactivity towards CO2RR brings joy to experimentalists,
but simultaneously presents a conundrum for computational chemists, as DFT
studies often predict a highly unstable ∗COOH intermediate at the NiN4 sites [10,
16, 81, 82], presenting a large electrochemical barrier to the reaction. In order
to explain the discrepancy between theory and experiment, modified NiNx sites
were proposed, including those with broken symmetries [83], N-unsaturated
NiNxC4−x sites [84, 85] and trivalent NiN3 sites [81, 82]. Although these sites
would theoretically lower the electrochemical barrier for ∗COOH, they generally
do not explain how CO2RR would be preferentially enhanced compared to HER.
Furthermore, in Paper M5, the modified Ni sites are even less justifiable since
the materials were obtained after transmetallation from a templated MgN4 site,
with an excellent structural fit to the pyrrolic NiN4 coordination.

Since the high CO2RR activity and selectivity were observed even on a defined
NiN4 site in Paper M5, there has to be a mechanistic explanation for the theory-
experiment discrepancy that does not involve structural modifications to the
active sites. In a study by Asset et al., the reactivity of Ni-N-Cs seems to be
correlated to the weak binding of CO on the NiN4 site [75]. Despite the irony, it
should be noted that Ni-N-Cs are just another addition to the catalog of CO2RR
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Chapter 1 Introduction

catalysts that are historically poor in reactivity, including the noble metals Cu [86,
87], Ag [88] and Au [89]. Recently, studies of CO2RR on these metal surfaces
elucidated the involvement of cations in the CO2RR mechanisms, suggesting
that they are not mere spectators, but rather decisive enablers for the CO2RR
mechanisms [90–97]. In these studies, the cations’ involvement appears to be
transient in nature, as the metal surfaces did not seem to favor the adsorption
of cations. In Paper M5, we examine the influence of cations on the CO2RR
mechanism at the NiN4 site, as well as the role of pyrrolic N atoms in promoting
their adsorption.

As a whole, the thesis is structured to cover many aspects of M-N-C catalysis,
ranging from its synthetic birth to potential causes of its death by morphological
destruction. Paper M1 and Paper M2 focus on the synthesis aspect of these
materials, especially in relation to the templating effect of the metals for the
templating-transmetallation strategy. Paper M3, Paper M4 and Paper M5 and
Paper S1 feature the studies of (electro)catalytic mechanisms, corresponding
to their potential careers as electrocatalysts and biocatalysts. Finally, factors
influencing the morphological destruction of the catalysts are also discussed
briefly, particularly in relation to the carbothermal reduction in Paper M1 and
Paper M2 as well as the Fenton-induced degradation of the catalyst in Paper
M4, supported by the mechanistic study of this reaction in Paper S1.
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2 Theory and Methods

”Experience without theory is blind, but theory without experience is mere intellectual
play.”

-Immanuel Kant

This chapter introduces the theory for the ab-initio modeling of chemical prop-
erties based on electronic structure methods. Section 2.1 introduces the principles
of quantum mechanics, linking the fundamental Schrödinger equation to DFT,
the main workhorse of quantum chemistry today. In Section 2.2, a connection
between virtual simulations and the physical reality is established through the
concepts of physical chemistry, providing the foundation for interdisciplinary
research between computational and experimental chemists.

2.1 Quantum Mechanics

Due to significant advancements in computing efficiencies over the past decades,
quantum chemistry has become a relatively low-cost, low-risk, high-output
method for understanding chemical interactions at the atomic-level, enabling the
predictions of material properties and guiding the design of molecules and materi-
als for numerous applications. Sections 2.1.1 and 2.1.2 introduce the fundamental
Schrödinger equation and approximations required to reduce its dimensionality.
Section 2.1.3 highlights the variational principle, which centrally serves as a
guide towards the quantum mechanical ground state in the hunt for approxi-
mate solutions. Founded on this principle, two main approaches to calculate the
electronic ground state are introduced, namely the Hartree-Fock method (Sec-
tion 2.1.4) and the Kohn-Sham DFT (Section 2.1.5). In Section 2.1.6, we examine
further practical aspects regarding the DFT calculations specific to this study.
This section is written with reference to textbooks by Szabo and Ostlund for
general quantum chemistry [98], Koch and Holthausen for the application of DFT
to chemical problems [99], and Kittel for the discussion of periodic electronic
structures [100]. Unless specified otherwise, the equations and quantities in this
section are expressed in the computationally convenient atomic units [101].

9



Chapter 2 Theory and Methods

2.1.1 Schrödinger equation

The Schrödinger equation [102] (SE) lays the theoretical foundation for quantum
chemistry calculations

�̂Q (x,R, C) = 8 X
XC
Q (x,R, C) (2.1)

whereQ is the full wave function described by the spatial and spin coordinates
of all electrons x, nuclear coordinatesR and time C . For a molecular system with
" atomic nuclei and # electrons in the absence of potential energy perturbation,
the non-relativistic Hamiltonian can be written, in atomic units, as

�̂ = )̂e + )̂n + +̂ne + +̂ee + +̂nn (2.2)

= −1
2

#∑
8=1

∇2
8 −

1

2

"∑
�=1

1

"�

∇2
� −

#∑
8=1

"∑
�=1

/�

A8�
+

#∑
8=1

#∑
9>8

1

A8 9
+

"∑
�=1

"∑
�>�

/�/�

'��
(2.3)

where )̂e and )̂n are operators for the kinetic energy of the electrons and nuclei
respectively whereas +̂ne, +̂ee and +̂nn describe the Coulomb interactions between
each pair of charged particles. {∇2

8 } and {∇2
�
} are the respective Laplacians of the

spatial coordinates of electrons and nuclei.2 {"�} and {/�} are the masses and
charges of the nuclei relative to an electron. {A8�}, {A8 9 } and {'��} are the distances
between respective charged particles.
Due to the time-independence of the molecular Hamiltonian, the full wave

functionQ can be separated into a position-dependent wave functionR (x,R)
and a relatively trivial time-dependent phase function, leading to the famous
time-independent SE

�̂R (x,R) = �R (x,R) (2.4)

Q (x,R, C) =R (x,R) exp(−8�C) (2.5)

Without any approximation, the time-independent SE is a differential equation
which depends on 4# electronic (spatial and spin) coordinates and 3" nuclear
coordinates and is incredibly difficult to solve. Exact solutions to the time-
independent SE are only known for one-particle systems (e.g. particle in a box,
rigid rotors, harmonic oscillators) and some multi-particle systems in which all
but one particle can be treated as immobile (e.g. hydrogen-like atoms, diatomic

2 Braces { } are used to define a set of quantities in this thesis.
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harmonic oscillators). For most chemically relevant systems, however, an exact
solution does not exist, and numerous approximations are required to approach
a chemically interpretable solution.

2.1.2 Born Oppenheimer Approximation

The first major simplification is achieved through the Born-Oppenheimer approx-
imation [103], exploiting the fact that electrons are much lighter than nuclei and
can be assumed to adjust their distributions instantaneously to the nuclear coordi-
nates. This allows us to define, from the perspective of an electron, the electronic
Hamiltonian which is independent of nuclear motion ()n = 0, +nn = constant)
but parametrically dependent on nuclear positions through +̂ne

�̂el = )̂e + +̂ee + +̂ne (2.6)

with its own eigenfunctionsRel defined by the electronic SE

�̂elRel(x;R) = �elRel(x;R) (2.7)

where �el is the energy of the electrons in an electronic state defined byRel. The
electronic energy �el combines with the inter-nuclear repulsion term +nn to an
effective potential energy surface +PES

+PES(R) = �el(R) ++nn(R) (2.8)

leading to the definition of the nuclear SE to describe nuclear motions (translation,
rotation, vibration).

�̂nQn(R) =
(
)̂n ++PES

)
Qn(R) = �BOQn(R) (2.9)

whereQn is the nuclear wave function and �BO is the total energy of the system
within the Born-Oppenheimer approximation.3 However, since nuclear motions
are relatively slow and the non-analytical form of the PES makes the nuclear
SE rather challenging to solve, the nuclear motions are typically either treated
classically (e.g. force-based propagation during geometry optimization) or approx-
imated using analytical models like the particle in a box, the rigid rotor and the

3 The Born Oppenheimer approximation assumes no diabatic coupling between electronic and
nuclear motion, and breaks down at nuclear coordinates where the PES of two electronic
states intersect.
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harmonic oscillator to describe translation, rotations and vibrations respectively.
We will discuss the use of analytical models to approximate thermodynamic
state functions arising from nuclear motions in Section 2.2.1, and focus solely on
obtaining approximate solutions to the electronic SE in this chapter.

2.1.3 Variational Principle

In theory, solving any SE exactly would give all possible eigenstates defined by
the Hamiltonian, as in the case of the hydrogen atom. However, in practice,
further approximations to the solution of the electronic SE limit the numerical
solution to the electronic ground state and low-lying excited states. A central idea
to obtain an approximate ground-state solution to any time-independent SE is the
variational principle. Considering that the eigenfunctions to a Hamiltonian form
a complete orthogonal basis, any other functionsRtrial in the same functional
space can be described as a linear expansion of these eigenfunctions.

Rtrial =

∞∑
8=0

28R8 (2.10)

where {28 } is the set of expansion coefficients for eigenfunctions {R8 }. If the
eigenfunctions are normalized, the squared expansion coefficients have to sum
to unity,

∞∑
8=0

228 = 1 (2.11)

in which case the energy can be written as the expectation value of the Hamilto-
nian

�trial =
〈
Rtrial

���̂ ��Rtrial

〉
=

∞∑
8=0

228 �8 ≤ �0. (2.12)

Since the energy expectation value �trial is effectively a {228 }-weighted average of
the energy eigenvalues {�8 }, the energy of a trial wave function can never be lower
than the ground state energy E0. If the trial wave function is parametrized with
{�: }, the set of parameters that give the lowest energy would be the closest we
get to the true ground state based on the parametrization ansatz. Mathematically,
the energy minimum in the entire parameter space is defined where the total
differential is zero

3�trial =
∑
:

(
X�trial

X�:

)
d�: = 0 (2.13)
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which implies for independent parameters that each individual partial derivative
is 0

X�trial

X�:
= 0 (2.14)

For electronic structure calculations, electronic wave functions are often expanded
as a linear combination of basis functions, such as atom-centered basis functions
(inspired by atomic orbitals) for molecular DFT and plane-wave basis functions
for periodic DFT calculations. As such, the parameters to be optimized within the
variational framework are often the respective coefficients of the basis function.
The basis set expansion will be further discussed in Section 2.1.6

2.1.4 Hartree Fock Theory

Even considering the Born-Oppenheimer approximation, a single differential
equation of 4# electronic coordinates is still impossible to solve analytically for
# > 1. Fortunately, with the aid of high performance computing, approximate
numerical solutions are increasingly accessible. One of the most fundamental
numerical methods for approximately solving the electronic SE is the Hartree
Fock (HF) method. Although the HF method is not explicitly used in this work,
the approximations and insights obtained from this approach are applicable to
other orbital-based quantum chemistry calculations like Kohn-Sham DFT. In
the HF approach, the # -electron wave function is approximated as the Slater
determinant of # single-electron wave functions [104, 105],

Rel ≈RSD =
1

√
# !

����������
j1(x1) j2(x1) ... j# (x1)
j1(x2) j2(x2) ... j# (x2)
...

...
...

j1(x# ) j2(x# ) ... j# (x# )

���������� (2.15)

where each spin-orbital j0 is a product of the spatial orbitalk0 and a spin function
f0

j0 (xi) = k0 (ri)f0 (<s,i) (2.16)

where {0} numbers the orbitals and {8} numbers the electrons. This ansatz is
designed to obey the Pauli principle, which states that a wave function describ-
ing multiple electrons (or fermions in general) should be anti-symmetric with
respect to an exchange of coordinates between two electrons [106]. Inserting the
Slater determinant into the electronic SE (Equation 2.7) and integrating over all
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coordinates, we obtain the expression for the HF energy

�HF =
〈
RSD

���̂el

��RSD

〉
(2.17)

=
∑
0

ℎ0 +
1

2

∑
0

∑
1

(�01 −  01) (2.18)

where {ℎ0} are the hypothetical orbital energies for a fictitious system of non-
interacting electrons

ℎ0 =

∫
dx8

[
j∗0 (x8)

(
−1
2
∇2

i −
#∑
�=1

/�

A8�

)
j0 (xi)

]
=

〈
j0

���ℎ̂���j0〉 (2.19)

while {�01 } and { 01 } are the two-electron integrals capturing the electron-electron
interactions +̂ee〈

�̂01
〉
=

∫ ∫ [
j∗0 (x8)j∗1 (x 9 )

(
1

A8 9

)
j0 (x8)j1 (x 9 )

]
dx8dx 9 (2.20)

=

〈
j0 (x8)j1 (x 9 )

���� 1A8 9
����j0 (x8)j1 (x 9 )

〉
(2.21)〈

 ̂01
〉
=

∫ ∫ [
j∗0 (x8)j∗1 (x 9 )

(
1

A8 9

)
j1 (x8)j0 (x 9 )

]
dx8dx 9 (2.22)

=

〈
j0 (x8)j1 (x 9 )

���� 1A8 9
����j1 (x8)j0 (x 9 )

〉
(2.23)

The Coulomb term
〈
�̂01

〉
can be interpreted classically as the mean field Coulomb

repulsion term between the electron density of orbital 0 (d0 = j∗0 j0) and that
of orbital 1 (d1 = j∗

1
j1). In contrast, the exchange term

〈
 ̂01

〉
does not have a

classical interpretation, but simply arises from the antisymmetry of the electronic
wave function.

The Slater determinant is essentially a trial wave function (Equation 2.10)
containing parameters within the definition of the spin-orbitals. Applying the
variation principle to Equation 2.18 (d�HF = 0) under the constraint that the
spin-orbitals are orthonormal, we obtain a series of Fock equations that optimize
the occupied spin-orbitals {j0}

5̂ j0 (x8) =
[
ℎ̂ + 1

2

∑
1

(
�̂01 −  ̂01

)]
j0 (x8) = n0j0 (x8) (2.24)

where ℎ̂ is the one electron operator defined in Equation 2.19. Each Coulomb

14



Quantum Mechanics
Section
2.1

operator �̂01 and exchange operator  ̂01 captures the interactions between two
electrons in the spin-orbital to be solved j0 and another spin-orbital j1

�̂01 j0 (x8) =
[∫

j∗
1
(x 9 )

(
1

A8 9

)
j1 (x 9 )dx 9

]
j0 (x8) (2.25)

 ̂01 j0 (x8) =
[∫

j∗
1
(x 9 )

(
1

A8 9

)
j0 (x 9 )dx 9

]
j1 (x8) (2.26)

such that projection of each term onto 〈j0 (x8) | returns Equations 2.21 and 2.23. It
should be mentioned that for 1 = 0, the so-called self-interaction terms �̂00 =  ̂00
cancel out in Equation 2.24. Thus, there is no need to uniquely define the Fock
operator with ”1 ≠ 0” for each spin-orbital in Equation 2.24 (i.e. the Fock operator
5̂ is universal for all spin-orbitals in the system).

Based on the Fock equations, we can now introduce a parametrized definition
of the spin-orbitals to be optimized. For molecular systems, the most chemically
intuitive form of the definition is the MO-LCAO (molecular orbitals - linear
combination of atomic orbitals) theory

k0 =

!∑
a=1

2a0qa (2.27)

where {qa } are basis functions which closely resemble atomic orbitals (AO) and
{2a0} are the respective coefficients of each basis function in molecular orbital
(MO)k0 . Inserting Equation 2.27 into the Fock Equation 2.24, and projecting onto
each basis function

〈
q`

�� yields the Roothan-Hall matrix equation [107, 108]

FC = εSC (2.28)

with the coefficient matrixC mapping each MO to its constituent basis functions,
the Fock matrix elements �`a =

〈
q`

��� 5̂ ���qa〉 and overlap integral (`a =
〈
q`

��qa 〉 and
a diagonal matrix of the orbital energy eigenvalue ε.

In essence, the HF method decomposes the # -electron problem into a series
of # one-electron eigenvalue problems defined by the Fock equations (Equa-
tion 2.24). However, it can be seen in Equations 2.25 and 2.26 that the definition
of the Fock operator 5̂ already requires an input of the orbitals. Consequently,
the Fock equations have to be solved iteratively in a self-consistent field (SCF)
procedure. Starting from an initial guess of the coefficient matrix C0, the Fock
operator 5̂0 is defined and the Fock matrix F0 can be constructed. Solving the
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Roothan-Hall equation gives a new coefficient matrix C1 which can be used to
construct a new Fock matrix F1. This procedure is iterated until self-consistency,
such that solving the Roothan-Hall equation using Fiter−1 andCiter−1 gives back
the same coefficient matrix (Citer ≈ Citer−1). Computationally, the SCF conver-
gence is defined when the change in �HF is smaller than a given energy threshold.
Additional criteria can also be given, such as the change in the individual orbital
energies {n0}.
As seen in Equation 2.21, each Coulomb term �01 represents the mean-field

repulsion between the density of an electron in orbital j0 and another in orbital
j1 , implicitly assuming that electron distributions are independent. In reality,
due to their repulsive interactions, electrons tend to avoid one another and the
electron coordinates are thus not mutually independent variables. This leads to a
single, but significant error in the HF description of Coulomb interaction called
the correlation energy �corr, which is defined as

�corr = �0 − �HF (2.29)

where �0 is the true ground state energy and �HF is the HF limit of the single
Slater-determinant ansatz. While the HF method itself does not generally give
accurate results due to the negligence of the correlation energy, the optimized
Slater determinant becomes a crucial starting point for constructing better wave
functions that capture such effects. For example, the Møller-Plessets perturbation
theory [109] (MP2, MP3,…) treats the correlation operator +̂corr = �̂ − �̂ as a per-
turbation to the Fock operator �̂ in order to apply progressive corrections to the
HF wave function. Alternatively, the extensive class of truncated configuration
interaction (CI) methods construct excited Slater determinants from the Fock
orbitals, each representing an electronic configuration and given a coefficient
(weight) to be optimized within the variational principle. While the post-HF
methods have the advantage of being systematically improvable, the major draw-
back of these methods is their enormous computational costs, for example with
the cheapest member MP2 scaling to $ (# 5) and the ”gold standard” CCSD(T)
calculations scaling to $ (# 7).

2.1.5 Density Functional Theory

An alternative approach to wave function basedmethods is to shift the perspective
from the full 4N-dimensional wave function to a combined 3-dimensional electron
density distribution. Considering that electrons are indistinguishable, it is only
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necessary to track the spatial distribution of a single electron to obtain the (spin-
free) 3-dimensional electron density of a molecule

d (r1) = #
∑
<B1

∫
...

∫
|Rel(x1,x2, ...,x=) |2 dx2 ... dx# (2.30)

The first attempt at using the electron density to derive system observables was
made byThomas and Fermi in their description of the free-electron gas [110, 111].
However, the validity of such a simplification could not be justified until decades
later, when Hohenberg and Kohn introduced two groundbreaking theorems
founded on the variational principle [112]. The first Hohenberg-Kohn theorem
states that electronic Hamiltonians �̂ = )̂e + +̂ee + +̂ext that differ only in the
external potential +̂ext by more than a constant cannot have the same ground
state density. Consequently, any physically meaningful electron density could be
directly mapped to (the non-constant part of) the external potential +ext, and by
extension the Hamiltonian, of which it is the ground state density. Any ground
state property of a system defined by this unique Hamiltonian could be expressed
as a functional of the ground state density d0. In particular, the ground state
energy can be expressed as

�0 = �0 [d0] = ) [d0] + �ee [d0] + �ext [d0] (2.31)

= �HK [d0] +
∫

d0(r)+ext dr (2.32)

where we split the ground state energy functional into a system dependent ex-
ternal potential energy functional �ext and a universally valid, but universally
unknown, Hohenberg-Kohn functional �HK [d0] = ) [d0] + �ee [d0]. For a chemi-
cal system, since we are only interested in a pre-determined external potential
+ne (e.g. a molecule in a certain structure), it is desirable to find the ground
state density that determines this specific Hamiltonian (+ext = +ne). This brings
us to the second Hohenberg-Kohn theorem. With an arbitrary trial density d̃
defining its own Hamiltonian with the corresponding ground state wave function
R̃, we apply the variational principle using R̃ as a trial wave function for the true
Hamiltonian �̂

� [d̃] =
〈
R̃
���̂ ��R̃〉

≥
〈
R0

���̂ ��R0

〉
= � [d0] (2.33)

leading to the conclusion that the ground state energy functional is at its minimum
if and only if the trial density is the ground state density. Although the Hohenberg-
Kohn theorems fundamentally prove that the ground state density is sufficient
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to determine the ground state properties of a system and has an equivalent
variational framework for approaching the solution, they do not contain any
information of how to map a ground state density to its Hamiltonian and vice
versa. In particular, without the exact form of the Hohenberg-Kohn functional
�HK in Equation 2.32, there is no way tell whether an electron density is indeed
the ground state density of our desired system, or that of some other system.

A common scientific framework to approach an unknown function is to assume
a theoretical model as a starting point and correct for the errors associated with
this model. This can be done for each term in the Hohenberg-Kohn functional.
The electron-electron repulsion term �ee can be expressed as

�ee [d] = � [d] + �ncl [d] =
1

2

∫ ∫
d (r1)d (r2)

A12
dr1dr2 + �ncl [d] . (2.34)

where � is the classical mean-field electron-electron repulsion term and �ncl
is the error arising from non-classical contributions. Noting that the densities
here refer to the N-electron densities instead of orbitals in HF (Equation 2.21),
there is no equivalent expression for the exchange energy of Equation 2.23.
Therefore, the non-classical contribution �ncl contains not only the correlation
energy neglected by the mean-field treatment, but also the exchange energy
and self-interaction energy. The kinetic energy term in the Hohenberg Kohn
functional, while relatively straightforward in the orbital picture, cannot easily
be expressed in terms of the N-electron density. In order to provide a reasonable
starting point, Kohn and Sham reintroduced the concept of orbitals by defining a
fictitious reference system of non-interacting electrons where the Hamiltonian
can be separated into one-electron Kohn-Sham (KS) operators 5̂ KS [113]

�̂ref = −1
2

#∑
8

∇2
8 +

#∑
8

+eff (r8) =
#∑
8

5̂ KS
8 (2.35)

with +eff as the effective potential for this non-interacting system. The KS opera-
tors 5 KS have its own set of eigenfunctions known as the KS orbitals q0

5̂ KS
1 q0 (r1) =

(
−1
2
∇2
1 ++eff (r1)

)
q0 (r1) = n0q0 (r1) (2.36)

Since the electrons are indistinguishable, solving the KS equations for r1 is as
good as solving it for any other electron. Just like the HF method (Section 2.1.4),
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the orbitals combine into the total KS wave function with a Slater determinant

RKS =
1

√
# !

����������
q1(r1)f1(<B1) q2(r1)f2(<B1) ... q# (r1)f# (<B1)
q1(r2)f1(<B2) q2(r2)f2(<B2) ... q# (r2)f# (<B2)

...
...

...

q1(r# )f1(<B# ) q2(r# )f2(<B# ) ... q# (r# )f# (<B# )

���������� (2.37)

where {f8 } are the spin function for the KS spin orbitals. The ansatz of an anti-
symmetrized product of the orbitals allows the total density to be written as a
sum of individual spatial orbital densities

dref (r1) =
#∑
0=1

|q0 (r1) |2 (2.38)

with the density of this reference system defined to be identical to that of the
real system (d0(r1) = dref (r1)). The KS method extracts the kinetic energy of
the reference system )S from the individual KS orbitals

)ref [d] = −1
2

∑
0

〈
q0

��∇2
��q0〉 = ) [d] − J) [d] . (2.39)

However, since the orbitals are not the orbitals of the true system, there is an
associated error for the kinetic energy J) . Combining equations 2.34, 2.39 into
Equation 2.32, the true energy functional can be expressed as

�0 [d (r1)] = �ne [d] +)e [d] + �ee [d] (2.40)

= �ne [d] + ()S [d] + J) [d]) + (� [d] + �ncl [d]) (2.41)

= −
∫ "∑

�

d (r1)
/A

A1�
dr1 +

#∑
0

〈
q0

��∇2
��q0〉 (2.42)

+ 1

2

∫ ∫
d (r1)d (r2)

A12
dr1dr2 + �XC [d] (2.43)

where we define the exchange-correlation functional �XC to capture every source
of error that cannot be described by the model systems. In addition to the ex-
change energy and correlation energy, �XC also contains the kinetic energy
correction and self-interaction correction terms. Applying the variational princi-
ple in accordancewith the secondHohenberg-Kohn theorem, under the constraint
that the KS orbitals are orthonormal, we obtain an expression for the effective
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potential +eff in the Equation 2.36

+eff (r1) =
∫

d (r2)
A12

dr2 ++XC(r1) −
"∑
�

/�

A1�
(2.44)

where the exchange correlation potential +XC is defined as

+XC =
X�XC

Xd
. (2.45)

Similar to the HF method (Equation 2.24), the definition of the KS operator 5̂ KS

already demands an input density, and Equation 2.36 thus requires an iterative
self-consistent solution. In principle, the entirety of the KS formalism is exact and
does not involve any approximation beyond those of electronic SE. However, it
also does not bring us any closer to the exact solution, since everything we do not
know about the Hohenberg-Kohn functional is merely transferred to definition
of the exchange-correlation functional. In order to exploit the computational
efficiency of using a 3-dimensional density description, it is necessary to find,
calibrate and improve approximate forms of the exchange correlation functional
�XC, which is still an ongoing effort decades after the original implementation of
KS-DFT.

The Exchange-Correlation Functional

The most fundamental approximation to the exchange-correlation functional
is the local density approximation (LDA) based on a hypothetical system of
uniform electron gas. For this model system, an exact analytical form of the
exchange energy is known [114] while a highly accurate correlation energy could
be obtained from quantum Monte Carlo sampling [115, 116].

�LDA
XC [d] =

∫
d (r)nXC(d (r)) dr (2.46)

where nXC is the exchange-correlation energy per particle of a uniform electron
gas. For spin-unrestricted calculations, an analogous expression is defined by
splitting the density based on their spin-orientations d = dU + dV , leading to the
local spin-density approximation (LSDA)

�LSDA
XC [dU , dV] =

∫
d (r)nXC

(
dU (r), dV (r)

)
dr (2.47)
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for which highly accurate exchange and correlation functionals are also known
for a spin-polarized uniform electron gas. Within the LDA or LSDA approxima-
tion, each infinitesimal volume of the electron density is treated as if it were in
a uniform electron gas of the same density. Thus, information about electron
densities elsewhere are not factored into nXC, thereby making it a ”local” approx-
imation. Clearly, such a description is inherently flawed in molecular systems
with non-uniform electron densities.

A major improvement to account for the inhomogeneity of the electron density
could be achieved by incorporating the (local) gradient of the density ∇d , and
subsequently (local) curvatures of the density ∇2d , in the description of the
exchange-correlation energy, leading to functionals in the generalized gradient
approximation (GGA) or meta-GGA (mGGA) respectively

�GGA
XC [d] =

∫
5 (d,∇d) dr (2.48)

�mGGA
XC [d] =

∫
5 (d,∇d,∇2d) dr (2.49)

where the respective integrand 5 does not have a universal expression, but is ei-
ther calibrated to theoretically expected properties of the densities (e.g. PBE [116],
TPSS [117]) or to reference values obtained from physical experiments or high-
level wave function-based calculations (e.g. BLYP [118, 119], BP86 [118, 120]).

In Equation 2.34, the expression of the classical mean-field interaction � with
the product of two N-electron densities effectively describes 1

2# · # pairs of
interactions instead of the expected

(#
2

)
= 1

2# · (# − 1) pairs, leading to an
unphysical picture of each electron interacting with itself. The self-interaction
error is a persistent problem in LDA, GGA and mGGA functionals, often leading
to an over-delocalization of electronic distributions, i.e. the delocalization error
which will be discussed in Section 2.1.6. However, recall that in the Hartree Fock
method (Section 2.1.4), the condition of 1 ≠ 0 was also not enforced in the Fock
equations (Equation 2.24), such that it should also imply the erroneous 1

2# · #
pairs of interactions, but the self-interaction error could be elegantly eliminated
through the cancellation of Coulomb and exchange interaction for �aa −  aa = 0.
Thus, we apply the concept of the orbital-based exact exchange energy from the
HF method to the DFT functionals

�HF
X =

∫ ∫
q∗
0 (r1)q∗

1
(r2)

1

A12
q1 (r1)q0 (r2) dr1 dr2 (2.50)
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which should ideally address the self-interaction error using the KS orbitals
{qa, qb}. However, this non-local description of the exchange interaction does not
generally combine well with standard semi-local correlation functionals, leading
to an erroneous description of the exchange-correlation hole if the exchange
interaction was solely described with Equation 2.50 [99]. In order to achieve an
optimal balance, the exact exchange is fractionally mixed with other (semi-local)
GGA or mGGA exchange functionals, leading to a class of hybrid functionals

�XC = 0�HF
X + (1 − 0)� (m)GGA

X
+ � (m)GGA

C
(2.51)

where the mixing parameter 0 is either determined empirically or deduced with
theoretical reasonings. For the PBE0 functional applied in the majority of my
work, a 25% exact exchange is mixed into the PBE functional

�PBE0XC = 0.25�HF
X + 0.75�PBEX + �PBEC (2.52)

as theoretically justified through a perturbative approach, and is thus free of
empirical parameters [121]. Contrastingly, the B3LYP functional [122, 123] used
in Paper M5 incorporates 20% exact exchange in the functional

�B3LYP
X = 0�HF

X + (1 − 0)�LDA
X + 1J�B88X (2.53)

�B3LYP
C = 2�VWN

C + (1 − 2)�LYP
C (2.54)

where the parameters 0 = 0.2, 1 = 0.72 and 2 = 0.19 were optimized through
empirical fitting to the atomization energies, ionization energies and proton
affinities in the G2 data base [122]. �HF

X is the exact exchange energy, �LDA
X is the

LDA exchange energy [114], J�B88X is the Becke’s 1988 gradient-correction to the
LDA exchange [118], �VWN

C is the LDA correlation energy [115], and �LYP
C is the

GGA correlation functional by Lee, Yang and Parr [119]. While the use of hybrid
functionals can reduce errors associated with self-interaction, it is not always
feasible in practice. Since the exact exchange requires the explicit calculation
of the four-centered integrals in Equation 2.50, the implementation of hybrid
functionals incurs significantly higher computational costs than the GGA and
mGGA functionals, making its implementation particular challenging for larger
systems including crystalline materials discussed in the following section.
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Periodic Systems

In the previous sections, it was emphasized that the computational cost of quan-
tum chemical calculations generally exhibits polynomial dependence to the size
of the chemical system. However, crystalline materials can be considered an
exception, as they are theoretically infinite in size, but could still be described
with a finite computational cost. This is achieved by exploiting the translational
symmetry of these materials, such that translational vector T can be defined

T = )1a1 +)2a2 +)3a3 (2.55)

where a1, a2 and a3 are the lattice vectors defining the unit cell (UC) and )1,
)2 and )3 are integers. The translational symmetry of a lattice dictates that the
observable magnitude of any local property has to be exactly the same at a
position displaced by the translation vector T (i.e. translational invariance). In a
crystalline material, the periodic potential set up by the nuclei and electrons can
be described with a Fourier expansion into plane waves

+ (r) =
∑
G

+G exp(8Gr) (2.56)

where G is a 3-dimensional vector of Fourier modes in the reciprocal space
(also known as momentum space or k-space). For each real-space direction a8 ,
only plane waves with wavelengths _ =

|a8 |
=

for = ∈ ℤ satisfy the periodicity
of the lattice. Consequently, for the discussion of the Fourier components, the
continuous reciprocal space can be reduced to discrete points defined by the
reciprocal space lattice vectors b1, b2 and b3 such that

b8 · a 9 = 2cX8 9 (2.57)

and the vector of Fourier modes G can be written as an integer sum of the
reciprocal lattice parameters, analogous to the translational vector T in the real
space

G = �1b1 +�2b2 +�3b3 (2.58)

Similar to Equation 2.56, a periodic one-electron wave function q can also de-
scribed with a Fourier-expansion

q (r) =
∑
G′
�G′ exp

(
8G′r

)
(2.59)
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Figure 2.1: Illustration of the Bloch theorem for a linear chain of hydrogen atoms with
lattice constant 0 for a (a) s-band, (b) p-band parallel to bonding axis and (c) p-band
perpendicular to bonding axis. (d) Illustration of the redundancy of sampling beyond the
irreducible Brillouin zone based on a diatomic unit cell. The blue band with a different
D2(A ) contains the same electronic states of D (A ) from c

0′ ≤ : ≤ 2c
0′ .

where G′ is, just like G, a 3-dimensional vector of Fourier modes which can be
defined in the reciprocal space lattice (Equation 2.58).
Just like in molecular calculations, +G and �G′ are mutually dependent and

thus require a self-consistent solution. For periodic DFT studies, this is achieved
by inserting Equations 2.56 and 2.59 into the KS equations. The electronic states
obtained upon solution of the KS equations generally obey Bloch’s theorem [124],
which states that a periodic wave function can be written as a product of a
translational invariant unit-cell functionD (r) and a sinusoidal function exp(8kr)
which describes the phase difference among unit cells

qk(r) = D (r) exp(8kr) (2.60)

where k is the wave vector which relates to the wavelength in each lattice
direction (:1,2,3 = 2c

_1,2,3
). Electronic states containing the same D (r) are thus

grouped together to define an electronic band, with variations in inter-UC phase
difference described by k.

The implications of Bloch’s theorem can be understood by a didactic model of a
1-dimensional lattice of hydrogen atoms with lattice constant 0 (Figure 2.1). Each
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Figure 2.2: (a) Construction of the Brillouin zone in a rectangular lattice and the corre-
sponding high symmetry points. The blue dotted lines which bisect the lattice vectors
combine to form the reducible Brillouin zone. The grey shaded area represents the
irreducible Brillouin zone in which k-points are sampled. (b-e) Illustration of the phase
difference between each unit cell at each of the high symmetry points shown in (a).

point on the pseudo-continuous band represents a single electronic wave function.
At : = 0 (Γ-point), the phase function simplifies to unity and all unit cells are
in phase. In contrast, at : = c

0
, the wavelength of _ = 20 implies antiphase

between any 2 adjacent unit cells. In the case of s-orbitals (Figure 2.1a) and p-
orbitals oriented perpendicular to the bonding axis (Figure 2.1c), it can be deduced
that constructive interference leading to bonding interactions occurs at : = 0,
whereas destructive interference leading to antibonding interactions occurs at
: = c

0
. The situation is reversed for p-orbitals oriented along the bonding axis

(Figure 2.1b) with destructive interference at : = 0 and constructive interference
at : = c

0
. In addition to the mirror symmetry about the Γ-point (q (−:) = q (:)),

any point beyond : > c
0
involves phase variations within a unit cell, which can

be equally described with a separate electronic band within 0 ≤ : ≤ c
0
(blue band

in Figure 2.1d). Therefore, discussions on electronic band structure are generally
focused on this specific range of k defining the irreducible Brillouin zone (IBZ)
in the reciprocal space.
Moving beyond the 1D lattice, more physically relevant 2D or 3D lattices are

significantly more challenging in terms of spatial complexity. Analogous to the
1D lattice, the first Brillouin zone (−c

0
≤ : ≤ c

0
in Figure 2.1) can be defined in 2D
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and 3D lattices through the spatial region that is closer to the Γ-point (k = 0) than
any other lattice points. Geometrically, this is constructed using perpendicular
bisectors (e.g. blue lines in Figure 2.2a)4 of the lines between the Γ-point and its
nearest lattice points, which intersect to form the boundaries of the reducible first
Brillouin zone. For a rectangular lattice, considering the mirror symmetry of the
band structure along the axesΓX andΓY, the sampling of the Brillouin zone could
be further confined to the IBZ (e.g. �ΓXMY in Figure 2.2a).5 The corresponding
electronic states at the high symmetry points of the IBZ are depicted in Figure 2.2b-
e, in the example of a band of s-orbitals. Similar to the 1D lattice in Figure 2.1a,
the Γ-point in Figure 2.2b captures a fully constructive interference and is the
energy minimum in the IBZ. The other extreme is represented by the M-point
in Figure 2.2e, which has the highest energy due to anti-bonding interactions in
both directions. In principle, a complete description of a band structure requires
information from a theoretically infinite number of k-points within the IBZ.
However, due to computational constraints, only a limited number of k-points
can practically be sampled, and the electronic bands are interpolated from these
sampled k-points. Thus, during the initial calibration of a periodic DFT study, it
is necessary to test the sensitivity of the electronic energy towards the number
of sampled k-points in order to minimize the associated computational artefacts.

2.1.6 Computational Considerations

Basis Functions

When solving the one-electron HF or KS equations, the unknown wave func-
tions are generally expanded into a linear combination of basis functions (Equa-
tions 2.27 and 2.59). If the basis expansion was infinite, any complete set of
basis functions would give the exact solution to the respective equations. In
reality, however, only a finite number of basis functions can be included in the
calculation. Therefore, basis sets have to be designed to capture the most crucial
parts of the electronic distribution within the limited number of basis functions.

For molecular calculations, the most intuitive choice of basis functions are the
atomic orbitals as supported by the MO-LCAO theory (Equation 2.27). Based on
the exact solution to the hydrogen atoms, atomic-orbitals are best described as
Slater-type orbitals (STOs) where the radial part generally follows an exponential

4 In 3D lattices, the Brillouin zone is constructed with bisecting planes.
5 Note that for a square lattice with 01 = 02, the sampled Brillouin zone could be further reduced

to 4ΓXM due to additional rotational symmetry.
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decay
'STO(A ) ∝ A ; exp(−ZA ) (2.61)

where A is the distance from the nucleus, ; is the angular momentum and Z is the
orbital-dependent decay coefficient. However, modern quantum chemistry calcu-
lations typically employ the Gaussian-type orbitals (GTOs) due to computational
convenience [125]. The radial part of a primitive Gaussian function 'PG follows
the form

'PG(A ) ∝ A ; exp
(
−ZA2

)
. (2.62)

Obviously, a primitive Gaussian function is not exactly an STO and cannot
reproduce specific features such as the cusp-like radial distribution near the
nuclei. In order to recover the STO-form of the atomic orbitals, multiple primitive
Gaussian functions are combined linearly to form the contracted GTOs

'GTO(A ) = A ;
=∑
5

� 5 exp
(
−Z 5 A2

)
(2.63)

where = is the number of primitive Gaussian functions used for the contraction
and {� 5 } are fixed contraction coefficients. The main motivation behind using
GTOs in place of STOs originates from the Gaussian product theorem, which
states that the product of two Gaussian functions centered on two different atoms
can be written as a single Gaussian function centered at a point between the
atoms. This allows the four-centered integrals in Equations 2.21, 2.23 and 2.50
to be reduced to two-centered integrals, tremendously reducing computational
costs.

If the MO-LCAO ansatz is rigidly followed and only occupied orbitals of the
free atom are considered in the basis set, one speaks of a minimal basis such as
STO-=G basis sets (= ∈ ℕ). The minimal basis performs poorly for the description
of chemical bonding, as valence AOs are forced to retain their spherical distribu-
tions and cannot redistribute along the bonding axis. The accuracy is significantly
improved by introducing additional basis functions containing primitive Gaus-
sians with larger decay coefficients Z to accommodate electron distributions
away from the nuclei, leading to the library of split-valence basis sets which
are classified based on how many GTOs are used to represent each valence AO
(double-Z , triple-Z etc.). Furthermore, in order to capture the asymmetric (non-
radial) electronic redistributions (e.g. the polarization of bonding orbitals towards
the bond center), GTOs of a higher angular momentum quantum number than
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the valence electrons (polarization functions) can also be added to the basis set.
Molecular calculations in this work are mainly performed with the Karlsruhe
def2- basis sets, particularly the def2-SVP (split valence polarized) and def2-TZVP
(triple-Z valence polarized) basis sets [126–128]. These basis sets are designed to
give consistent errors across the periodic table (except lanthanides) if the same
basis is used for all elements [128].

For periodic calculations, atomic basis functions are less popular as they are
tricky to reproduce in the reciprocal space. Fortunately, as emphasized in Sec-
tion 2.1.5, periodic wave functions can be alternatively expressed with a Fourier
expansion (Equation 2.59) which naturally serves as a basis set expansion. The
Fourier transform of a plane wave is simply a point in the reciprocal space. The
truncation of plane wave basis functions is numerically defined with the kinetic
energy of the plane waves,

�kin,PW =
|G +G′ |2

2
≤ �cut (2.64)

allowing for a better systematic improvability in contrast to atom-centered basis
functions. However, the plane wave basis functions suffer tremendously when
describing highly localized electronic distributions such as the core electrons.
Therefore, periodic calculations almost always have to be performed with pseu-
dopotentials to substitute core electrons. However, without the explicit core
orbitals for the orthogonality constraint (e.g. the radial node of a 2s orbital makes
it orthogonal to the 1s orbital), the pseudo wave functions q̃ (i.e. expanded as
plane waves in the pseudopotential) do not correctly describe the oscillatory
and nodal features near the nuclei. In order to recover these oscillatory features,
pseudopotentials are commonly implemented in the projector augmented wave
(PAW) formalism [129]. The method defines an augmentation sphere of radius
Aaug around each atom

q =

{
q̃ for A ≥ Aaug
%̂q̃ for A < Aaug

(2.65)

where q̃ is the pseudo wave function from the plane wave expansion, q is the
augmented wave function and %̂ is the projector function which maps the pseudo-
wave function in the nuclear-region to radial orbital-like functions that contain
the correct oscillatory features.
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Figure 2.3: Illustration of the CFT in the context of d-orbital splitting for an octahedral
complex (middle) and a square planar complex (right).

Transition Metals

In contrast to main-group chemistry which generally gravitates towards the noble
gas atomic configurations, TM chemistry is highly intricate due to complexities in
their d-orbital interactions and spin states. The splitting of the 5-fold degenerate
d-orbitals of a TM atom in the presence of ligands is frequently discussed in the
context of the crystal field theory (CFT) [130]. Figure 2.3 depicts the d-orbital
splitting of a TM complex in the presence of the octahedral (Oh point group)
and the square planar (D4h point group) crystal field. Upon interaction with the
ligands’ f-donating orbitals, electrons located in the d-orbitals oriented along the
bonding axes are repelled more strongly than others and are thus destabilized.
For an octahedral complex, since the Eg orbitals (dx2−y2 and dz2) are oriented
along the bonding axes, they become destabilized relative to the T2g orbitals (dxy,
dxz and dyz). The d-orbital splitting of a square planar complex can be further
deduced based on that of the octahedral complex. As ligands on the z-axis are
removed from an octahedral complex, the repulsive effect in the z-direction is
lifted, causing orbitals with a z-component (dxz, dyz, dz2) to become stabilized
relative to those without (dx2−y2 , dxy).

The CFT is successful in predicting d-orbital splitting and occupation in many
TM-containing complexes and crystals. Nevertheless, a more comprehensive,
quantum chemically relevant picture is portrayed by the ligand field theory
(LFT) which combines insights from CFT with the MO-LCAO ansatz (Equa-
tion 2.27) [131]. For illustrating the similarities and differences between CFT
and LFT, Figure 2.4 depicts the LFT applied to a square planar complex that is
predominantly f-bonding [132]. From the MO-LCAO ansatz, the interaction
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between a d-orbital and symmetry-adapted linear combinations (SALCs) of the f-
bonding orbitals generates corresponding bonding and anti-bonding orbitals. The
SALCs are generally lower in energy due to the higher electronegativity of the
heteroatoms, resulting in bonding orbitals that are polarized towards the ligands.
Therefore, for the effective d-orbital occupation of TMs, only non-bonding and
the anti-bonding orbitals are of relevance (boxed region in Figure 2.4), thereby
illuminating the origin of the ”repulsive” effect portrayed by CFT. In contrast to
the CFT which considers only direct f-interactions, the LFT is able to capture
more intricate influences such as hyperconjugation and c-bonding. These effects
were examined in a study by Börgel et al. [132], for example with the f-bonding
square-planar [Pd(NH3)4]

2+ complex already exhibiting hyperconjugative effects
in the �g (predominantly dxz and dyz) orbitals (Figure 2.4), leading to the slight
destabilization of the (anti-bonding) dxz and dyz orbitals compared to the CFT
prediction (Figure 2.3). A second example relevant to my studies is illustrated
in Figure 2.5, based on the pyridinic MN4 site hosted in a graphene-like unit
cell. From Figure 2.5b,c, the smeared-out energy distribution of the dxz and dyz
orbitals could be traced to their hybridization with the c-system, thus bringing
them energetically closer to the dxy and dz2 orbitals. In addition to the ener-
getic ordering, the d-orbital occupation of TM complexes is further influenced
by the magnitude of the d-orbital splitting. In general, if the orbital splitting
is small enough to compensate the spin-pairing energy, a high spin complex is
expected, and vice versa. For square planar complexes, the interplay between f-
and c-bonding can lead to the d-orbitals except dx2−y2 being relatively close in
energy, such that ”high-spin” configurations with up to 4 unpaired electrons can
be achieved (Paper M4).

For the modeling of TM chemistry, d-orbitals are often victims to the self-
interaction error of standard GGA functionals like PBE (Section 2.1.5), leading to
artefacts that tend to exaggerate their reactivity. This can be illustrated by the
projected density of state (PDOS) plots showing the d-orbital energies for the Fe
atom in a graphene-hosted pyridinic FeN4 unit cell modeled with the PBE and
PBE0 functionals shown in Figure 2.5. For the PBE functional (Figure 2.5b), the
bands of the V d-electrons saturate at the Fermi level, correlating to extremely
high reactivity at the Fe-center. However, after accounting for self-interaction
error with hybrid functionals like PBE0 (Figure 2.5c), the d-orbitals are evidently
shifted further away from the Fermi-level, correlating to lower reactivity at the
Fe-site. In spite of the self-interaction error, many computational studies still
resort to the GGA functionals due to the high computational cost of hybrid
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Figure 2.4:MO-diagram illustrating the LFT for the square planar [Pd(NH3)4]
2+ complex

adapted from reference [132].

Figure 2.5: (a) Structural model of the pyridinic FeN4 unit cell derived from a 4x4
supercell of graphene. Projected density of state plots for each element in this unit cell
using the (b) PBE and (c) PBE0 functional. The positive DOS represents U electrons while
negative DOS represent V electrons. The dotted line is the calculated Fermi energy. The
red boxes are the delocalized contributions from the dxz and dyz due to hybridization
with the c-bands of graphene.
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Figure 2.6: General computational setup for the DFT of a TM complex in a molecular
model.

functionals in periodic DFT. Since the self-interaction error ultimately enhances
the electrochemical reactivities, the validity of the GGA functionals is rarely
questioned [5]. Nevertheless, a benchmarking study by Patel et al. highlighted
the necessity of a hybrid functional in describing single atom catalysts containing
TMs [5, 133, 134], which became an important consideration for most of my
work.

Computational Setup

The general computational setup for the molecular DFT calculations is shown
in Figure 2.6. The initial geometry optimization served not only to obtain a
minimum in the PES, but also to determine the stable spin states of the cluster.
Open-shell systems (including open shell singlets) were generally modeled with
the unrestricted KS-DFT (qU

8
≠ q

V

8
). For the singlet state, an additional restricted

closed-shell calculation (qU
8
= q

V

8
) was performed for energetic comparison. In

order to capture high-spin and low-spin d-electron configurations of the TM,
the initial geometry optimization was performed independently in various spin-
states, using the def2-SVP basis [128]. For mid-TMs (Cr, Mn, Fe, Co), even higher
spin states may be required in order to drive the metals towards the high spin
configuration. In these cases, the optimized KS orbitals were used for the re-
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optimization of the lower spin states by moving an electron from the U-HOMO
to the V-LUMO (i.e. with creation and annihilation operators).
Among all the spin-states, the one that gave the lowest energy was chosen

for further analysis. Firstly, an analytical frequency calculation was performed
at the optimized geometry with the same parameters as the optimization step.
If an imaginary frequency was obtained, the structure was displaced along the
imaginary mode (one in each direction) and re-optimized in the same spin state.
Once a geometric minimum could be confirmed with the absence of imaginary
frequencies, a more accurate single point calculation was performed with the
def2-TZVP basis [128]. In order to account for the aqueous environment during
electrochemical and biochemical reactions, the COnductor-like Screening MOdel
(COSMO)was applied during the single point calculations for studies that involved
the aqueous environment [135]. In Paper M5, COSMO was additionally applied
during geometry optimization due to the higher sensitivity of cations’ adsorption
geometries to the solvation environment. In the COSMO approach, the solvent
is generally approximated as an ideal electrical conductor that is polarized by
the intrinsic charge distribution of the molecule or cluster. Solvents with high
electric permittivity like water (nA ≈ 80) are generally well approximated by the
ideal conductor (n → ∞) [135].

Finally, the electronic energy from the (solvated) single point calculation com-
bined with the vibrational frequencies from frequency analysis to approximate
the Gibbs’ free energy at 298 K based on principles of statistical thermodynamics,
which will be further discussed in Section 2.2.1. Additionally, the converged
electronic structures were further analyzed to obtain chemically intuitive details,
for example by partitioning the electron density to specific atoms through a
natural population analysis [136], or by analyzing the frontier molecular orbitals
to access electron-donating and -accepting capabilities.
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2.2 Physical Chemistry of (Electro)Catalysis

”Let’s get physical!”
-Dua Lipa

Physical chemistry plays a central role in all chemical processes. In this section,
fundamental principles governing catalytic processes are illustrated along with
the corresponding considerations for quantum chemical modeling. Sections 2.2.1
and 2.2.3 respectively introduce general thermodynamic and kinetic principles
for understanding chemical stability and reactivity, while Sections 2.2.2 and 2.2.4
extend these concepts to electrochemical processes. Finally, in Section 2.2.5,
we discuss the structure of the electrode-electrolyte interface and its role in
facilitating electron transfers to and from redox species. The general physical
chemistry concepts are written with reference to the textbook by Engel and
Reid [137] while concepts related to electrochemical reactions are based on that
of Bard and Faukner [138]. Starting from this section, equations are written in S.I.
units instead of atomic units. Unless otherwise defined, quantities are expressed
per species (atom/molecule) instead of the molar quantities.

2.2.1 Statistical Thermodynamics

In quantum chemistry calculations, the electronic energies obtained are generally
without any form of thermodynamic contribution (i.e. at ) = 0  excluding zero-
point energies). In order to connect these energies to the physical world, we apply
the concepts of statistical thermodynamics to approximate the state functions
from the population of various energy levels in a system. The fundamental
relation which governs the relative population among energy levels (microstates)
at a high temperature ) is the Boltzmann distribution [139]

#8

# 9

= exp

(
−
n8 − n 9
:B)

)
(2.66)

where n8 is the energy of the microstate 8 .6 Defining an arbitrary reference point
for the energy (conventionally but not necessarily the ground state) and summing
over the population of all energy levels n 9 , we obtain the proportion ?8 of particles

6 The Boltzmann distribution is the high-temperature limit for the even more fundamental
Bose-Einstein distribution [140] for bosons or Fermi-Dirac distribution [141] for fermions
which consider effects based on the quantum state symmetry of the wave function.
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in the microstate 8

?8 =
#8

#
=

exp
(
− n8
:
B
)

)
∑
9 exp

(
− n 9
:
B
)

) =
1

@
exp

(
− n8

:B)

)
(2.67)

where we define the partition function@ to capture the sum over all microstates. A
higher value of the partition function@ correlates to a higher statistical population
of the excited states, relative to the ground state. If the ground state is chosen as
the energy reference (n0 = 0), a system that is dominated by a non-degenerate
ground state would have a partition function close to 1, which is the case for
most electronic partition functions. Multiplying the partition functions from
the geometric degrees of freedom (DOF) in a molecular system (translational,
rotational, vibrational), we define the overall partition function &

& = @trans · @rot · @vib =
∑
8

exp

(
− �8

:B)

)
(2.68)

where �8 is the total internal energy of a molecule in the microstate defined by a
quantum number for each geometric DOF

�8 = ntrans + nrot + nvib (2.69)

The internal energy * can be calculated as the population-weighted mean of the
energy levels

* =
∑
8

?8�8 (2.70)

Similarly, a statistical formulation of the Gibbs entropy is given by

( = −:B
∑
8

?8 ln(?8) (2.71)

= −:B
∑
8

?8 ln
©«
exp

(
− �8
:
B
)

)
&

ª®®¬ (2.72)

=

∑
8 ?8�8

)
+

∑
8

?8:B ln& (2.73)

=
*

)
+ :B ln& (2.74)
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where Equation 2.70 is applied in the last step. Combining Equations 2.70 and 2.74,
we obtain a relatively simple expression for the Helmholtz free energy �

� = * −)( = * −)
(
*

)
+ :B ln&

)
= −:B) ln& (2.75)

which illustrates that knowledge of the partition function is sufficient to obtain a
central thermodynamic quantity with reference to its absolute ground state. For
the condensed phase, since volume changes are often negligible, the Helmholtz
free energy � is a good approximation to the Gibbs free energy � . In addition,
the translational and rotational partition functions become trivial relative to the
vibrational DOFs. Thus, with reference to the absolute ground state (including
the zero-point energy), the Gibbs free energy of a condensed system simplifies to

� ≈ � ≈ −:B) ln@vib ≈ −:B)
∑
i

ln

(
1 − exp

(
−ℎ2ai
:B)

))−1
(2.76)

where the final expression is derived by approximating the vibrational partition
function @vib with energy levels of a harmonic oscillator for each normal mode
8 . For the following discussions, since most electrochemical measurements are
performed in isobaric conditions, I will use the term ”free energy” to imply Gibbs
free energy by default, but note that in most condensed systems the distinction
is not significant due to Equation 2.76. Shifting the reference from the system-
specific ground state to a universal zero, the free energy of a condensed system
can be obtained through quantum chemical calculations

� = �el +
1

2

∑
8

(ℎ2a8) − :B)
∑
8

ln

(
1 − exp

(
−ℎ2a8
:B)

))−1
(2.77)

where �el is the electronic ground state energy and the second term contains
the zero-point energy correction to the electronic energy at ) = 0 K. Both the
zero-point energy and free energy correction are calculated from the vibrational
frequencies a8 which are obtained with a frequency analysis. This definition of the
free energy is now comparable across chemical systems, allowing for a description
of the reaction thermodynamics. For a chemical reaction, the change in free
energy J� is a central quantity that determines its feasibility under isothermal
and isobaric conditions. In a reaction mixture, the concentration dependence
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of the free energy �X of species X7 is conventionally expressed relative to a
reference state

�X = �0
X
+ :B) ln0X (2.78)

where the reference state corresponding to �0
X
is typically defined at convenient

standard concentrations. The dimensionless activity 0X is the concentration of
the species 2X relative to this standard concentration 20

X
.8

0X =
2X

20
X

(2.79)

For solids and liquids (including the solvent of a dilute solution), the standard
condition is the respective pure forms and the activity is generally close to unity.
For ideal gases whose concentration is directly proportional to the partial pressure
?X , the reference state is defined at atmospheric pressure ?0 = 1 atm

0gas
X

=
?X

1 atm
= ?X (atm) (2.80)

whereas for dissolved species in an ideal dilute solution, the reference state is a
concentration of 20 = 1 mol

L

0solute
X

=
2X

1 1 mol
L

= 2X (1
mol

L
) = [X] (1 mol

L
) (2.81)

where [X] is a chemists’ notation for denoting the concentration of species X.
For a chemical reaction, we sum over the absolute Gibbs energies of each species,
based on the stoichiometry of the reaction, to get the reaction free energy J�

J� = �products −�reactants =
∑
X

^X�X (2.82)

where ^X is the stoichiometric coefficient of species X in the reaction equation (re-
actants get negative values). Substituting�X in Equation 2.82 with Equation 2.78,

7 To be exact, the Gibbs free energy is a term reserved for an extensive property of an entire
system. The species-specific term �

X
is more correctly, but less relatably, referred to as an

intensive property, the chemical potential `
X
=

(
X�
X#

X

)
%,) ,#Y≠X

.

8 For non-ideal gases and solutions, correction terms such as the fugacity coefficient and
activity coefficients are necessary to capture the non-linear dependence of the activity w.r.t.
concentrations, but they lie beyond the scope of this work.
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we obtain

J� =
∑
X

(
^X�

0
X

)
+ :B) ln

(∏
X

0
^
X

X

)
(2.83)

= J�0 + :B) ln&R (2.84)

where J�0 is the standard reaction free energy if all species are at their respec-
tively defined reference state (0X = 1 for all X). &R is the reaction quotient
containing the activities of each species 0X raised to the power of its stoichio-
metric coefficient ^X

&R =
∏
X

0
^
X

X (2.85)

Defining an equilibrium condition of J� = 0 in Equation 2.84, the standard
reaction free energy J�0 can be expressed as

J�0 = −:B) ln eq. (2.86)

with  eq as the reaction quotient at equilibrium, commonly known as the equi-
librium constant. This enables the determination of the standard reaction free
energy J�0 from the experimentally measurable concentrations at equilibrium.

2.2.2 Electrochemical Thermodynamics

The free energy of a reaction was originally termed the ”available energy” by
Gibbs [142], as it quantifies the energy that is available for, or required by, external
work when the reaction occurs. If J� > 0, the reaction has an energy debt that
needs to be paid for by external sources. If J� < 0, the excess free energy can
be harvested to fund other energy-consuming processes, such as the production
of a thesis. In an electrochemical cell, the currency for the energy conversion
takes the form of electrical energy, such that the measured potential difference
describes the change in free energy J� per unit charge transported between
electrodes

�cell = −J�
I4

(2.87)

with 4 as the charge of an electron and I as the number of transferred electron(s)
per reaction. Combining equations Equations 2.84 and 2.87, we obtain the overall
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Nernst equation for an electrochemical cell

�cell = �
0
cell −

:B)

I4
ln&R (2.88)

with �0
cell

= −J�0

I4
as the thermodynamic limit to the potential difference under

standard conditions. A unique aspect of electrochemical reactions is that the
species at the cathode do not directly interact with those at the anode, making it
possible to define a potential scale by decoupling the reactions

�cell = �cat − �an (2.89)

where �cat and �an are the potentials of the cathode and anode respectively.
Conventionally, the half-cell potentials �cat/an are defined in the direction of
reduction (i.e. reduction potentials)

Ox + ze− −−−⇀↽−−− Red (2.90)

�cat/an = �0 −
:B)

I4
ln

(
[Red]
[Ox]

)
(2.91)

where �0 is the reduction potential under standard conditions and concentrations.
The standard reduction potentials are conventionally reported with reference
to standard hydrogen electrode (SHE) which is defined as the zero-point on the
potential scale

2H+ + 2 e− −−−→ H2(g) �0(H+/H2) = 0V (2.92)

For the computational modeling of electrochemical reactions, the SHE forms
the basis of the computational hydrogen electrode (CHE) method by Nørskov et
al. [143] which connects the free energy of the (H+ + e– ) to the free energy of H2
under standard conditions, which is more accessible from quantum chemistry
calculations

�0
H++e− =

1

2
�0
H2 (g)

− 4*SHE (2.93)

where*SHE is the potential of the working electrode with reference to the SHE.
With the CHE method, the free energy of any elementary reaction step of the
form

X + (H+ + e−) *SHE−−−−→ XH (2.94)
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can be approximated with the free energy of the oxidized species X and reduced
species XH with reference to the standard hydrogen electrode

J�0
X→XH = �0

XH −�0
X −

(
1

2
�0
H2 (g) − 4*SHE

)
. (2.95)

The definition of the CHE in Equation 2.93 assumes standard concentrations
(?� = 0, %H2

= 1 atm). If the ?� of the solution is non-zero, it is advantageous
to use the reversible hydrogen electrode (RHE) instead, which is measured at
the same ?� as the working electrode. The potential of the RHE is derived from
the Nernst equation (Equation 2.91) and the reaction half-equations for the SHE
(Equation 2.92)

�RHE(?� ) = �0SHE −
:B)

24
ln

(
%H2 (g)

[H+]2

)
(2.96)

=
:B)

4
ln[H+] (2.97)

= −
:B) ln 10

4
?� ≈ −0.059 V · ?� . (2.98)

where we define ?� = − log[H+]. If the reaction follows the form of Equation 2.94
and the potential is measured vs RHE, both electrode potentials are shifted by
this value, which then cancels out in Equation 2.89. The overall cell potential
thus remains independent of the ?� (if the mechanism itself is ?� -independent)
and is almost identical to the SHE definition in Equation 2.95

J�RHE
X→XH = �0

XH −�0
X −

(
1

2
�0
H2 (g) − 4*RHE

)
(2.99)

This equation serves as the foundation for the study of the potential dependent
free energies of the ORR and CO2RR intermediates in Paper M4 and Paper M5
respectively.

While the CHE is generally sufficient for most electrochemical reactions in
the aqueous phase, it is only applicable to reactions involving proton transfers.
Instead of H+, the concept can be generalized to other ions M+, provided that the
free energy of (M+ + e– ) can be analogously inferred from a reference material
through the standard reduction potential. Modifications of the CHE have already
been applied to study the adsorption of anions on metal surfaces [144, 145].
Paper M5 involved studying the potential-dependent adsorption of alkali metal
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ion(s) M+ at the active site X

X + (M+ + e−) *RHE−−−−→ XM (2.100)

For alkali metal ions, the standard reduction potentials �0
M+/M(s) are known with

respect to the solid metal whose free energy can be in principle be calculated
with periodic DFT

�0
M++e− = �0

M(s) − 4
(
*SHE − �0

"+/M(s)

)
. (2.101)

However, when using a molecular model, the electronic energy of solid M is not
readily accessible. However, we can extrapolate it from the free energy of the
metal atom treated as an ideal gas and the free energy of atomization Jat�

0 of
the metal, defined as the free energy required to fully atomize the metal (note
that the reverse process is involved when using the gaseous free energy to derive
the solid free energy)

�0
M(s) = �

0
M(g) − Jat�

0 (2.102)

Since Equation 2.100 is not a proton transfer process, the ion concentrations do
not cancel out even when referenced to RHE unlike in Equation 2.99. Thus, the
concentrations of ions involved have to be explicitly included in the free energy
changes when the potential is referenced to the RHE

�M++e− = �0
M++e− + :B) ln

(
[H+]
[M+]

)
(2.103)

Inserting Equation 2.104 into Equation 2.103, the overall change in free energy
for the potential-dependent adsorption of M+ with reference to RHE is

J�RHE
X→XM = �0

M(g) − Jat�
0 − 4

(
*RHE − �0

"+/M(s)

)
+ :B) ln

[H+]
[M+] (2.104)

which was used to approximate the potential-dependent adsorption of alkali
metal ions in Paper M5.

2.2.3 Reaction Kinetics

Studies of chemical processes like catalytic reactions almost always require an
understanding of the reaction dynamics, particularly of reaction mechanisms at
the atomic level. Nevertheless, especially for reactions in the condensed phase,
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the experimental elucidation of reaction kinetics is largely macroscopic in nature,
averaging over time, the numerous paths on the potential energy surface, and
the different types of active sites in the material. Based on principles of reaction
kinetics discussed in this section, computational methods like DFT are able to
extract intrinsic kinetic parameters of a reaction on a particular active site in
order to identify possible mechanistic pathways and compare the kinetics across
materials and active sites.

The rate of most chemical reactions increases with the concentration of a
reactant. For example, for a one-step unimolecular reaction of the kind

R
:f−−−⇀↽−−−
:b

P (2.105)

the overall reaction rate { can be expressed as the difference between the rates of
the forward reaction {f and the backward reaction {b

{ = {f − {b (2.106)

which is respectively dependent on by the concentrations [R] and [P]

{f = :f [R] (2.107)

{b = :b [P] (2.108)

where :f and :b are the rate constants. For simplicity, we assume for our dis-
cussion that the reaction is irreversible, such that :b = 0 and :f = : . In 1889,
Arrhenius empirically determined an exponential relation between the reac-
tion rate and the temperature, establishing the Arrhenius equation for the rate
constant [146]

: = � exp

(
− �a

:B)

)
(2.109)

where � is the pre-exponential factor and �a is the activation barrier of the
reaction. Based on the deprecated collision theory, �a can be loosely understood
as an energy barrier between the reactant and product, while � is the frequency
at which the reactant ”attempts” to cross the barrier. Computational studies
on reaction kinetics typically rely on a more refined connection between the
activation energy and an activated complex established by the transition state
theory of Eyring, Evans and Polanyi [147, 148]. Since any physically quantifiable
reactant, intermediate or product is a (meta)stable configuration represented by a
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minimum on the PES, the interconversion among them must involve a geometric
rearrangement along a reaction path, on which the most unstable configuration
is defined to be the transition state (TS). Inspired by thermodynamic principles
(Section 2.2.1), the transition state theory assumes a quasi-equilibrium between
the reactant R and the TS

R
 ‡
−−−⇀↽−−− TS

:‡−−−→ P (2.110)

where a quasi-equilibrium constant  ‡ can be defined as

 ‡ =
[TS]
[R] (2.111)

with [TS] as the hypothetical concentration of the TS. The quasi-equilibrium
constant  ‡ is subsequently used to define the Gibbs free energy of the transition
state relative to the reactants, J�‡, as though it were an equilibrium property
(Equation 2.86)

J�‡ = −:B) ln ‡ (2.112)

Based on Equation 2.110, the rate of product formation can be expressed in
relation to the transition state ”concentration” [TS], and subsequently to the
reactant concentration through Equation 2.111

{ = :‡ [TS] = :‡ ‡ [R] = : [R] . (2.113)

This allows the experimentally measurable rate constant to be alternatively
defined as a product of the two conceptual parameters  ‡ and :‡, and finally to
the free energy of the transition state �‡ through Equation 2.112

: = :‡ ‡ = :‡ exp

(
−J�

‡

:B)

)
(2.114)

resulting in a similar expression to the originally empirical Arrhenius relation
(Equation 2.109). Therefore, the activation barrier �a in the Arrhenius equation
can be interpreted as the free energy of the transition state, thereby connecting
the computationally (partially) accessible PES (Section 2.1.2) to the physically
observable reaction kinetics. While a theoretically infinite number of paths
could exist between any two minima on the PES, the exponential relation in
Equation 2.114 asserts the statistical dominance of the reaction path(s) with
the lowest transition state free energy J�‡, also known as the minimum energy
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Figure 2.7: (a) Illustration of the NEB method on a 2D-PES adapted from reference [149].
(b) Corresponding reaction energy profile before (red) and after (black) the optimization
of the reaction path. The grid lines in (b) correspond to the contour lines in (a). The
transition state is marked with a star. Figures are not drawn to scale.

path(s) (MEP). Consequently, computational approaches to study reaction kinetics
typically involve searching for the TS on the PES to quantify the activation barrier.

Unlike the geometry optimization of (meta)stable species which simply requires
a downhill propagation in energy (F8 = −∇�8 in Figure 2.7), a transition state
is defined by a first-order saddle point on the PES, requiring the identification
and uphill optimization of one (out of 3" − 6) normal mode as the reactive
mode. If the structure of the transition state can be guessed based on intuitively
similar reactions, a direct transition state optimization can be performed by going
uphill in the direction of the reactive normal mode, determined by the imaginary
frequency upon frequency analysis, but downhill for all other modes [150, 151].
In most cases where the structure of the transition state is not as intuitive, one
would have to perform a guided exploration of the PES to find the TS.

A common approach for finding transition states with quantum chemical
calculations is the nudged elastic band (NEB) method [149, 152, 153]. With
reference to Figure 2.7(a), a path containing a series of structures (images) is
guessed, typically with linear interpolation, from the coordinates of R and P and
subsequently optimized. Obviously, simply relying on the natural force F8 would
cause every image to converge to a minimum. Instead, the NEB method extracts
only the perpendicular component from this force relative to the displacement
from the neighboring image

F ⊥
8 = F8 − (F8 · τ8)τ8 (2.115)
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where τ8 is a unit vector describing the structural displacement between image 8
and image 8 + 1. In addition to the perpendicular component, the NEB method
introduces spring forces F ( ‖

8
to equalize the spacing between adjacent images

F ( ‖
8

= :spring ( |R8+1 −R8 | − |R8 −R8−1 |)τ8 (2.116)

where :spring is an artificially defined spring constant and R8 is the vector of
nuclear coordinates for image 8 . This spring force is a crucial aspect of NEB, as
it prevents the images from collapsing to a minimum. In the example shown in
Figure 2.7(a),R8 is closer to R8−1 than R8+1, so image 8 is ”nudged” towards the
latter by the spring force F ( ‖

8
. The perpendicular component derived from the

natural force F ⊥
8 combines with the artificial spring force F ( ‖

8
to the final NEB

force FNEB
8

FNEB
8 = F ⊥

8 + F ( ‖
8

(2.117)

that displaces the image towards the MEP. The force calculation is performed for
all images except the reactant and product for each NEB cycle, and the cycle is
repeated until all forces approach a convergence criteria, with the TS being the
image with the highest energy. This algorithm was applied in Paper M1 and
Paper S1 for finding the transition states for non-electrochemical reactions.

2.2.4 Electrokinetics

Since the electrode and the redox species generally exist in separate phases,
electrocatalysis can be classified as a form of heterogeneous catalysis. However,
it is also important to consider its uniqueness beyond conventional heterogeneous
catalysis, including the influence of the applied potential on the kinetics of the
redox half-reactions (Faradaic processes) and on the transport and distribution
of species to the interface (non-Faradaic processes). This section focuses on the
former, while the latter is discussed in Section 2.2.5.
With the net current being zero by definition for an electrochemical cell at

equilibrium, it is useful to define an overpotential [ relative to the equilibrium
potential for studying the kinetics of Faradaic processes

[ = � − �eq (2.118)

where �eq is the thermodynamic limit for the reaction determined by the Nernst
equation (Equation 2.88). Consider the model half-reaction as defined in Equa-
tion 2.90. For the forward (cathodic) or the backward (anodic) direction of the
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Figure 2.8: Illustration of the linear reaction energy profile for the derivation of the
Butler-Volmer equation.

reversible reaction, a partial current 8 can be defined by the respective rate of
reaction at the electrode surface

|8 (cat/an) | =
d&

dC
= 4

d=e
dC

= I4
d#(∗Ox/∗Red)

dC
= I4�

d[(∗Ox/∗Red)]
dC

= I4�{

(2.119)
where & is the amount of transferred charges, =e is number of transferred elec-
trons, #(∗Ox/∗Red) is the number of adsorbed reacting species (∗Ox for cathodic
and or ∗Red for anodic current), [(∗Ox/∗Red)] is the surface concentration of
the reacting species and { is the rate of reaction per unit surface area �. Defining
the cathodic current as positive, the cathodic and anodic current combine to the
total current �

� = 8cat − 8an = I4�({f − {b) = I4�(:f [∗Ox] − :b [∗Red]) (2.120)

where we applied Equation 2.107 and Equation 2.108 in the last step with [∗Ox]
and [∗Red] as the surface concentrations of the oxidized and reduced form re-
spectively. Just as in Equation 2.114, the rate constants could in principle be
defined with the free energy of the transition state. However, an additional
consideration in electrokinetics is that the energy of the transferred electron,
and by extension the thermodynamic stability of (*Ox + ze– ) relative to *Red,
depends on the applied potential (Equation 2.88). Consequently, the activation
barriers for the forward and the backward reaction also change with potential,
corresponding to the changes in the measured current. A model for describing the

46



Physical Chemistry of (Electro)Catalysis
Section
2.2

potential dependence of the activation barrier is expressed by the Butler-Volmer
kinetics [154–157]. For simplicity, we assume for a particular equilibrium poten-
tial that the oxidized form is in isomolar equilibrium with the reduced species
([∗Ox]eq = [∗Red]eq), such that the two species are at the same energy level and
thus share the same activation barrier J�‡

eq (Figure 2.8). Upon polarization with
a negative overpotential ([ < 0), the oxidized form becomes higher in energy and
the forward reaction becomes more exergonic by JJ�f = I4[ (Figure 2.8, red).
The Butler-Volmer approach assumes a linear reaction energy profile in order
to estimate the changes in the activation barrier relative to the change in the
reaction free energy. Based on geometric considerations shown in Figure 2.8, the
magnitudes of the change in activation barriers for the forward reaction (blue)
and for the backward reaction (green) have to sum to the change in reaction free
energy (red)

|JJ�‡
b
| + |JJ�‡

f
| = |JJ�f | (2.121)

such that the complementary fractions U and (1−U) can be assigned to the forward
and backward reaction respectively. Thus, the non-equilibrium activation barriers
can be written as

J�
‡
f
= J�

‡
f (eq) + UI4[ (2.122)

J�
‡
b
= J�

‡
b(eq) − (1 − U)I4[ (2.123)

where J�‡
f (eq) and J�

‡
b(eq) are the respective activation barriers for the forward

and backward reaction at equilibrium potential (J�‡
f (eq) = J�

‡
b(eq) = J�

‡
eq in the

example of Figure 2.8). The fractional transfer coefficient U can be interpreted
as the proportion of the electrons that are involved in shifting the barrier of the
reaction. For a hypothetical barrier-free process, the free energy of the ”transition
state” is effectively that of the higher-energy species (i.e. either ∗Ox or ∗Red),
and the transfer coefficient becomes unity for an endergonic process (i.e. all
electrons are involved in shifting the barrier), or zero for an exergonic process (i.e.
no electrons are involved in shifting the ”barrier” of zero). Based on transition
state theory (Section 2.2.3), the activation barrier is defined by the free energy of
the transition state in Equation 2.114, which combines with Equation 2.122 and
Equation 2.123 to expressions for the potential dependence of the rate constants

:f = �f exp

(
−
J�

‡
f

:B)

)
= �f exp

©«−
J�

‡
f (eq)

:B)

ª®¬ exp[−UI5 [] (2.124)
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:b = �b exp

(
−
J�

‡
b

:B)

)
= �b exp

©«−
J�

‡
b(eq)
:B)

ª®¬ exp[(1 − U)I5 [] (2.125)

where 5 = 4
:
B
)
. Inserting a boundary condition that the net current should be zero

at equilibium potential ([ = 0) and thus 8cat = 8an, it follows from Equations 2.120,
2.124 and 2.125 that

:f (eq) [∗Ox] = :b(eq) [∗Red] = {eq (2.126)

�f exp
©«−
J�

‡
f (eq)

:B)

ª®¬[∗Ox] = �b exp
©«−
J�

‡
b(eq)
:B)

ª®¬[∗Red] = {eq (2.127)

where we define {eq to be the hypothetical rate of the forward or backward
reaction in the context of a dynamic equilibrium. Combining Equations 2.124,
2.125 and 2.127 into Equation 2.120, we obtain the Butler-Volmer equation [156,
157] for electrode kinetics relating the measured current to the overpotential

� = I4�{eq [exp(−UI5 [) − exp((1 − U)I5 [)] (2.128)

This equation holds for a straightforward one-step reaction with a single reaction
barrier as described by Equation 2.90. For a reaction with multiple elementary
steps, the description of the overall kinetics can become convoluted with the
reaction rates of each elementary step. In the simplest assumption that a single
rate-determining step (RDS) is significantly slower than the others, the Butler
Volmer equation is still applicable, but the kinetic parameters of interest in
Equations 2.122 and 2.123 are those of the RDS and the concentrations [∗Ox] and
[∗Red] refer to the intermediates involved at the RDS, which are assumed to be in
rapid equilibrium with the fully-oxidized and fully-reduced species respectively.
From Equation 2.128, we further distinguish between the number of electrons
transferred at the RDS IRDS and that of the entire reaction I

� = I4�{eq
[
exp

(
−UIRDS 5 [

)
− exp

(
(1 − U)IRDS 5 [

) ]
(2.129)

= 8eq
[
exp

(
−UIRDS 5 [

)
− exp

(
(1 − U)IRDS 5 [

) ]
(2.130)

where 8eq = I4�{eq is the hypothetical current in either direction in the context
of a dynamic equilibrium, commonly known as the exchange current. Due to
the exponential dependence of the current on the overpotentials, applying an
oxidizing ([ > 0) or a reducing ([ < 0) potential quickly leads to one exponent
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in Equation 2.128 becoming significantly larger than the other. Since this work
only deals with reduction reactions, we focus on the cathodic current produced
at negative overpotentials ([ < 0). At a sufficiently negative overpotential, the
total current is dominated by the cathodic current

� = 8eq exp
(
−UIRDS 5 [

)
(2.131)

Taking the logarithm on both sides yields the originally empirical Tafel rela-
tion [158]

log � = log 8eq −
(
UIRDS 5

ln 10

)
· [ (2.132)

which describes a quasi-linear dependence between the overpotential and the
logarithm of current � . A plot of log � against overpotential [ (or vice versa) is
called a Tafel plot. The plot is approximately linear in a very specific region of
the overpotential which (i) should be large enough such that the anodic current
is negligible but (ii) should not be too large as the surface concentration [∗Ox],
which factors into 8eq, would otherwise be potential-dependent due to mass
transport limitations.9 In this linear overpotential region, the gradient of the
Tafel plot, known as the Tafel slope, depends on both the transfer coefficient U and
the number of electrons transferred at the RDS, IRDS . Since the transfer coefficient
U in turn depends on the PES of the reaction (symmetry of the intersections in
Figure 2.8), reactions of the same type (e.g. ORR in PaperM3) with the same Tafel
slope are very likely to have the same RDS. The exchange current 8eq, obtained
by extrapolating the linear part of the Tafel plot to [ = 0, is a descriptor for the
overall electrode kinetics, which depends on the surface concentrations of redox
species, the intrinsic catalytic properties of the active site, as well as quantitative
aspects like the surface area, porosity and active site density of the material.

2.2.5 The Electric Double Layer

Following the discussion of the Faradaic process in the previous section, electro-
catalysts are often designed to optimize these processes so as to produce higher
currents. However, we cannot neglect the role of the non-Faradaic processes
in preparing the interface for electron transfer. Universally, when a solid is
immersed into a solution or electrolyte, mobile species in this medium undergo
rearrangement at the surface of the solid depending on their respective interac-

9 At low overpotentials, we assume that the mass transport is much faster than the elementary
redox step, such that the equilibrium surface concentration is maintained.
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Figure 2.9: Illustration of ion distribution at the solid-electrolyte interface according to
(a) the Helmholtz model, (b) the Gouy-Chapman model, (c) the Stern model and (d) the
Graham model.

tions with the surface atoms, leading to an inherently heterogeneous interfacial
layer.

For electrochemical processes, the influence of surface charges becomes espe-
cially important in shaping the heterogeneous interface. Even without coupling
to an electron source or sink, the surface of a conductive material immersed in
solution can still be charged due to dipoles induced by interactions with the elec-
trolyte. Each combination of electrode/electrolyte has a unique potential, known
as the point of zero charge (PZC)10, at which the externally applied potential
cancels out the inherent charge of the surface and the material effectively behaves
as charge-neutral. At the PZC, the potential at the surface +0 is equal to the
potential of the bulk solution +∞. Relative to the PZC, polarizing the electrode
with positive or negative potentials introduces corresponding charges at the
electrode surface, leading to a redistribution of the ionic species at the interface
(Figure 2.9).

In 1879, Helmholtz introduced a simplified model to describe the interface

10 A distinction should be made from a related definition of PZC in colloidal chemistry, which
often refers to the pH at which the material surface becomes charge-neutral.
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by assuming that the electrified surface is covered by a single layer of solvated
counter-ions [159], forming an ideal capacitor in which the potential increases or
decreases linearly with distance from the surface G (Figure 2.9a). The capacitance
within the Helmholtz layer �H is a constant given by

�H =
nrn0

3HL
(2.133)

where n0 is the absolute permittivity of vacuum and nr is the permittivity of
the electrolyte relative to vacuum. 3HL is the thickness of the Helmholtz layer
which measures the distance between the electrode surface and the layer of
counter-ions. The Helmholtz model did not account for the rearrangement of
electrolyte species away from the electrode and assumed that everything beyond
the single layer of counter-ions was immediately the homogeneous bulk solution.
In 1910-1913, Gouy and Chapman proposed a conceptually different model to
account for mutual screening effects of counter-ions which determine their spatial
distribution (Figure 2.9b) [160, 161], bearing some similarities to modern pictures
of how core electrons screen the valence electrons from the nuclear charges in
atoms. With reference to the bulk solution, the position-dependent concentration
of each ionic species [X] can be defined with Boltzmann statistics

[X] = [X]∞ exp

(−IX4 (+ −+∞)
:B)

)
(2.134)

where [X]∞ is the concentration of species X in the bulk solution and + is the
position-dependent electric potential and +∞ is the potential of the bulk solution.
In an electrolyte where various cations and anions coexist, the charges {IX4} and
the concentration profiles {[X]} of all charged species combine to describe the
net charge density

d (G) =
∑
X

IX4 [X] =
∑
-

IX4 [X]∞ exp

(−IX4 (+ −+∞)
:B)

)
(2.135)

where we applied Equation 2.134 in the final step. The net charge density d (G) is
related to the potential + (G) through the Poisson equation

d (G) = −nrn0
X2+

XG2
(2.136)
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which combines with Equation 2.135 to the Poisson-Boltzmann equation

X2+

XG2
= − 4

nrn0

∑
X

IX [X]∞ exp

(−IX4 (+ −+∞)
:B)

)
. (2.137)

For a I:I electrolyte (i.e. I−=−I+, e.g. K+Cl– , Mg2+SO2–
4 ), solving the Poisson-

Boltzmann equation under the constraint that the potential asymptotically ap-
proaches the bulk solution potential (+ → +∞ and d+

dG → 0 as G → ∞), it
can be shown that the potential + (G) follows a pseudo-exponential decay with
increasing distance from the electrode surface

tanh[I4 (+ −+∞)]
tanh[I4 (+0 −+∞)]

= exp

(
− G

3GC

)
(2.138)

where + 0 is the potential at the electrode surface and 3GC is the thickness of
diffuse layer, which is defined by

3GC =

√
nrn0:B)

22∞I242
(2.139)

and depends only on properties of the electrolyte, including its permittivity nA ,
bulk ionic concentration 2∞ and ion charges I. The capacitance of this diffuse
layer is given by

�GC =

√
2I242nrn02∞

:B)
cosh

(
I4 (+ 0 −+∞)

2:B)

)
. (2.140)

While the Gouy-Chapman model is successful for reproducing the capacitance
near the PZC, it predicts an unrealistically large capacitance at higher polarization
vs PZC due to the exponential term in Equation 2.140 (coshG ≈ 0.5e|G | for large
|G |). The discrepancy of this model traces back to the use of charge density to
derive the Poisson-Boltzmann Equation 2.137, implicitly treating the ions as
point charges which could approach the electrode arbitrarily closely. At high
polarization vs PZC, this erroneous picture results in an unrealistically high
capacitance compared to observed values (recall in Equation 2.133 that � ∝ 1

3
for

an ideal capacitor). Recognizing the deficiencies of both models, Stern proposed
a combined double-layer model where the electrode surface is covered by a
compact Helmholtz layer, followed by a diffuse layer described by the Poisson-
Boltzmann distribution (Figure 2.9c) [162]. The two layers are individually treated
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as capacitors which are connected in series

1

�S
=

1

�H
+ 1

�GC
(2.141)

where �S is the total capacitance of the Stern double-layer, �H is the capaci-
tance of the compact Helmholtz layer and �GC is the capacitance of the diffuse
layer. At high polarization vs PZC, the inclusion of the Helmholtz layer imposes
a limit to the maximum overall capacitance of the double layer

(
1

�GC
<< 1

�H

)
,

thereby circumventing the exponential surge in capacitance predicted by the
Gouy-Chapman model. Since the Stern model and the preceding models are
derived based on electrical concepts such as Coulomb-interactions between the
electrode and the electrolyte species, they did not fully account for material-
specific chemical interactions at the electrode surface. In 1947, Grahame further
refined the Stern model by factoring in these specific interactions [163] by sepa-
rating the Helmholtz layer into an inner Helmholtz plane (IHP) which contains
the specifically adsorbed species, and an outer Helmholtz plane (OHP) as a layer
of solvated counter-ions (Figure 2.9d).

For the study of electrocatalysis, the distinction between processes at the IHP
and the OHP is especially crucial. It is commonly assumed that reacting species
would diffuse into the IHP as a direct contact with the electrode would facilitate
electron transfers, whereas spectator species like the cations would reside at the
OHP. These assumptions will be challenged in Paper M3 and Paper M5, with
the former featuring the outer-sphere electron transfer as an alternative pathway
to circumvent the formation of unstable ∗OOH intermediates for ORR and the
latter describing the necessary involvement of cations in stabilizing the ∗COOH
intermediates at the IHP during CO2RR.
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Figure 3.1: Graphical abstract of paper M1.

Computational Highlights
This paper featured the templating-transmetallation strategy for the synthesis of
Fe-N-Cs, using a Zn-salt as templating agent in the initial pyrolysis step to prevent
the carbothermal reduction and achieve high dopant concentrations. Assisting
in the elucidation of local geometry with EXAFS, we designed and optimized
geometric models incorporating the planar pyrrolic and pyridinic MN4 motifs
with various types and quantities of oxygen ligands. Upon successful fitting
of EXAFS data to the pyrrolic models, we subsequently studied and confirmed
the higher affinity of Zn towards forming the pyrrolic MN4 structures, based
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on comparisons in conformational energy (pyrrolic vs pyridinic) and atomic
structures. We further concluded that Fe is bound much more strongly at the
N4 site than Zn due to its covalent interaction with the c-system, rationalizing
the transmetallation procedure with a small activation barrier determined with
nudged-elastic band calculations.
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electrochemical measurements. Jian Liang Low constructed the structural models
and performed the DFT calculations. Jian Liang Low designed the computa-
tional study, analyzed the DFT results and drafted the computational parts of
the manuscript under the guidance of Beate Paulus. Yan-Sheng Li performed
the single-cell PEMFC measurements. Iztok Arčon performed and analyzed the
XAS measurements with structural models from Jian Liang Low. Burak Koyutürk
measured and analyzed the XPS data. Friedrich Wagner performed and analyzed
the Mössbauer spectroscopy measurements. Francisco Ruiz-Zepeda performed
the TEM imaging. Davide Menga and Tim-Patrick Fellinger wrote the manuscript
with contributions from Miran Gaberšček. All authors contributed to the final
version of the manuscript.
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ABSTRACT: Combining the abundance and inexpensiveness of
their constituent elements with their atomic dispersion, atomically
dispersed Fe−N−C catalysts represent the most promising
alternative to precious-metal-based materials in proton exchange
membrane (PEM) fuel cells. Due to the high temperatures
involved in their synthesis and the sensitivity of Fe ions toward
carbothermal reduction, current synthetic methods are intrinsically
limited in type and amount of the desired, catalytically active Fe−
N4 sites, and high active site densities have been out of reach
(dilemma of Fe−N−C catalysts). We herein identify a paradigm
change in the synthesis of Fe−N−C catalysts arising from the
developments of other M−N−C single-atom catalysts. Supported
by DFT calculations we propose fundamental principles for the synthesis of M−N−C materials. We further exploit the proposed
principles in a novel synthetic strategy to surpass the dilemma of Fe−N−C catalysts. The selective formation of tetrapyrrolic Zn−N4
sites in a tailor-made Zn−N−C material is utilized as an active-site imprint for the preparation of a corresponding Fe−N−C catalyst.
By successive low- and high-temperature ion exchange reactions, we obtain a phase-pure Fe−N−C catalyst, with a high loading of
atomically dispersed Fe (>3 wt %). Moreover, the catalyst is entirely composed of tetrapyrrolic Fe−N4 sites. The density of
tetrapyrrolic Fe−N4 sites is more than six times as high as for previously reported tetrapyrrolic single-site Fe−N−C fuel cell catalysts.

■ INTRODUCTION

In order to move from the burning of fossil fuels to clean and
sustainable energy conversion and storage, electrochemical
systems represent a central future technology, and reactions
such as CO2- and O2-reduction reaction (CO2RR and ORR,
respectively) as well as the O2 evolution reaction (OER) play a
pivotal role.1 To be sustainable and yet economically
advantageous, the materials employed to catalyze electro-
chemical reactions should be preferably composed of abundant
and inexpensive elements.2 Maximizing the atomic efficiency of
metals, single-atom catalysts (SACs) have attracted the interest
of many scientists in the field of catalysis, both heterogeneous
and electrochemical.3,4 Undoubtedly, the most promising class
of such electrocatalysts, regarding activity and range of
applications, is the family of metal and nitrogen co-doped
carbons (M−N−Cs). In particular, Fe−N−C catalysts are
among the best candidates to replace Pt-based materials for
fuel cell applications due to their promising ORR activity.5,6

While the desirable composition of Fe−N−C catalysts was
debated for decades, in recent times the community vastly
agrees that atomically dispersed square-planar Fe−N4 sites,
embedded into the conductive and supporting nitrogen-doped
carbon (NDC) scaffold, are the desirable catalytically active
motif. Therefore, Fe−N−C SACs are currently the subject of

numerous research activities, fueled by the need for
electrification of the transport sector.
Although the activity of Fe−N−C catalysts was impressively

optimized in the past ∼30 years, further substantial improve-
ments were hampered by limitations in the preparation of the
catalysts. The formation of Fe−N−C SACs having concen-
trations above 0.5 wt % of Fe results in the formation of
inorganic side phases such as metallic Fe, iron carbides, or iron
nitrides.7,8 The atomically dispersed Fe−N4 active sites
decompose at the temperature of their pyrolytic formation.
This phenomenon is commonly described as the dilemma of
Fe−N−C catalysts. There have been tremendous efforts in the
last years to optimize the synthetic conditions in order to
improve the activity by increasing the active site density for
Fe−N−C catalysts.9 Multistep syntheses are employed,
comprising pyrolysis, leaching of soluble side-phases, and
additional thermal processing steps.10,11 The employment of
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metal−organic framework precursors led to a significant
increase in activity.12 Reducing the mobility of Fe atoms
throughout the pyrolytic synthesis can also reduce side-phase
formation, leading to higher Fe loadings. The success of the
mostly quite advanced synthetic protocols proves the
possibility for further performance gain, although generally
Fe contents still do not exceed 3 wt %.12−14 Furthermore, there
has been a long-standing debate and uncertainty about the
surrounding structure of the Fe−N4 sites. It is commonly
believed that the active site exists mainly in a pyridinic Fe−N4
environment. Such an environment has indeed been visualized
in atomic resolution,15 and, recently, for the first time a
tetrapyridinic macrocycle (Cl-coordinated or O-bridged) has
been employed as a model for Fe−N−Cs.16 On the other end,
Zitolo and Jaouen et al. developed a single-site Fe−N−C
catalyst with minute amounts of Fe and proved the active sites
therein to be of square-planar pyrrolic nature.8 Supported by
DFT calculations, pyrrolic M−N4 sites with different metals in
M−N−Cs are supposed to have superior activity compared to
pyridinic ones in many catalytic applications.17−19 Nonethe-
less, a comprehensive understanding on the formation of Fe−
N−Cs, resulting in a rational synthesis of specific active sites, is
still lacking. The uncontrolled nature of pyrolysis and the
endless number of possible precursor systems obscure a clear
view on the chemistry of Fe−N−Cs.
Herein, we identify a paradigm change for the synthesis of

Fe−N−Cs arising from recent developments of other M−N−
C single-atom catalysts. Supported by DFT calculations we
propose ground-breaking principles for the synthesis of Fe−
N−C catalysts, and M−N−C materials in general. On the basis
of an abstract view on the formation pathway of different active
sites, we came up with a synthesis strategy toward atomically
dispersed, iron-rich Fe−N−C SACs hosting tetrapyrrolic Fe−
N4 complexes as single active sites and solve the long-standing
dilemma of Fe−N−C catalysts.

■ RESULTS AND DISCUSSION
Today, there is evidence for pyrrolic and pyridinic (better
tetrapyrrolic and tetrapyridinic) Fe−N4 sites as active sites in
Fe−N−C SACs. Density functional theory (DFT) calculations
on isomeric model structures with the chemical formula of
[FeN4]C52H20 reveal that the square-planar tetrapyridinic
motifs (Figure 1a) are thermodynamically more stable
compared to the square-planar tetrapyrrolic motif (Figure 1b
and c). The total energy difference of 3.02 eV for the pyrrolic-
D4h structure and 3.05 eV for the pyrrolic-C4h structure (Table
1) arises by the necessity for defects within the carbon
honeycomb structure in order to embrace the tetrapyrrolic site,

while the tetrapyridinic site perfectly fits into the graphene
lattice, entirely made of C6 units. The tetrapyrrolic motif only
fits the honeycomb lattice if the misalignment caused by five-
membered pyrrolic rings is compensated by seven-membered-
ring defects as in the case of Stone−Wales defects.
The thermodynamically more stable tetrapyridinic Fe−N4

structure is interestingly incompatible with findings in organic
coordination chemistry, in which pyridinic complexes of Fe2+

usually have an octahedral structure, e.g., in [Fe(bipy)3]X2 or
[Fe(terpy)2]X2 (X = monovalent anion). Only recently was
one tetrapyridinic macrocycle presented as an Fe−N4 model,
although the square-planar geometry seems to only arises in
the case of an axial Cl ligand or for oxygen-bridged dimers.16,20

The tetrapyrrolic M−N4 structure, in contrast, is ubiquitously
present in organic coordination chemistry21,22 and in natural
compounds, with the most prominent heme molecules for the
case of Fe−N4 motifs in mammal’s blood. Hence, although the
tetrapyridinic form is thermodynamically favored, the kineti-
cally preferred tetrapyrollic FeN4 is the abundant form. The
realization of the graphene lattice entirely made of C6 units via
preparative wet-chemical bottom-up synthesis is a highly
complex discipline, typically involving many synthetic steps
and requiring extraordinary synthetic control.23

How are tetrapyridinic Fe−N4 sites formed? To facilitate
discrimination from the tetrapyrrolic motif, the tetrapyridinic
motif is simply called “pyridinic” in the following. The
pyridinic Fe−N4 site is thermodynamically favorable; however,
the rearrangement of the carbon backbone into the honey-
comb structure requires temperatures above 1300 °C, as
known from graphitization. M−N−Cs are typically prepared
between 750 and 1050 °C, where the critical conductivity of
electrocatalysts is obtained along with electrocatalytic activity.
Hence, the formation of pyridinic M−N4 sites is actually
surprising in common M−N−C syntheses.
Some metals, including iron, are catalysts for graphitization

though.24 At elevated temperature, metallic iron is able to
dissolve carbon (formation of iron carbide) and reprecipitate
it, allowing for dissociative reaction mechanisms, such as the
formation of pyridinic Fe−N4 sites, as well as further
enhancement in conductivity. At the same time, the carbon
structure is essentially recrystallized, going along with the
destruction of the catalyst morphology, the loss of
heteroatoms, and the formation of harmful inorganic side
phases (metallic iron, iron carbide, and iron nitride). This
process is very common for Fe−N−C syntheses, where
metallic iron is formed via carbothermal reduction at elevated
temperatures.
With this in mind, we can propose general principles for all

conventional M−N−C preparations, which are bottom-up,
comprising the heating of the metal, carbon, and nitrogen

Figure 1. Chemical structure of planar tetrapyridinic (a) and two
planar tetrapyrrolic (with two different symmetries, D4h (b) and C4h
(c)) [FeN4]C52H20 isomers. The seven-membered-ring defects are
necessary to introduce the tetrapyrrolic motif into the planar graphene
lattice.

Table 1. Comparison of Calculated M Binding Energy and
Calculated Conformational Stability for Different
MN4C52H20 Clusters (M = Zn, Fe)a

stability empty Zn Fe
Zn binding
energy

Fe binding
energy

pyridinic 0 (ref) 0 (ref) 0 (ref) −4.2 eV −7.9 eV
pyrrolic-
D4h

4.79 eV 2.97 eV 3.04 eV −6.1 eV −9.7 eV

pyrrolic-
C4h

3.45 eV 2.29 eV 3.01 eV −5.4 eV −8.3 eV

aStability values are presented with reference to the energy of the
pyridinic structure.
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precursors in an inert atmosphere to temperatures between
∼750 and ∼1300 °C.

1. Throughout heating, tetrapyrrolic M−N4 sites are
formed within defective carbon scaffolds.

2. Pyrolytic reactions generate the critical conductivity for
electrocatalysts at ∼750 °C.

3. Pyridinic M−N4 sites are formed in the case of catalytic
graphitization.

Scheme 1. Representation of the Synthetic Route Adopted to Obtain NDC-Fe-HT Containing Exclusively Atomically
Dispersed Fe from the Starting Zn−N−C Material Employing Low- and High-Temperature Ion Exchange Reactions

Figure 2. XRD of the NDC-M is characteristic for highly disordered carbons (a). XPS of the N 1s showing the increase of pyrrolic nitrogen after
replacing Zn2+ with H+ (b). Fourier transform magnitude of k3-weighted Zn EXAFS spectra of an NDC-Zn sample, calculated in the k range of
3.0−12 Å−1 and R range of 1−4 Å. Experiment (solid blue line); best fit EXAFS model (dashed black line). The structure used as model for the
EXAFS analysis is displayed in the inset: the Zn atom (dark gray sphere) is bound axially with one Cl atom (green sphere) and in plane to four
nitrogen atoms (blue spheres) in the porphyrin complex, where carbon atoms are presented as light gray spheres (c). Isotherms of the NDC-M
obtained from N2 sorption measurement (d). Mössbauer spectra of NDC-Fe-HT recorded at 4.2 K with the corresponding fitting (e). Fourier
transform magnitude of k3-weighted Fe K-edge EXAFS spectra of an NDC-Fe-HT sample, calculated in the k range of 3.0−11.5 Å−1 and R range of
1−3.8 Å. Experiment (solid orange line); best fit EXAFS model (dashed black line). The structure used as a model for the EXAFS analysis is
displayed in the inset: the Fe atom (brown sphere) is bound axially with two O2 molecules (red spheres) and in plane to four nitrogen atoms (blue
spheres) in the porphyrin complex, where carbon atoms are presented as gray spheres (f).

Journal of the American Chemical Society pubs.acs.org/JACS Article
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According to this description of the formation of Fe−N−Cs,
the dilemma of limited Fe−N4 site concentration is only valid
for pyridinic Fe−N4 sites, since only their formation is
connected to the pyrolytic decomposition of the Fe−N−C
structure arising from carbothermal reduction. Indeed, Fe−N4
sites were shown to be formed already slightly above 400 °C,
where it is extremely unlikely that pyridinic Fe−N4 sites will
form.25

The stability of Fe2+/3+ toward carbothermal reduction
depends on their chemical environment, their concentration,
and the chosen gas atmosphere.26 If the carbothermal
reduction is avoided until a sufficiently conductive Fe−N−C
is obtained, only tetrapyrrolic Fe−N4 sites should be present.
This is consistent with the finding of a tetrapyrrolic model Fe−
N−C by Zitolo and Jaouen et al., which was obtained with Fe
concentrations as low as 0.5 wt %.8

In contrast to Fe, less precious metals, such as Zn, are also
less sensitive toward carbothermal reduction.26,27 Therefore,
the selective synthesis of tetrapyrrolic M−N4 sites should allow
for higher concentrations. In fact, M−N4 complexes for M−
N−Cs with metals other than Fe were recently also subjected
to intense research.28,29 For example Zn−N−Cs were
previously reported, and Zn is also present in the popular
Fe−N−C preparation protocols involving specific metal−
organic frameworks.30,31

We carried out DFT calculations on the Zn-coordinated
isomers of the above presented tetrapyrrolic and pyridinic Fe−
N4 structures. Like in the case of the iron-based structures, the
pyridinic structures have higher thermodynamic stability.
Curiously, the difference in energy is lower for Zn compared

to Fe, indicating a higher stability of the kinetically favored
tetrapyrrolic Zn−N4 toward transformation to pyridinic sites.
Due to back-bonding effects of the Fe d-orbitals, the Zn−N
binding energy is however smaller compared to the Fe−N
binding energy (Table 1). We recently discovered that Fe−N4
active sites can be prepared by ion exchange from other M−
N−C materials.32,33 A relatively high concentration of
atomically dispersed Fe−N4 sites, corresponding to an Fe
loading of 1.34 wt %, was obtained from Zn−N−Cs. This can
be explained by our DFT calculations showing that the Zn−N
bond is weaker than the Fe−N bond. The exchange of Fe2+/3+

with Zn2+ ions consequently results in the more stable Fe−N−
C SACs. However, after aqueous workup, insoluble Fe(III)
oxide remained as an inorganic side phase, impeding proper
determination of the resulting Fe−N4 active site structure.
Therefore, herein we attempt successive ion exchange
reactions, at low temperature and at high temperature,
targeting Fe−N−Cs with very high total Fe contents. The
summarized synthetic strategy is illustrated in Scheme 1.
Preparation of Fe−N−C SACs. The catalysts are named

as NDC-M, where M indicates the metal ions coordinated to
the NDC solid-state ligand (here either Zn2+ or Fe2+/3+) or
NDC-M-HT when the high-temperature ion exchange treat-
ment is performed. NDC-Zn was prepared by pyrolysis of a
mixture of 1,2-dicyanobenzene and a binary ZnCl2/LiCl (60
mol % LiCl) mixture in an Ar atmosphere at 800 °C for 1 h,
followed by washing with 0.1 M hydrochloric acid and aqueous
workup.33 NDC-Zn was converted into NDC-Fe via a low-
temperature ion exchange reaction at 170 °C (slightly above
Tm) by stirring in an excess eutectic FeCl3/LiCl salt melt for 5
h, with a workup as described before. NDC-Fe-HT was
obtained subjecting NDC-Fe to a flash pyrolysis at 1000 °C in
an Ar atmosphere for 20 min.

Materials Characterization. NDC-Zn is a hierarchically
porous carbon material with a high specific surface area of
1433 m2/g. X-ray powder diffraction (XRD) data are
characteristic for amorphous carbons, which are highly
defective in their structure (Figure 2a). The possibility to
form a high concentration of defects is a consequence of the
precursor choice. In our case, the surface stabilization provided
by the ZnCl2-based molten salt route provides structural
versatility.27,34

Although a fraction of Zn2+ coordinated to N4 sites might be
removed by washing (ion exchange with protons), a residual
Zn content of 2.95 wt % and a total N content of 13.61 wt %
are prospective for a high concentration of N4 coordination
sites for the formation of Fe−N4 sites (Table S3). Zn K-edge
EXAFS analysis of an NDC-Zn sample was used to determine
the local Zn structure in the pristine NDC-Zn (Figure 2c).
Structural parameters of the local Zn neighborhood (type

and average number of neighbor atoms; the radii and the
Debye−Waller factor of neighbor shells) are quantitatively
resolved from the EXAFS spectra by comparing the measured
EXAFS signal with the model signal, constructed ab initio using
the FEFF6 program code,35 based on Zn-porphyrin as a model
structure, where Zn is bound to four pyrrolic nitrogen atoms
and surrounded by respective carbon atoms with one
additional Cl atom placed at an axial position (model
parameters are given in Table S1).
An almost perfect fit is found (best fit parameters are given

in Table S1), which shows that the Zn cations in NDC-Zn are
indeed embedded into the carbon matrix in a macrocyclic
tetrapyrrolic motif with the four pyrrolic N neighbors detected
at 2.05 Å, similar to the Zn-porphyrin structure. The axial Cl
atom is reasonably explained by the synthesis using ZnCl2 or
from the washing with HCl.
To further prove the pyrrolic nature of the Zn-imprinted N4

cavities, NDC-Zn has been treated in strong, but not oxidizing
2.4 M aqueous HCl at 150 °C, in a closed vessel to replace
Zn2+ ions with protons. XPS comparison of the pristine NDC-
Zn and the obtained NDC-H sample shows a drastic drop in
Zn content, while the N 1s spectra reveal that the N−Zn signal
fully turns into pyrrolic N when Zn2+ ions are replaced by H+

(Figure 2b, Figure S1 and Table S2), whereas the content of
the other nitrogen species (i.e., graphitic, oxidized, and
pyridinic) remains constant.
The finding of a single-site Zn−N−C being entirely

composed of tetrapyrrolic Zn−N4 embedded in the
amorphous carbon structure allows for first conclusions on
the proposed general principles of M−N−C syntheses. In fact,
Zn ions undergo carbothermal reduction at higher temperature
compared to Fe ions.26 However, metallic Zn does not catalyze
graphitization and already evaporates in the relevant temper-
ature range (Tb = 907 °C). Hence the dissociative
reorganization of the carbon structure in the present synthesis
is obviously limited to the development of conductivity. The
formation of pyridinic Zn−N4 sites or transformation of
tetrapyrrolic Zn−N4 sites via dissociation of multiple bonds is
expected to require much higher temperatures. The finding
agrees well with our herein proposed M−N−C formation
mechanism.
After the first ion exchange reaction, Zn2+ ions are partly

removed and replaced by Fe2+/3+ ions, which additionally
occupy previously empty (i.e., protonated) tetrapyrrolic
cavities. Due to the low temperature employed, it is reasonable
to assume that the nitrogen content remains stable. The
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decrease in wt % N is therefore an indication for the increased
density of the material. This is also reflected in the N2-sorption
isotherm of NDC-Fe, which presents a downshift compared to
NDC-Zn and consequently lower surface area and cumulative
pore volume, but with an unchanged pore size distribution
(Figure S2). This indicates that once the NDC solid-state
ligand has been formed, its properties are retained throughout
the ion exchange. The increased density of NDC-Fe is
explained by the coordination of Fe2+/3+ to protonated N4
cavities as well as by the formation of iron oxide. XRD, like in
case of NDC-Zn, reveals no indication of graphitization at the
low temperature of 170 °C (Figure 2a). In order to study the
kinetics of the substitution reaction at the N4 site, we
conducted a DFT study on the adsorption of an Fe atom on
the various ZnN4 motifs (Fe@ZnN4) and vice versa (Zn@
FeN4) as well as the transition state between these states
(Figure S4). For all tetrapyrrolic and pyridinic motifs, Fe@
ZnN4 exhibits a unique geometry with Fe anchored to two of
the N atoms instead of the Zn center, resulting in a relatively
strong adsorption. In contrast, Zn prefers a direct coordination
to the Fe center in Zn@FeN4 and exhibits weaker binding. The
activation barriers between the two intermediates are relatively
low (0.4−0.9 eV), suggesting that the ion exchange is
kinetically feasible. Residual amounts of Zn after the ion
exchange reaction may be explained by incomplete ion
exchange caused by steric hindrance, e.g., accessibility from
only one site of the active site. Furthermore, the adsorption of
Zn to the Fe−N4 sites is stable and explains the importance of
the acidic workup.
The atomically dispersed nature of the iron species after ion

exchange can nicely be observed by aberration-corrected
annular-dark-field scanning transmission electron microscopy
(ADF-STEM) shown in Figure S5. No crystalline phases are
observed; however due to the folded nature of the carbon, the
atomic Fe species may appear in some cases as clusters, if the
carbon layers are overlapping. Low-temperature Mössbauer
spectra more accurately reveal the Fe species present in the
Fe−N−C catalyst than room-temperature spectra, since
nanosized Fe(III) oxide can only be distinguished from the
Fe−N4 site doublets by the magnetic hyperfine splitting they
exhibit at low temperatures.36 We recorded the Mössbauer
spectrum at 4.2 K for NDC-Fe (Figure S6) and find two
doublets, characteristic for atomically dispersed Fe, as well as a
sextet, indicative of nanosized oxidic Fe(III), which is
tentatively assigned to ferrihydrite, a poorly crystalline hydrous
ferric oxyhydroxide (Fe10O14(OH)2).

37 Based on these results,
the Fe−N4 sites correspond to ∼1.34 wt % of the total Fe,
indicating that the ion exchange at lower temperature is
kinetically hampered.38 Despite the presence of the oxidic iron,
the structure of the Fe−N4 formed should still be entirely of
tetrapyrrolic nature.
It has been recently shown that nanosized oxidic iron can

decompose and release Fe atoms, which can coordinate to NC
defects in ZIF-based carbons.39 Accordingly, a thermal
treatment may similarly decompose the ferrihydrite and
activate the oxidic iron for a successive ion exchange reaction
to form more Fe−N4 sites. Indeed, based on investigation of
the thermal treatment of NDC-Fe at 1000 °C in Ar in TGA-
MS experiments (described in the SI), the following
mechanism for the coordination of Fe to empty (protonated)
N4 cavities is proposed:

Step 1: Dehydration of ferrihydrite:

Fe10O14(OH)2 → Fe10O15 + H2O
Step 2: Carbothermal reduction:
2 Fe10O15 + 5 C → 20 FeO + 5 CO2

Step 3: Coordination of iron:
FeO + H2−N4 → Fe−N4 + H2O

In fact, the decomposition of the inorganic particles is
indicated by a lower gravimetric density of NDC-Fe-HT
compared to NDC-Fe, which is reflected in the N2-soprtion
isotherms and subsequent increase of surface area to 1247 m2/
g. Moreover, in the pore size distribution plot, a 61% increase
in porosity can be assigned to pores larger than 5 nm (Figure
S2). This further points to ferrihydrite decomposition and the
related disclosure of previously blocked porosity as well as the
reactive activation of the carbon scaffold (step 2). Both
phenomena are desirable to further improve the mass transport
and the accessibility of active sites. Overall, the final NDC-Fe-
HT catalyst shows hierarchical porosity, including micro-
porosity, high external surface area, mesoporosity (with
negligible hysteresis), and macroporosity, which is advanta-
geous for catalytic applications in general. We have previously
reported the impact of the pore design on the ORR
performance for morphologically related nitrogen-doped
carbons.40

Intriguingly, the XRD pattern of NDC-Fe-HT still shows no
sign of graphitization, with a characteristic diffractogram for
amorphous carbon, essentially unchanged compared to NDC-
Zn (Figure 2a). This is the case despite the high pyrolytic
temperature and the presence of a large quantity of Fe.
Mössbauer spectroscopy (Figure 2e) reveals that the
ferrihydrite phase of NDC-Fe (sextet signal) is almost
quantitatively removed after the second heat treatment, while
a second doublet (often referred to as D2), characteristic for
atomically dispersed Fe−N4 sites, arose. Indeed, 90% of the
iron previously present as an oxidic side phase is converted
into atomically dispersed Fe−N4 sites in the high-temperature
ion exchange (step 3), while no other side phases are formed.
The synthetic strategy of N4-site imprinting by means of Zn2+

ions and successive low- and high-temperature ion exchange
successfully results in Fe−N−C SACs with a very high Fe
loading of 3.46 wt % (according to ICP-MS, Table S3). The
Mössbauer spectrum comprises three doublets, D1, D2, and
D3, with relative intensities of 44% (D1), 42% (D2), and 8%
(D3), which are characteristic of atomically dispersed Fe−N4
sites. The doublets do not allow the assignment of pyrrolic or
pyridinic Fe−N4 sites.16,41,42 However, the absence of side
phases such as metallic iron, iron carbide, or iron nitride
confirms that no graphitization has occurred, despite the high
temperature of 1000 °C and the high total Fe content.
Obviously, the stability of pyrrolic Fe−N bonds (at least in the
tetrapyrrolic Fe−N4 sites originating from Zn2+ imprinting) is
high enough to overcome temperatures of 1000 °C, at least for
some time, without undergoing carbothermal reduction,
although the quantity and quality of the nitrogen doping is
still affected by the heating (Table S3, Figure S3). Also, the
mobile Fe species formed by the thermolysis of the ferrihydrite
(step 2) do not lead to the formation of condensed metallic
iron and hence no initiation of catalytic graphitization. This
may be explained by fast trapping in preformed N4 cavities.
Fe K-edge XANES spectroscopy was employed to determine

the average Fe valence state in NDC-Fe-HT, deduced from the
energy position of the Fe K-edge. The energy position of the
absorption edge is correlated with the valence state of the
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absorbing atom in the sample. With increasing oxidation state
the absorption edge is shifted to higher energies for about 4.5
eV per valence from Fe2+ to Fe3+.43−45 Comparing the XANES
spectrum of NDC-Fe-HT with spectra of reference Fe
compounds we found that the energy position of the Fe K-
edge in NDC-Fe-HT is between the edge position of Fe3+

compounds and the edge position of Fe2.67+ compound Fe3O4
(Figure S7), indicating that iron in the sample is predom-
inantly in a trivalent state with about 20% of Fe2+ in the
mixture. Fe K-edge EXAFS analysis was used to directly probe
the local structure around Fe cations in an NDC-Fe-HT
sample in the same way as for NDC-Zn. The results based on
the tetrapyrrolic Fe-porphyrin molecule as model structure
(Figure 2f) show that the Fe cations in NDC-Fe-HT are
embedded into the carbon matrix in a macrocyclic,
tetrapyrrolic motif, almost perfectly resembling the Fe-
porphyrin structure (even the more distant coordination
shell of carbon atoms is characteristic for Fe-porphyrin). In
addition, each Fe cation is bound to oxygen on both axial
positions (oxygen molecules according to the Fe−O distance),
suggesting that the atomically dispersed Fe atoms, embedded
into the high-surface-area, nongraphitized carbon scaffold, are
accessible to the gas phase. This is not surprising, since
formation of Fe−N4 sites already required the accessibility to
Fe ions/atoms. N4-imprinted Zn−N−C SACs are indeed
resulting in entirely tetrapyrrolic and entirely dispersed Fe−
N−C SACs, with 3.46 wt % iron content, which is almost
seven times as high as that for previously proven tetrapyrrolic
single-site Fe−N−C SACs.8

Electrocatalytic Activity toward the ORR. The electro-
catalytic activity of the catalysts was preliminarily evaluated
using rotating disc electrode (RDE) testing in O2-saturated 0.1
M HClO4 (Figure 3a). NDC-Zn is not particularly active
toward the ORR, showing a high overpotential and slow
kinetics. However, the voltammetry results show sufficient
conductivity due to the pyrolytic synthesis at 800 °C. The
related blue curve in Figure 3a can be considered as
background activity of the nitrogen-doped carbon scaffold.
After low-temperature ion exchange from Zn to Fe, the

catalyst (NDC-Fe) becomes active toward the ORR by the
formation of active sites showing a half-wave potential, E1/2,
already above 0.7 vs RHE. This implies a low ORR activity of
Zn−N4 sites in acid. After high-temperature treatment the
catalyst gains even more activity, which is attributed to the
increased active site density and accessibility derived from the
decomposition of the iron oxide. The increased active site
density is apparent from the upshift of the onset potential by
∼50 mV. The improved mass transport characteristics within
the complex pore system are reflected in the increased slope in
the mixed transport- and kinetically limited region.40 With a
high loading of 800 μg/cm2, the catalyst exhibits an E1/2 of
about 0.8 V and an onset above 0.9 V. Since the half-wave
potential is loading dependent and higher loadings come with a
high film thickness and increased capacitive current, the mass
activity is reported as a more reliable activity descriptor.46 An
intermediate loading of 290 μg/cm2 is selected for all the
experiments shown in continuation. NDC-Fe-HT shows a
mass activity of 0.91 ± 0.16 A/g at 0.85 V and 4.95 ± 0.77 A/g

Figure 3. ORR curves of the three NDC-M recorded with an RDE setup at room temperature in O2-saturated 0.1 M HClO4 at 1600 rpm, 5 mV/s
(anodic scans). All curves were corrected for capacitance contributions (a). Kinetic mass activity at 0.8 V calculated from RDE measurement of
NDC-Fe (red) and NDC-Fe-HT (orange) before (full color) and after (line pattern) the stability test (b). Polarization curve of NDC-Fe-HT with
a catalyst loading of 2 mg/cm2 recorded in current-control mode (1 min-hold/point) at 80 °C, 150 kPaabs inlet-controlled pressure, 100% RH for
both reactants, and constant flows of 2000 nccm of H2 on the anode and 5000 nccm of O2 on the cathode. Anode and cathode were operated in
counter flow mode. Measured cell voltage curve (orange), cell voltage corrected by the HFR (green), and corrected by the HFR and the effective
proton conduction resistance (black) (c). Zoom-in of the low current density region of the polarization curve of NDC-Fe-HT (d).
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at 0.80 V, with a Tafel slope of 66 mV/dec (Figure S8),
representing state-of-the-art performance for Fe−N−C electro-
catalysts (Table S4). However, when compared with a
reference catalyst prepared like NDC-Fe-HT but with the Fe
source already present during the carbonization step (i.e.,
conventional synthetic method), the catalyst prepared via an
active site imprinting strategy shows much higher activity, i.e.,
more than 20 times higher mass activity at 0.8 V and more
than 100 mV in E1/2. Comparative RDE tests corroborate that
the activity gain is strictly connected to a high-temperature ion
exchange, i.e., to the ferrihydrite decomposition within active
site imprinted NDC-Zn (Figure S9).
The stability of NDC-Fe and NDC-Fe-HT was evaluated by

cycling in O2-saturated 0.1 M HClO4 between 0.4 and 0.8 V
with a relatively slow scan rate of 50 mV/s. The increased
active site density after the second ion exchange shows a
positive impact not only on the activity but also on the stability
of the catalyst, with NDC-Fe-HT showing only 18% loss in
mass activity at 0.8 V vs 39% loss for NDC-Fe after 500 cycles
at 50 mV/s (Figure 3b). This corresponds to downshifts in
half-wave potentials E1/2 of 20 mV for NDC-Fe-HT and 40
mV for NDC-Fe. This effect may be understood with the
additional activity of Fe−N4 sites toward the reduction of
peroxide, which is a harmful reaction intermediate of the ORR,
especially in an acidic electrolyte.47 NDC-Fe-HT, indeed,
shows a very high selectivity toward a 4e− reduction. Rotating
ring disc electrode (RRDE) experiments with different catalyst
loading were employed to quantify the H2O2 production. For
the Fe−N−C catalyst, a substantial increase in the fraction of
H2O2 produced is usually observed when the catalyst loading is
decreased.48 NDC-Fe-HT shows only ∼3% H2O2 even with a
low catalyst loading of 0.095 mg/cm2, which is about seven
times less compared to the commercial Fe−N−C benchmark
catalyst (Pajarito Powder) measured with similar loading
(Figure S10). The high selectivity, which approaches the ones
observed for Pt/C catalysts, may intuitively be explained with
the single-site nature of the catalyst. If tetrapyrrolic sites are
more selective compared to pyridinic Fe−N4 sites remains
speculative until Fe−N−Cs with similar morphology are
developed with entirely pyridinic Fe−N4 sites.49 Our results
indicate that this may be hardly possible with bottom-up
synthesis approaches. Additional stability measurements with a
faster scan rate (250 mV/s) confirm the high stability of NDC-
Fe-HT, only losing 31 mV in half-wave potential E1/2 after 10k
cycles in O2-saturated 0.1 M HClO4, (Figure S11a). At the
same time the selectivity toward a 4e− reduction is fully
retained (Figure S11b). Upon cycling, no degradation is
observed in an Ar-saturated electrolyte, respectively (Figure
S11a).
Single-cell (5 cm2) proton exchange membrane fuel cell

(PEMFC) testing of NDC-Fe-HT with a loading of 2 mg/cm2

was performed in H2/O2 under the DOE proposed conditions
to determine the ORR activity and in H2/air to examine the
stability in conditions relevant to commercial application.50

The single-site tetrapyrrolic Fe−N−C SAC shows state-of-the-
art ORR activity in H2/O2 (Figure 3c and d and Table S5),
with a high mass activity of 2.3 A/g already at 0.9 V HFR-free
cell voltage, where only the onset of activity is observed in the
RDE activity test.
Compared to thin catalyst layers in the range of 10 μm for

Pt/C catalysts, the thicker Fe−N−C catalyst layers (∼50 μm
for NDC-Fe-HT) go along with larger high-frequency
resistances (HFRs) and related voltage losses (Figure 3,

Ecell). Even though the packing factor f for NDC-Fe-HT is
smaller than for the commercial Fe−N−C standard (fNDC‑Fe‑HT
≈ 22−25 μm mg−1 cm−2 vs f Pajarito ≈ 30 μm mg−1 cm−2),
further reduction may be a promising target for future catalyst
development.
Furthermore, the stability of Fe−N−C catalysts is a key

issue for the practical PEMFC application and has been
addressed in recent research.51 Similar to the testing protocol
proposed by Banham et al. for the first commercial PGM-free
based PEMFC system,52 the durability of NDC-Fe-HT was
investigated in single-cell tests in H2/air at 80 °C and 100%
RH by applying constant current at 140 mA/cm2 and cell
voltage at 0.6 V under this condition. A similar result to the
report on the commercial system was obtained,52 with a fast
degradation step observed in the initial ∼10 min of testing,
before the cell voltage reaches a relatively stable, slowly
decreasing trend. After 12 h of operation, the cell voltage only
decreased by ∼12%, suggesting a very promising stability of
atomically dispersed Fe−N−C SACs based on tetrapyrrolic
Fe−N4 sites (Figure S11c).

■ CONCLUSION

Herein we utilized a Zn−N−C synthesis as a pyrolytic Zn2+

template ion reaction to imprint a high concentration of
tetrapyrrolic N4 coordination sites into a conductive carbon.
Consecutive Zn to Fe ion exchange reactions result in a very
high concentration of tetrapyrrolic Fe−N4 sites, the motif of
the heme molecule, that originally inspired the development of
M−N-C catalysts.53 The Fe−N4 site density, with an Fe
loading of 3.46 wt % or 0.72 at. %, of the very selective and
stable catalyst surpasses the typical limit for Fe−N−Cs, and
higher values seem to be a matter of optimization only.
General principles of M−N−C syntheses are revealed and

explain the structural complexity of Fe−N−C/Co−N−C
materials, their challenging assignment of active sites, and the
previously complicated structure−performance relation. The
formation of kinetically preferred tetrapyrrolic Fe−N−C
electrocatalysts is interfered by the carbothermal reduction of
Fe before critical conductivity is reached. The carbothermal
reduction catalyzes the formation of the thermodynamically
more stable pyridinic sites, however also leading to
morphological destruction (the dilemma). Kinetically preferred
tetrapyrrolic Zn−N−Cs can be heated above 900 °C, reaching
critical conductivity. Consecutive ion exchange leads to
selective formation of tetrapyrrolic Fe−N−Cs, even in high
concentrations.
The herein obtained iron loading outmatches the maximum

loading of current tetrapyrrolic single-site Fe−N−Cs by more
than six times. The possibility to direct the synthesis toward
specific active site geometries further unlocks the tool of
increasing the specific activity of M−N−C catalysts in general
and Fe−N−C SACs in particular. This iron-rich and entirely
tetrapyrrolic Fe−N−C SAC, not yet optimized regarding mass
transport and electrode design, already reaches state-of-the-art
Fe−N−C performance in RDE and single-cell PEMFC tests,
additionally showing very promising durability throughout fuel
cell operation.
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troscopy study. Catal. Today 2016, 262, 110−120.
(37) Bishop, J. L.; Pieters, C.; Burns, R. G. Reflectance and
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Experimental Section 

Synthesis of NDC-Zn and conventional Fe-N-C:  

In a typical synthesis, 0.7 g of 1,2-dicyanobenzene was mixed with 7 g of a 60 mol% LiCl/ZnCl2 

mixture in a Ar-filled glovebox. The resulting powder was placed in an alumina crucible and heated 

with a heating rate of 10 K/min to 800 °C in a tube furnace with a constant Ar flow. After 1 h at 800 

°C, the sample was let to cool down to room temperature. The obtain material was ground, washed 

with 0.1 M HCl for several hours and dried. The synthesis of the conventional Fe-N-C is analogous 

but with the addition of 16 mg of FeCl3 to the mixture. 

Synthesis of NDC-Fe:  

NDC-Zn was employed as starting material in the ion exchange reaction from Zn to Fe. Typically, 

NDC-Zn was degassed in a Büchi oven at 250 °C under vacuum and afterwards mixed with a eutectic 

mixture of LiCl/FeCl3 in a Schlenk tube in a Ar-filled glovebox. The closed tube was heated up to 

175 °C to melt the salt mixture and the sample was stirred for 5 h to ensure complete ion exchange. 

Once at room temperature, the sample was washed with H2O to remove the salt mixture and 

afterwards washed with 0.1 M HCl for several hours and dried.  

Synthesis of NDC-Fe-HT: 

For the high temperature treatment, 1 g of NDC-Fe was placed in an alumina crucible and pushed 

inside a tube furnace pre-heated at 1000 °C under Ar atmosphere. After 20 minutes the furnace was 

turned off and opened to quickly cool down the sample to room temperature.  
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Characterization: 

Mössbauer spectra were recorded with a standard transmission spectrometer using a sinusoidal 

velocity waveform. The measurements at 4.2 K were performed with both the source of 57Co in 

rhodium and the absorber in the liquid He bath of a cryostat. The spectra were fitted with suitable 

Lorentzian lines grouped into electric quadrupole doublets and sextets arising from magnetic 

hyperfine splitting. MOSFIT software package version 2.2 (FAST-COMTEC GmbH) was used for 

the fitting of the spectra. Isomer shifts measured in this way are relative to the source at 4.2 K. In 

order to refer them to α-Fe at ambient temperature, 0.245 mm s−1 was added to the measured shifts. 

XRD data were recorded with a StadiP diffractometer with Cu Kα radiation (λ = 1.54060, 50 kV, 30 

mA, germanium (111)). 

Fe and Zn K-edge absorption spectra of NDC-Fe-HT and NDC-Zn sample, respectively, were 

measured at room temperature in transmission detection mode at the XAFS beamline of the 

ELETTRA synchrotron radiation facility in Trieste, Italy. A Si (111) double crystal monochromator 

was used with 0.8 eV resolution at 8 keV. Higher-order harmonics were effectively eliminated by 

detuning the monochromator crystals to 60% of the rocking curve maximum. The intensity of the 

monochromatic X-ray beam was measured by three consecutive 30 cm long ionization detectors 

respectively filled with the following gas mixtures: 580 mbar N2 and 1420 mbar He; 1000 mbar N2, 

90 mbar Ar and 910 mbar He; 350 mbar Ar, 1000 mbar N2 and 650 mbar He. In the XANES region 

equidistant energy steps of 0.25 eV were used, while for the EXAFS region equidistant k steps of 

0.03 Å-1 were adopted with an integration time of 1 s/step. The exact energy calibration was 

established with simultaneous absorption measurement on a 5-micron thick Fe or Zn metal foil placed 

between the second and the third ionization chamber. Absolute energy reproducibility of the 

measured spectra was ±0.03 eV. The analysis of XANES and EXAFS spectra was performed with 

the IFEFFIT program package.1 

TGA-MS was performed on a Mettler Toledo TGA/DSC 1 instrument connected to a Pfeiffer 

Vacuum Thermostar mass spectrometer in Ar atmosphere with a heating rate of 10 K/min and two 
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isothermal steps at 150 °C and 250 °C for 20 and 45 minutes respectively to ensure the complete 

outgas of the samples. 

N2 sorption measurements were performed using a Quantachrome Autosorb iQ2 after outgassing the 

samples overnight at 250 °C under vacuum. Specific surface areas were determined using Micropore 

BET Assistant supplied by Quantachrome ASiQwin software. Pore size distributions were calculated 

with the quenched-solid density functional theory (QSDFT) method (slit/cylindrical pores) with an 

error ~ 0.2 %. 

XPS measurements were performed using a Kratos Axis Supra spectrometer with monochromatized 

Al Kα radiation. Spectra were acquired with 0.1 eV step size and corrected with respect to C 1s peak 

at 284.7 eV. Data analysis was performed with ESCAA software. 

Aberration corrected scanning transmission electron microscopy (AC-STEM) was performed in a 

JEOL ARM 200CF microscope imaging with a probe current of ~14 pA and operated at 80 kV.  

RDE tests: 

Electrochemical measurements were performed in a three-electrode glass cell using 0.1 M HClO4 as 

electrolyte, diluted with deionized ultrapure water (Milli-Q Integral 5, 18.2 MΩ cm) from a 60% 

solution (Guaranteed Reagent, Kanto Chemical). Autolab PGSTAT302N (Metrohm) potentiostat was 

employed for the measurements. Au wire was used as the counter electrode and a freshly calibrated 

RHE was used as the reference electrode. The solution resistance was determined by electrochemical 

impedance spectroscopy. The reported polarization curves for ORR were corrected for capacitive 

currents by subtracting from the curves recorded in O2-saturated electrolyte the ones recorded in Ar-

saturated electrolyte. The catalyst inks were prepared by dispersing 5 mg of catalyst powder in 840 

μL of N,N-dimethylformamide (≥99.8, Fisher Scientific) and 50 μL of 5 wt% Nafion suspension 

(Sigma-Aldrich), followed by sonication for 30 min. 10 μL of ink was drop-cast onto a well-polished 

glassy carbon electrode (Ø = 5 mm, obtained from Pine Research Instrumentation) and dried under 

an infrared heater for 60 min. The resulting catalyst loading was 290 μg/cm2. The accelerated stress 
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tests were conducted by cycling between 0.4 and 0.8 V at 400 rpm and with a scan rate of 50 mV/s 

for the short test and 250 mV/s for the long one. 

RRDE technique was employed to quantify the H2O2 production with different catalyst loading. The 

platinum ring was held at 1.2 VRHE and a value of -0.255 was used for the collection efficiency.2 

MEA preparation and PEMFC tests: 

Catalyst inks were prepared by dispersing the catalyst powder in a mixture of water, 1-propanol, and 

ionomer solution, with an I/C ratio of 0.67 g/g, ca. 40 wt% ionomer loading in the catalyst layer. The 

ink with PGM-free catalyst was coated onto PTFE substrates (50 µm) by applying a bar-coating 

technique, targeting a final catalyst loading of 2 mg/cm2 with 5 cm2 active area of catalyst layer. The 

anode electrodes were prepared analogously, but using a 20 wt% Pt/C catalyst (TKK) with a final Pt 

loading of 0.1 mg/cm2 and an I/C ratio of 0.65 g/g. Through a hot-pressing-based decal procedure 

(130-160oC with applied pressure 2.2 kN for 12 min), the catalyst layers (both anode and cathode) 

were directly transferred onto the membrane and subsequently the PTFE substrates are peeled off, 

yielding the final catalyst coated membranes (CCMs) or membrane electrode assemblies (MEAs). 

The membrane used was Nafion® 212 with 50 µm thickness, and the gas diffusion layers (GDLs) 

used was Freundenberg H14C10 with an uncompressed thickness of ≈150 µm and assembled into the 

single-cell at a compressive strain of 13%. H2/O2 polarization curve was recorded under differential-

flow conditions (i.e., with H2/O2 feed flows of 2000/5000 nccm) at 80oC and 100% relative humidity 

(RH). The fuel cell inlet pressure was set to 150 kPaabs, which corresponds to H2 and O2 partial 

pressures of approximately 1 bar at given operating condition. The polarization curve was recorded 

in the current-control mode, holding at each current for 1 minute and averaging the corresponding 

voltage over the last 30 seconds. The stability testing was performed by applying constant current for 

12 hours (140 mA/cm2, corresponding to uncorrected cell voltage of 0.6 V) at 100% RH, 80oC, and 

150 kPaabs H2/Air by inlet control.   

For determining the ORR kinetics in typical PEMFC, the cell voltage was corrected by using equation 

13 
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𝐸𝑖R−free =  𝐸cell + 𝑖 ∙ 𝑅HFR + 𝑖 ∙ 𝑅H+,cath
eff  

Where 𝑅HFR represents the high frequency resistance, which is the contribution of electrical contact 

resistance across the flow field and GDLs as well as the proton conduction resistance of the 

membrane. 𝑅H+,cath
eff  represents the effective proton sheet resistance across the thickness of the 

cathode catalyst layer, 𝑅H+,cath, (in unit of mΩ∙cm2) which can be calculated by equation 2 

𝑅H+,cath
eff =  

𝑅H+,cath

3 +  ζ
 

Where 𝑅H+,cath is further determined from AC impedance spectra recorded with H2/N2 feeds 

(anode/cathode) at 0.2 V, using a peak-to-peak perturbation of 3.5 mV between 500 kHz and 0.2 Hz 

(20 points per decade). For the determination of 𝑅H+,cath was applied the same approach as reported 

in ref 4, assuming negligible electronic resistance compared to proton resistance of catalyst layer. 𝜁 

represent the correction factor, which is a function of kinetic resistance and can be expressed a 

function of Tafel slope.3 The Tafel slope was assumed 140 mV/dec which corresponds to one electron 

process at 80 °C.5 The approach of equation 2 enables to determine ORR activity in absence of O2 

diffusion resistances for any given values of current density.  

DFT: 

Ab-initio calculations were performed using density functional theory (DFT) as implemented in 

TURBOMOLE.6 All calculations were performed on finite-sized graphene clusters with H-

termination on boundary carbons to reduce boundary effects.7 After initial geometry optimization 

using the TPSS-D3(BJ) functional and def2-SVP basis set, a single point calculation was performed 

with the PBE-D3(BJ) functional and def2-TZVP basis set.8-12  

The SCF convergence criteria were 10-6 Eh in the total energy and 10-3 Eh in the orbital energies. The 

geometry optimization condition was 10-3 a.u. in the maximum norm of the Cartesian gradient. All 

calculations were performed with various pre-assigned multiplicities among which the system with 

the lowest total energy was determined to be the ground state. 
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Figure S1: XPS of the N 1s of NDC-Zn (a) and NDC-H (b) with the corresponding peak fitting. 

 

 

 

Figure S2: Pore size distributions and cumulative pore volumes calculated from N2-sorption 

measurment of NDC-M. QSDFT model for carbon with slit/cylindrical pores was employed. For all 

three samples the error was ~ 0.2 %. 
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Figure S3: XPS of the N 1s of NDC-Fe (a) and NDC-Fe-HT (b) with the corresponding peak fitting. 

 

 

 

Figure S4. Energy diagram for the Zn-to-Fe exchange reac-tion including the transition states (TS) 

calculated using the PBE functional. Adsorption geometries for the Pyrrolic-D4h motifs are shown. 
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Figure S5: Annular-dark-field and bright-field scanning transmission electron microscopy (ADF- 

and BF-STEM) and images of NDC-Fe (top) and NDC-Fe-HT (bottom) showing the atomically 

dispersed Fe atoms. 

 

 

 

 

Figure S6: Mössbauer spectra of NDC-Fe recorded at 4.2 K with the corresponding fitting. 
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Figure S7: Fe K-edge XANES spectra of NDC-Fe-HT and reference iron compounds with different 

iron valence states between Fe2+ and Fe3+ (FeSO4 ˑ 7 H2O, Fe3O4, Fe(III)-citrate, α-FeOOH and 

Fe2O3). The inset shows the pre-edge peak of NDC-Fe-HT, typical for M-N4 structures with square-

planar coordination. 
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Figure S8: Tafel plot of NDC-Fe (red) and NDC-Fe-HT (orange). Dotted lines represent the Tafel 

slope. 

 

 

 

 

 

 

Figure S9: ORR curves of NDC-Fe, NDC-Fe-HT in comparison with a conventional Fe-N-C with 

and without high temperature treatment recorded with an RDE setup at room temperature in O2-

saturated 0.1 M HClO4 at 1600 rpm, 5 mV/s (anodic scans) (a) and their corresponding kinetic mass 

activity at 0.8 V (b). All curves were corrected for capacitance contributions. 
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Figure S10: H2O2 yield obtained via RRDE experiments for NDC-Fe-HT (a) and a commercially 

available Fe-N-C catalyst (Pajarito Powder) (b). Measurements were performed at room temperature 

in O2-saturated 0.1 M HClO4 at 1600 rpm, 5 mV/s (anodic scans). 

 

 

 

 

 

Figure S11: Change in half-wave potential over accelerated stress test (AST) cycle number for NDC-

Fe-HT in O2- or Ar-saturated electrolyte. Activity measurements were performed at room temperature 

in O2-saturated 0.1 M HClO4 at 1600 rpm, 5 mV/s (anodic scans) (a). H2O2 yield obtained via RRDE 

experiments for NDC-Fe-HT before and after AST (b). Measured cell voltage curve of NDC-Fe-HT 

with a catalyst loading of 2 mg/cm2 recorded with a 140 mA/cm2 current hold at 80 °C, 150 kPaabs 

inlet-controlled pressure, 100% RH for both reactants, and constant flows of 2000 nccm of H2 on the 

anode and 5000 nccm of air on the cathode. Anode and cathode were operated in counter flow mode 

(c). 
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Zn neighbour N R (Å) σ
2

 (Å
2

) R-factor 

N 4 2.05(1) 0.008(1) 

0.00009 

Cl 1 2.28(1) 0.006(2) 

C 6 2.99(3) 0.030(5) 

C 4 3.38(3) 0.013(2) 

C 8 4.44(3) 0.014(3) 

 

Table S1: Parameters of the nearest coordination shells around Zn atoms in the NDC-Zn sample: 

average number of neighbor atoms (N), distance (R), and Debye-Waller factor (σ2). Uncertainty of 

the last digit is given in parentheses. A best fit is obtained with the amplitude reduction factor S0
2 = 

0.76 and the shift of the energy origin ΔEo = 4 ± 2 eV. The goodness-of-fit parameter, R-factor, is 

given in the last column. 

The atomic species of neighbours are identified in the fit by their specific scattering factor and phase 

shift. We constructed the FEFF model for Zn K-edge EXAFS analysis, based on Zn-porphyrin as 

model structure, where Zn is bound to four pyrrolic nitrogen atoms atoms at 2.05 Å, and surrounded 

by respective carbon atoms (8 C at 3.07 Å, 4 C at 3.46 Å and 8 C at 4.29 Å), with one additional Cl 

atom placed at axial position.at the distance of 2.30 Å. Two variable parameters for each shell of 

neighbours are introduced in each EXAFS model: the distance (R) and the Debye-Waller factor (σ2). 

The shell coordination numbers (N) are kept fixed. A common shift of energy origin ΔEo in each 

scattering path is allowed to vary. The amplitude-reduction factor S0
2 is kept fixed. The EXAFS 

modelling is performed in the reciprocal k-space, with a k range of 3 Å-1 to 12 Å-1 and the R range of 

1.0 Å to 3.8 Å. 
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XPS N 1s NDC-Zn NDC-H 

Total N (wt.%) 8.17 7.95 

Npyrrolic/Ntotal (%) 32.93 46.29 

Npyridinic/Ntotal (%) 38.43 39.61 

N-Zn/Ntotal (%) 13.10 0 

Ngraphitic/Ntotal (%) 11.75 11.32 

N-O/Ntotal (%) 3.79 2.78 

 

Table S2: Total N content and relative amount of different N species in NDC-Zn and NDC-H (i.e. 

before and after Zn2+ extraction). The amount of Npyrrolic after Zn2+ extraction matches the sum of 

Npyrrolic and N-Zn in the pristine sample, indicating the pyrrolic nature of the Zn-coordinating N atoms. 

 

 

 

 

 

 

 
Fe wt. % Zn wt. % N wt. % 

XPS ICP-MS Mössbauer XPS ICP-MS CHNS XPS 

NDC-Zn 0 0 - 1.26 2.95 13.61 8.17 

NDC-Fe 0.54 3.12 4.63 0.39 0.56 10.35 7.92 

NDC-Fe-HT 2.31 3.46 3.53 0 - 6.81 5.84 

 

Table S3: Iron, zinc and nitrogen content for NDC-M obtained from different techniques. All values 

are corrected for the water content in the samples except the ones from XPS. 
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imass at 0.85 VRHE 

(A/g) 

imass at 0.80 VRHE 

(A/g) 

Ref. 

NDC-Fe 0.25 ± 0.02 1.85 ± 0.21 This work 

NDC-Fe-HT 0.91 ± 0.16 4.95 ± 0.77 This work 

PAJ 0.50 2.33 13 

CNRS 0.60 2.00 13 

ICL 0.25 1.20 13 

UNM 0.50 2.40 13 

FeCl2-/NC-1000 1.5 6.6 14 

TPI@Z8(SiO2)-650-C 4.04 36.7 15 

(CM+PANI)-Fe-C 0.56 5 16 

FeNx/GM 1.17 6.37 17 

HP-FeN4 0.92 7 18 

FeNC-S-MSUFC-2 - 0.53 19 

FeSA-N-C 0.92 10.71 20 

SA-Fe-N-1.5-800 1.08 7.5 21 

 

Table S4: Literature comparison of mass activity of Fe-N-C catalysts obtained in RDE experiment 

in acidic electrolyte. When not directly reported by the authors, the values have been extracted from 

the plots. 
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i
geo 

at 0.9 V
HFR-free

 

(mA/cm
2

) 

i
geo 

at 0.8 V
HFR-free

 

(mA/cm
2

) 

Loading 

(mg/cm
2

) 

i
mass 

at 0.9 V
HFR-free

 

(A/g) 

i
mass 

at 0.8 V
HFR-free

 

(A/g) 

Ref. 

NDC-Fe-HT 4.5 56 2 2.3 28 This 

work 

FeCl
2
-/NC-1000 1.5 105 4 0.38 26.3 14 

TPI@Z8(SiO
2
)-650-C 22 300 2.7 8.1 111 15 

FeNx/GM 13* 184* 4 3.3 46 17 

HP-FeN4 30.4* 169* 4 7.6 42.3 18 

PFeTTPP-700 3 158 4 0.75 39.5 22 

LANL 2019 34.4** 485** 6.8 5.06 71.3 23 

* Not HFR-free 

**Data from the first polarization curve 

 

Table S5 Literature comparison of mass activity obtained from H2-O2 PEMFC measurements under 

DOE reference conditions. When not directly reported by the authors, the values have been extracted 

from the plots. 

 

 

 

 

Sample 
D1 

(IS; QS; %) 
D2 

(IS; QS; %) 
D3 

(IS; QS; %) 
Sextet 

(IS; H; %) 

NDC-Fe 0.22; 1.32; 37.1 - 0.71; 3.84; 5.7 0.25; 44; 57.2 

NDC-Fe-HT 0.24; 0.98; 44.4 0.22; 1.92; 41.6 0.90; 2.99; 7.6 -0.08; 40; 6.4 

 

Table S6: Isomer shift (IS), quadrupole splitting (QS), magnetic field (H) and percentage (%) values 

extracted from the Mössbauer measurement of NDC-Fe and NDC-Fe-HT. 
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Fe neighbour N R (Å) σ
2

 (Å
2

) R-factor 

O 2.3(5) 1.94(4) 0.008(1) 

0.006 

N 4 2.05(2) 0.008(1) 

C 8 3.05(2) 0.018(4) 

C 4 3.41(5) 0.013(4) 

C 8 4.29(5) 0.026(7) 

 

Table S7: Parameters of the nearest coordination shells around Fe atoms in the NDC-Fe-HT sample: 

average number of neighbor atoms (N), distance (R), and Debye-Waller factor (σ2). Uncertainty of 

the last digit is given in parentheses. A best fit is obtained with the amplitude reduction factor S0
2 = 

0.80 and the shift of the energy origin ΔEo = -4 ± 2 eV. The goodness-of-fit parameter, R-factor, is 

given in the last column. 

The atomic species of neighbours are identified in the fit by their specific scattering factor and phase 

shift. We constructed the FEFF model for Fe K-edge EXAFS analysis, based on the Fe-porphyrin 

structure, with two additional oxygen molecules in axial positions Two variable parameters for each 

shell of neighbours are introduced in each EXAFS model: the distance (R) and the Debye-Waller 

factor (σ2). The shell coordination numbers (N) are kept fixed. A common shift of energy origin ΔEo 

in each scattering path is allowed to vary. The amplitude-reduction factor S0
2 is kept fixed. The 

EXAFS modelling is performed in the reciprocal k-space, with a k range of 3 Å-1 to 12 Å-1 and the R 

range of 1.0 Å to 3.8 Å. 

 

 

 

 Empty 
(½ diagonal N-N) 

Zn Fe 

Pyridine 1.92 Å 1.97 Å 1.90 Å 

Pyrollic-D4h-2 1.99 Å 2.02 Å 1.96 Å 

Pyrollic- C4h-2 2.09 Å 2.08 Å 2.02 Å 

 

Table S8: Average M-N bond length for M = Zn, Fe compared to half-diagonal N-N distance in the 

metal-free structure. Geometry optimization was performed in the TPSS functional and def2-SVP 

basis set. 
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 Fe-N Fe-C1 Fe-C2 Fe-C3  Zn-N Zn-C1 Zn-C2 Zn-C3 

Pyrollic-1 2.00 3.05 3.43 4.28  2.06 3.08 3.45 4.32 

Pyrollic-D4h-2 1.96 3.01 3.45 4.24  2.02 3.05 3.47 4.28 

Pyrollic-C4h-2 2.02 3.03, 3.12 3.53 4.25, 4.33  2.08 3.06, 3.15 3.54 4.28, 4.37 

Pyrollic-D4h-3 1.96 3.01 3.45 4.24  2.02 3.05 3.46 4.28 

Pyrollic-C4h-2 2.00 3.00, 3.10 3.50 4.20. 4.32  2.05 3.02, 3.13 3.51 4.23. 4.36 

 

Table S9: Comparison of average M-X distances in Å for different pyrrolic clusters (M = Fe, Zn; X 

= N, C) obtained with DFT geometry optimization with the TPSS functional and def2-SVP basis set. 

 

 

Fe-N distance Fe-C distances Zn-N distance Zn-C distances 
1.90 2.72, 2.98, 3.35, 4.10, 4.28 1.98 2.74, 3.01, 3.37, 4.10, 4.29 

 

Table S10: Comparison of calculated M-X distances in Å for the pyridinic MN4C52H20 clusters (M 

= Fe, Zn; X = N, C) 

 

NDC-Zn N wt. % 

800 13.61 

900 6.66 

1000 4.67 

 

Table S11: Nitrogen content obtained from CHNS analysis of NDC-Zn prepared at different 

temperature. 

 

XPS N 1s NDC-Fe NDC-Fe-HT 

Total N (wt.%) 7.92 5.84 

Npyrrolic/Ntotal (%) 33.21 32.39 

Npyridinic/Ntotal (%) 30.81 37.34 

N-Fe/Ntotal (%) 30.30 24.49 

Ngraphitic/Ntotal (%) 4.67 5.88 

N-O/Ntotal (%) 1.01 - 
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TGA-MS analysis: 

TGA-MS was employed to gain a better understanding of the second ion exchange and the relative 

stability of Zn-N4 vs. Fe-N4 sites. In the experiment, the selected high surface area samples were 

degassed twice, first at 150 °C and then at 250 °C in Ar atmosphere. Afterwards, the temperature was 

raised to 1000 °C, also in Ar atmosphere, with a heating rate of 10 K/minute. The ferrihydrite and the 

formed Fe-N4 sites are the only differences between the pristine NDC-Zn and the ion exchanged 

NDC-Fe. Functional groups on the surface, arising from the aqueous work-up, are expected to be 

similar for both materials. For both samples, a weight loss of ≈ 15 % attributed to H2O and air is 

observed in the first degassing step, as expected for high surface area carbon (Figure S10). When 

comparing the weight loss at temperatures above 250 °C (Figure S11), NDC-Fe clearly shows a 

steeper loss, which is also initiated at lower temperature compared to NDC-Zn. In the MS analysis of 

NDC-Fe a clear event can be noted at temperature close to 400 °C involving CO2 and H2O 

(Figure S12). Since it does not happen in NDC-Zn, we can connect this to the ferrihydrite 

decomposition. Consequently, the coordination of Fe to empty (protonated) N4 cavities, in the 

presence of oxygen, could act in accordance with the following mechanism: 

 

1) Dehydration of ferrihydrite: Fe10O14(OH)2 → Fe10O15 + H2O 

2) Carbothermal reduction: 2 Fe10O15 + 5 C → 20 FeO + 5 CO2 

3) Coordination of iron: FeO + H2-N4 → Fe-N4 + H2O 

 

At temperatures around preliminary synthesis temperature of 800 °C, pyrolytic reorganization is 

observed for both NDC-Fe and NDC-Zn, visible by evolution of CO2, H2O and NO (Figure S13). 

When comparing the N2 signal in the two samples (Figure S14) it is worth noticing that for NDC-Fe 

two different events are visible, one centered at ≈815 °C and another at ≈950 °C, whereas for NDC-

Zn only one event centered at ≈985 °C is visible, indicating that the N2 loss is initiated at ~170 °C 

lower temperature for NDC-Fe compared to NDC-Zn. This N2 loss may be attributed to the 

decomposition of the Fe-N4 sites. For NDC-Zn the evolution of NO is an obvious difference 

compared to the NDC-Fe sample. NO may be involved in the decomposition of Zn-N4 sites. 
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Figure S12: TGA curves for NDC-Fe (a) and NDC-Zn (b). Sample mass in percentage is shown in 

black and sample temperature in red. 
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Figure S13: TGA curves for NDC-Fe (red) and NDC-Zn (blue). Sample mass has been normalised 

to the value after the first degassing step at 150 °C. Sample temperature is displayed in grey. 
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Figure S14: CO2 (a) and H2O (b) MS signal for NDC-Fe (red), NDC-Zn (blue) and the blank 

measurement where no sample is present (black). Sample temperature is displayed in grey. 
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Figure S15: Nitric oxide MS signal for NDC-Fe (red), NDC-Zn (blue) and the blank measurement 

where no sample is present (black). Sample temperature is displayed in grey. 
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Figure S16: N2 MS signal for NDC-Fe (red), NDC-Zn (blue) and the blank measurement where no 

sample is present (black). Sample temperature is displayed in grey. The orange vertical lines are 

centered with the NDC-Fe related peaks and the purple vertical line is centered with the NDC-Zn 

related peak. 
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Abstract: Carbon-based materials doped with metal and nitrogen (M-N-Cs) have promising potential
in electrocatalytic applications with the advantage of material sustainability. MN4 motifs incorporated
into a carbon lattice are generally known to be responsible for the activity of these materials. While
many computational studies assume the tetrapyridinic MN4 motifs, recent studies have elucidated the
role of tetrapyrrolic MN4 motifs in electrocatalysis. Using density functional theory, we constructed
and compared various structural models to study the incorporation of tetrapyrrolic and tetrapyridinic
MN4 motifs in 2D carbon materials and analyzed the type of interactions between each metal species
and the N4 site. We further quantified the relative affinity of various metal species to the two types of
N4 site. Upon analysis of energies, bond lengths, electronic population and charges, we found that
metals that exhibit highly ionic binding characters have a greater affinity towards tetrapyrrolic MN4

motifs compared to species that participate in covalent interactions with the π-system. Furthermore,
the binding strength of each species in the N4 site depend on the electronegativity as well as the
availability of orbitals for accepting electrons from the π-system.

Keywords: single-atom catalyst; carbon material; density functional theory; pyrrolic and pyridinic MN4

1. Introduction

As humanity strives towards a sustainable economy with minimal fossil fuel combus-
tion and carbon footprint, increasing political and economic attention has been directed
towards optimizing electrochemical processes for efficient energy conversion and storage.
Some of the key electrochemical processes include the oxygen reduction reaction (ORR)
and carbon dioxide reduction reaction (CO2RR). The former is a crucial cathodic process
for energy conversion in emission-free fuel cell vehicles while the latter serves a dual
purpose to control CO2 emission by converting it into useful chemical products. State-
of-the-art electrocatalysts for these processes are generally derived from relatively sparse
elements such as the platinum group metals (PGMs) [1,2] and coinage metals [3,4], thereby
posing a limit to the sustainability of these processes. Recently, electrocatalysts based on
earth-abundant materials have been developed as low-cost substitutes [5–7], especially
metal- and nitrogen-codoped carbon materials (M-N-Cs) which have attracted widespread
attention as promising and sustainable alternatives to the PGMs [5,6].

M-N-Cs are often synthesized by pyrolyzing a combination of organic and inorganic
precursors, including aromatic compounds, metal–organic frameworks, and metal salts.
Due to the great degree of disorder present in the pyrolyzed materials, it is often challenging
to determine the identity of active sites responsible for the catalysis, much less to understand
the mechanisms behind the reactions. While there is a general agreement that the planar
MN4 site is the catalytically active site for most electrochemical applications [7,8], there
are diverging views on how these MN4 sites are incorporated into the carbon backbone.
The pyridinic MN4 sites are generally believed to be ideal, as their formation induces
the least number of defects on the carbon backbone. However, naturally abundant MN4
complexes such as haem and chlorophylls exhibit an almost exclusively tetrapyrrolic
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coordination. Furthermore, various in-situ reaction studies have identified the tetrapyrrolic
FeN4 sites as the active site responsible for the high ORR activity of Fe-N-Cs [9–12].

In recent years, there have been several reports on the successful synthesis and charac-
terization of M-N-Cs containing phase-pure tetrapyrrolic MN4 sites [8,13]. For the synthesis
of Fe-N-Cs, transmetallation strategies employing Zn as a sacrificial templating ion during
pyrolysis have been developed in order to avoid side phases of iron oxides and carbides,
with the identification of exclusively tetrapyrrolic sites in the synthesized material [8,14–16].
It is also worthy to note that Mg has also been employed as sacrificial templating ion [17],
suggesting that the templating pathway is not exclusive to Zn. With the successful imple-
mentation of the transmetallation strategies, it is now possible to incorporate a certain level
of control in the unpredictable pyrolytic synthesis. As the morphology and site density
remain relatively unchanged after transmetallation, quantitative studies on the intrinsic
activities of MN4 sites could potentially be performed [18]. In addition, less conventional
choices of metal dopants could in principle be introduced into the system, leading to
a wide range of unexplored M-N-C catalysts. In this study, we apply density functional
theory (DFT) to compare the affinity of various metals towards tetrapyrrolic and tetrapyri-
dinic MN4 motifs. For simplicity, since this study deals exclusively with tetracoordinated
MN4 sites, the terms tetrapyrrolic and tetrapyridinic will be shortened to pyrrolic and
pyridinic, respectively.

2. Computational Details

In general, the density functional theory (DFT) calculations were performed in the
unrestricted/spin-polarized Kohn–Sham formalism. The PBE functional was used for the
initial comparisons between the cluster and periodic calculations [19]. For the extended
study involving different metals in the MN4 clusters, we switched to the hybrid PBE0 func-
tional in order to reduce the delocalization error associated with the d-orbitals of transition
metals [20–22]. For both functionals, the Grimme D3 dispersion correction was applied
with the Becke–Johnson damping function [23,24] to account for dispersion interactions.

Cluster calculations were performed using the program package TURBOMOLE with
finite-sized clusters terminated with H-atoms [25,26]. Geometry optimizations were per-
formed with the def2-SVP basis while a larger def2-TZVP basis was applied for single-point
calculations [27]. Electronic steps were converged to 10−6 a.u. in the total energy and
10−3 a.u. in the orbital energies, while geometric steps were converged to 10−3 a.u. in
the maximum norm of the Cartesian gradient. Each cluster was calculated with various
preassigned multiplicities until the most stable spin state was found and determined as
the ground state. Atomic charges were obtained with the natural bond orbital (NBO)
population analysis [28] and abbreviated as NBO charges.

Periodic calculations were performed with the Vienna Ab initio Simulation Pack-
age (VASP) using the projector augmented-wave (PAW) method with an energy cutoff
Ecut = 600 eV [29–32]. The RMM-DIIS algorithm was applied for electronic relaxation
and the electronic convergence criterion was set to 10−5 eV. The Gaussian smearing ap-
proach with a smearing width of σ = 0.05 eV was applied. K-points were sampled using
a 3 × 3 × 1 Γ-centered mesh grid for the geometry optimization and 6 × 6 × 1 grid for
single-point calculations. Ionic relaxation steps were performed with the conjugate gra-
dient algorithm with a force convergence of 10−2 eV

A . During geometry optimization, all
atomic positions and lattice constants were relaxed under the constraint of constant unit cell
volume (ISIF = 4), with an initial vacuum width of 15 Å perpendicular to the 2D material.
All atomic structures were visualized with VESTA [33].

3. Results and Discussion
3.1. Structural Model Comparison

For the purpose of the comparison between pyrrolic and pyridinic MN4 sites embed-
ded in a graphene layer, we constructed several clusters and unit cell models of different
shapes and sizes as shown in Figure 1. Extending a basic pyrrolic MN4C20 unit with purely
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hexagonal carbon rings generally led to huge distortions in the planarity of the cluster,
indicative of a high lattice strain in an extended environment. In order to minimize the
lattice strain and keep the clusters planar, seven-membered rings were introduced next to
the pyrrole units.

Figure 1. Structural models used for the comparison of binding energies and bond lengths in Table 1,
including small cluster models (left), corresponding larger cluster models (middle), and unit cell
models (right).

Considering the success of the Zn-Fe transmetallation strategy in producing Fe-N-Cs
with high dopant concentrations [8,16], Zn and Fe are ideal candidates as reference for
constructing the model used in the DFT calculations. Based on the NBO charges (Table 2)
and frontier molecular orbital (FMO) analysis (Figures S3–S6 in Supplementary Materials),
Zn and Fe represent two different types of binding in the N4 site, with Zn exhibiting
highly ionic binding character while Fe contains covalent contributions from the d-orbitals.
In constructing a cluster model, the finite-size of the π-system compared to an extended
graphene can potentially influence its chemical properties. We thus studied the binding of
Fe and Zn in the N4 sites of different shapes and sizes and compared them to a periodic
model (Table 1). The binding energy of species M is defined as

Eb = EMN4 − EN4 − EM (1)

where EN4 and EM are the charge-neutral DFT ground state energies of the empty N4 site
and the metal atom, respectively. For the cluster models, a plot of the binding energies
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against the M-N bond lengths is shown in Figure 2. Due to the additional inner-shell
carbon atoms, the pyrrolic MN4C12 sites were larger than the pyridinic MN4C10 sites.
In addition, the size of the pyrrolic N4 site was further influenced by the arrangement of
carbon atoms surrounding the MN4 unit, with the pyrrolic-2(L) motifs exhibiting longer
bond lengths than pyrrolic-1(L). We first examined the deviations between values obtained
from the cluster model and periodic model (pyrrolic-1/1L/UC1 and pyridinic-1/1L/UC1).
Fortunately, considering methodological differences in the basis set, pseudopotentials,
and extensiveness of the models, only slight differences between the cluster and the unit
cell models were observed. For Fe, the smaller pyrrolic-1 and pyridinic-1 cluster had
a deviation of up to 0.23 eV compared to the unit cell model, but the larger clusters (pyrrolic-
1L, pyridinic-1L) almost exactly reproduced the binding energies and bond lengths of
the respective unit cell models (pyrrolic-UC1, pyridinic-UC). For Zn, the cluster models
consistently predicted a stronger binding than the unit cell model for both pyrrolic and
pyridinic models. Surprisingly, it was the pyridinic motif that deviated relatively strongly
between the cluster model and unit cell model. The reason for the deviation seems to lie in
the geometric distortion of the Zn-N bond lengths to compensate for the unfavorably short
Zn-N bond lengths at pyridinic sites which only occurred on the pyridinic-1(L) clusters
where the D2h symmetry of the pyridinic ZnN4 site was not retained.

Table 1. M-N bond lengths and binding energies of Fe and Zn in various N4 models obtained with
PBE-D3(BJ) functional.

Species Model Eb (eV) dM−N (Å)

Fe

Pyrrolic-1 −9.64 1.95
Pyrrolic-1L −9.89 1.95

Pyrrolic-UC1 −9.87 1.95
Pyrrolic-UC1b −10.11 1.93, 1.96

Pyrrolic-2 −8.53 1.97
Pyrrolic-2L −9.45 2.00

Pyridinic-1 −7.86 1.90, 1.91
Pyridinic-1L −7.77 1.90, 1.91
Pyridinic-UC −7.74 1.89
Pyridinic-2 −7.57 1.90

Pyridinic-2L −7.36 1.90

Zn

Pyrrolic-1 −6.01 2.02
Pyrrolic-1L −6.15 2.03

Pyrrolic-UC1 −5.94 2.02
Pyrrolic-UC1b −6.11 1.99, 2.03

Pyrrolic-2 −5.43 2.06
Pyrrolic-2L −6.34 2.06

Pyridinic-1 −4.14 1.96, 2.00
Pyridinic-1L −4.11 1.96, 1.99
Pyridinic-UC −3.79 1.96
Pyridinic-2 −3.92 1.97

Pyridinic-2L −3.62 1.97

Another important aspect to consider when constructing clusters to model N4 em-
bedded in graphene is the shape of the cluster, as influences arising from the boundary
carbons should be avoided when describing catalytic activity at the MN4 site. We thus com-
pared two different pyrrolic clusters with different placement of the seven-membered rings
(pyrrolic-1,2) as well as their respective extension of the carbon backbone (pyrrolic-1L,2L).
The pyrrolic-2 model exhibited a large deviation of about 1 eV in the binding energy com-
pared to the pyrrolic-1 and pyrrolic-UC values in Table 1. The anomaly can be explained by
the saddle-like curvature of the pyrrolic-2 model in contrast to the other planar pyrrolic
models. Increasing the size of the pyrrolic-2 cluster reduced the deviation as the cluster
became more planar. Nevertheless, some deviations still remained due to the inherently
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larger size of the N4 cavity in the pyrrolic-2L model along with a slight residual curvature.
For the pyridinic model, a cluster model with a different shape was constructed to examine
the influence of the cluster shape (pyridinic-2, pyridinic-2L). Due to these models retaining
the D2h symmetry of the MN4 site, the geometric distortion apparent in the pyridinic-1(L)
clusters was not observed, and the respective binding energies were closer to that of the
unit cell. However, these models seemed to underestimate the binding strength of Fe in
pyridinic N4 sites, especially the pyridinic-2L cluster with a deviation of 0.4 eV to the unit
cell model.

Figure 2. Plot of binding energy Eb against M-N bond length dM−N for (a) Fe and (b) Zn in
respective clusters.

For the pyrrolic MN4 unit cell, an alternative model was constructed whereby the four
hydrogen atoms at the unit cell boundary of the pyrrolic-UC1 model were replaced by two
carbon atoms, producing a cavity-free carbon lattice (pyrrolic-UC1b). The closing of the
lattice in this manner led to some ring strain in the system, evident in the presence of some
distorted hexagons along the unit cell boundary (Figure 1). As a result, the breaking of the
unit cell symmetry could even be observed in the inequivalent M-N bond lengths of the
pyrrolic-UC1b model and the binding energies obtained (Fe: −10.11 eV; Zn: −6.11 eV) were
slightly higher in magnitude than the pyrrolic-UC1 model (Fe: −9.87 eV; Zn: −5.94 eV).
Due to the presence of ring strain, the pyrrolic-UC1b model may not be suitable for reaction
studies as the introduction of adsorbates can produce incomparable structures in attempts
to relieve the ring strains. However, since the energy deviations were relatively small at
0.2 eV (<3% of the calculated binding energies), we do not expect significant anomalies
in the intrinsic chemical properties of the MN4 sites. Furthermore, since the pyrrolic-UC1
model contains a cavity which introduces an artificial band gap in the system, the pyrrolic-
UC1b model would be better suited for studying the electrical and electronic properties in
an extended system, including band gaps, Fermi energies and conductivities.

Finally, we examined the relationship between the M-N bond length and the binding
energy for planar models (i.e., excluding pyrrolic-2). From Figure 2b, it can be observed
that the binding energy of Zn has a strong dependence on the size of the N4 cavity with a
longer Zn-N bond length generally corresponding to a stronger binding. It is thus evident
that Zn has a higher affinity towards larger cavities, possibly explaining the dominance of
pyrrolic ZnN4 site observed when Zn was introduced during pyrolysis [8]. The geometric
distortion observed in the unequal Zn-N bond lengths (Table 1) leading to a stronger Zn
binding in the pyridinic-1(L) clusters was further evidence that the small pyridinic motifs
were not ideal for Zn. In contrast, Fe exhibited highly consistent bond lengths around
1.90 Å among the pyridinic motifs and much smaller distortion at the pyridinic-1(L) site,
hinting towards its geometric affinity for the smaller pyridinic site. The relative affinity of
each metal towards pyrrolic and pyridinic MN4 sites is further discussed in Section 3.2.3.
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3.2. Binding of Metals in N4

In order to identify possible candidates for templating and substitution, we studied
the binding of metals from the first three periods of the periodic table in the pyrrolic and
pyridinic N4 pockets. Table 2 displays information on the binding of various metals in
the pyrrolic N4 sites. In order to reduce the effects of the delocalization errors associated
with the GGA functionals, we used the hybrid PBE0 functional in this study. The binding
energies and M-N bond lengths shown in Table 2 can be compared with those in Table 1
to illustrate the differences between PBE and PBE0. It was observed that the inclusion of
a 25% exact exchange in the PBE0 functional led to a weakening of the binding energy of
Fe by 0.5–0.8 eV while the Zn binding was strengthened by 0.3–1.2 eV. The difference in
behavior could be explained by the degree of ionic and covalent binding characters within
the MN4 sites. The NBO charge of Zn was very close to +2, suggesting an almost fully ionic
binding character in the formally N2−

4 pocket. Contrastingly, Fe and many other transition
metals exhibited NBO charges that were significantly smaller than +2, implying electron
donation from the π-system to Fe and thus a certain extent of covalent binding character
involving electron delocalization. Evidently, the delocalization error associated with the
GGA functionals favored the latter binding situation (with additional delocalization of
the d-electrons with the π-system) and thus overestimated the binding strength in these
cases, whereas ionic binding strengths were conversely underestimated. The advantage of
using cluster models is highlighted here, since the implementation of hybrid functionals in
periodic calculations can be computationally expensive, especially for pyrrolic MN4 motifs
which require relatively large unit cells due to the defects in the carbon lattice.

Table 2. Binding energies Eb obtained with Equation (1), M-N bond length dM−N, NBO charge of
metal QM in the pyrrolic-1 and pyridinic-1 clusters and the energy difference between the pyrrolic-1
and pyridinic-1 isomers ∆Eisomer obtained with Equation (3). The geometry was optimized with
PBE0-D3(BJ)/def2-SVP, followed by a single-point calculation with PBE0-D3(BJ)/def2-TZVP to obtain
energies and charges. Species that are not coplanar to both N4 pocket are marked with *, while species
that are not coplanar only with the pyridinic motif are marked with *pyri. Nonplanar binding motifs
are shown in Figures S1 and S2 of the Supplementary Materials.

Metal Eb (eV) dM−N (Å) QM (e) ∆Eisomer

Pyrrolic Pyridinic Pyrrolic Pyridinic Pyrrolic Pyridinic (eV)

empty - - 2.01 ** 1.92 ** - - 6.19

Li −7.27 −5.31 2.00 1.94 +0.86 +0.86 4.23
Na * −5.66 −3.49 2.25 2.27 +0.91 +0.93 4.03
K * −5.14 −3.16 2.63 2.66 +0.95 +0.97 4.21

Be −10.31 −8.35 1.91 1.84 +1.67 +1.67 4.24
Mg −9.13 −6.09 2.02 1.97 +1.78 +1.77 3.15
Ca * −9.25 −6.20 2.28 2.27 +1.79 +1.78 3.15

Sc * −12.51 −8.51 2.08 2.08 +2.02 +1.89 2.19
Ti *pyri

−12.15 −8.04 2.01 2.02 +1.68 +1.59 2.09
V *pyri

−11.18 −7.61 1.99 1.99 +1.45 +1.22 2.62
Cr −10.02 −6.84 2.00 1.96 +1.20 +1.14 3.02
Mn −9.35 −5.97 1.96 1.94 +1.58 +1.24 2.81
Fe −9.12 −7.05 1.96 1.91 +1.18 +1.09 4.12
Co −9.61 −7.33 1.95 1.90 +1.08 +1.07 3.92
Ni −9.49 −7.24 1.95 1.88 +1.03 +0.97 3.94
Cu −7.95 −5.47 1.98 1.93 +1.35 +1.31 3.71
Zn −7.17 −4.40 2.01 1.97 +1.66 +1.64 3.42

Al −11.89 −8.46 1.94 1.89 +1.97 +1.88 2.76
Ga −9.45 −6.03 1.97 1.93 +1.88 +1.79 2.78

*: not planar in pyrrolic and pyridinic MN4 ; *pyri: not planar in pyridinic MN4; **: fictitious bond length taken as
half the diagonal N-N distance.
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3.2.1. Binding Geometry

In Table 2, metal atoms marked with * and *pyri are not coplanar with the nitrogen
atoms in which the perpendicular distances from M to the N4 plane were measured to
be greater than 0.2 Å. Their relatively long M-N bond lengths suggest that they were too
large to fit into the respective N4 site. Interestingly, the longest M-N bond length among
the planar MN4 sites were generally exhibited by Mg and Zn, two of the most commonly
used templating agents [8,14,16,17]. It is further noteworthy that the M-N bond lengths of
these metals closely matched the size of the relaxed metal-free pyrrolic-1 cluster, suggesting
excellent geometric fit to the pyrrolic motifs. Contrastingly, mid-to-late transition metals
(Mn-Cu) and group 13 metals bound in the pyridinic motifs were shown to fit geometrically
to the naturally smaller pyridinic-1 sites. Comparing the optimized geometries of the
first-row transition metals in the N4 sites, it can be observed that most first-row transition
metals remained bound within the N4 site with the exception of early transition metals (Sc,
Ti, and V). Ti and V were particularly unique as they fitted into the pyrrolic MN4 clusters,
but were slightly displaced from the pyridinic one, suggesting a relatively high geometric
affinity to the pyrrolic motif.

3.2.2. Binding Energy

The binding energies shown in Table 2 were calculated with Equation (1). In the
framework of the transmetallation strategy, we could identify metals with smaller binding
energies as ideal templating agents that could be substituted with relative ease. Transmetal-
lation should then be carried out using species with a stronger binding energy.

Among the main-group elements, there was a clear trend between the strength of the
binding and the valency of the metals (group 1 < group 2 < group 13). The increasing
strength of the ionic binding was also reflected in the increasing NBO charges. Nevertheless,
we further observed that the NBO charge of group-13 metals and early transition metals
were closer to +2 despite their preference for an oxidation state of +3, indicating that the
N2−

4 site could not be further reduced. The mismatch in the oxidation state suggests that
these metals would be readily oxidized and possibly poisoned by anionic ligands.

Due to the varying participation of d-orbitals and preferences for oxidation states
among the first-row transition metals, their corresponding binding energies spanned a wide
range from −7.17 eV for Zn to −12.51 eV for Sc. The progression of the binding energy and
NBO charge across the first-row transition metals are illustrated in Figure 3a,b. Among the
early transition metals (Sc–Cr), the binding became weaker with an increasing atomic
number accompanied by a decreasing NBO charge. This trend reflected the increasing
electronegativity and thus ionization energy of the transition metals with an increasing
atomic number, leading to weaker ionic interactions and thus smaller binding energies.
It is also noteworthy that the trend-breaking low electronegativity of Mn in the Pauling
electronegativity scale was reproduced in the calculated NBO charges. Compared to the
early transition metals, the late transition metals (Fe–Zn) showed a contradicting trend
whereby an increase in NBO charge was instead correlated to a weaker binding. We
attribute this deviation to the covalent contribution which arises from the relatively high
electronegativities of the late transition metals, especially Fe, Co, and Ni. As the NBO
charges deviated significantly from the expected oxidation state of +2, there was some
electron donation from the π-system into the d-orbitals of the transition metals. This
was further confirmed by a FMO analysis from which orbitals indicating π-d interactions
were observed in the FeN4 but not in the ZnN4 clusters (Figures S3–S6 of Supplementary
Materials). We quantified the degree of electron donation n

π→d by comparing the net NBO
population of the d-orbitals with the expected occupancy of an M2+ ion (e.g., d6 for Fe2+).

n
π→d = nd − (Z − 20) (2)

where nd is the d-orbital population obtained with the NBO population analysis, and
(Z − 20) is the expected d-orbital population for a first-row transition metal with nuclear
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charge Z in the oxidation state of +2. The separation in trends between the early and
late transition metal is reproduced in Figure 3c,d, whereby late transition metals Fe-Zn
exhibited a positive correlation between the π → d electron transfer and the magnitude
of the binding energy. This further confirmed that the deviation of the NBO charge from
the ideal oxidation state of +2 for transition metals originated from the electron-accepting
properties of the d-orbitals. From Ni to Zn, as the availability of unoccupied d-orbitals
decayed to 0, a sharp decrease in binding strength was also observed. As a result of its
relatively high electronegativity and lack of unoccupied d-orbitals for accepting electrons,
Zn exhibited the weakest binding energy among the elements studied and is thus an ideal
candidate for subsequent substitution in a templating synthesis strategy.

Figure 3. NBO charge (black) and corresponding binding energies (blue) of first-row transition metals
in (a) pyrrolic-1 and (b) pyridinic-1 clusters. Plot of net π → d electron transfer against metal binding
energies for (c) pyrrolic-1 and (d) pyridinic-1 clusters.

3.2.3. Affinity towards Pyrrolic Motifs

Since the pyrrolic-1 and pyridinic-1 clusters are isomers, the difference in total energy
∆Eisomer shown in Table 2 provides insights on the respective metals’ affinity towards
pyrrolic and pyridinic MN4 motifs. The energy difference between isomeric pyrrolic-1 and
pyridinic-1 MN4 cluster is obtained with

∆Eisomer = Epyrrolic-1 − Epyridinic-1 (3)

where Epyrrolic-1 and Epyridinic-1 are the total electronic energies of metal-bound pyrrolic-
1 and pyridinic-1 clusters, respectively. From this definition, the lower the ∆Eisomer,
the higher its affinity towards pyrrolic MN4 motifs. In general, due to the presence of
defects, pyrrolic motifs are still thermodynamically less stable than pyridinic motifs. How-
ever, since it has been proven that Zn forms pyrrolic MN4 motifs [8] and several recent
studies have independently arrived to the conclusion that it is the pyrrolic MN4 sites that
are responsible for the high ORR activity of Fe-N-Cs [10,11] as well as the CO2RR activity
of Ni-N-Cs [12], it is clear that thermodynamics is not the deciding factor on the type of
MN4 sites that are formed during pyrolysis. In addition, it is also worthy to note that Sc,
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Ti, and V exhibited some of the smallest ∆Eisomer due to significant geometry differences
between the pyrrolic and pyridinic MN4 clusters as discussed in Section 3.2.1.

Since Zn is known to form pyrrolic motifs, metals with lower ∆Eisomer than Zn are
also likely to do so. Referring to the values shown in Table 2 and Figure 4, the affinity
of Zn towards pyrrolic motifs was actually relatively high compared with many other
metals, including group-2 metals (Mg, Ca), group-13 metals (Al, Ga) as well as early
transition metals (Sc, Ti, V, Cr, Mn). According to Figure 4a, a general negative trend
could be observed between the ∆Eisomer and the average NBO charge, further confirming
that the pyrrolic motif has a higher preference towards ionic binding than the pyridinic
motif. Conversely, late-transition metals which formed covalent binding with the π-system
(Fe-Cu) had higher ∆Eisomer and thus a lower affinity towards forming pyrrolic motifs.
This difference in affinity towards ionic and covalent binding further explains an anomaly
of Mn, in which two very different binding characters were observed in the pyrrolic and
pyridinic motifs. Highly ionic binding was preferred for pyrrolic MnN4 with a large NBO
charge (+1.58 e) whereas indications of π → d donation were reflected in the significantly
lower NBO charge in pyridinic MnN4 (+1.24 e).

Figure 4. (a) Plot of ∆Eisomer against the average NBO charge of metal M in pyrrolic and pyridinic
N4 sites. The ∆Eisomer for Zn is marked with a dashed line. (b) Plot of M-N distance against the NBO
charge of transition metal M.

Coincidentally, the direct synthesis of M-N-Cs containing late transition metals, espe-
cially Fe, Co, and Ni, generally face challenges involving graphitization and inorganic side
phases [12,18,34,35]. A possible explanation for their graphitization tendency could be their
higher affinity towards pyridinic motifs which exhibit a closer structural resemblance to
graphene due to the absence of defective carbon rings. Conversely, the structural defects in
the carbon lattice of pyrrolic MN4 can be crucial in preventing graphitization as significant
carbon rearrangement involving the breaking and formation of multiple C-C bonds is
required to recover the honeycomb graphite structure. Thus, although Zn has the weakest
binding energy and is thus possibly the easiest to remove for a transmetallation strategy,
other metals such as Mg and early transition metals have a higher affinity towards pyrrolic
motifs, which can be optimal for their survivability in the graphene lattice, possibly leading
to higher single-atomic dopant concentrations. Nevertheless, removing these metals from
the N4 sites is likely to require harsher transmetallation conditions due to their stronger
binding energies.

4. Conclusions

In conclusion, we constructed and compared several cluster models of pyrrolic and
pyridinic MN4 sites based on the binding energy and geometry of Zn and Fe. Zn was
shown to bind stronger on larger N4 sites and thus had a higher preference towards pyrrolic
motifs in contrast to Fe, which had a higher preference for smaller N4 sites. The study was
further extended to other metals and it was shown based on binding energies, M-N bond
lengths, and an NBO charge analysis that the pyrrolic N4 site is ideal for ionic binding of
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main-group metals and early transition metals, while the smaller pyridinic N4 site is more
suitable for covalent binding, especially of late-transition metals, where π → d electron
donation plays a significant role in binding. Knowledge of the metals’ affinity towards the
types and sizes of the N4 site, as well as their binding strength relative to other metals, is
likely to be critical in formulating a templating strategy for synthesizing carbon materials
with the desired MN4 motifs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13030566/s1, atomics coordinates for structural models
containing Fe; Figures S1 and S2: top and side-view of non-planar MN4 sites in pyrrolic-1 and
pyridinic-1 clusters; Figures S3–S6: frontier molecular orbital diagram of FeN4 and ZnN4 in the
pyrrolic-1 and pyridinic-1 clusters obtained with the program Molden [36,37].
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1. Structural Data

The structural data for FeN4 clusters and unit cells. For each cluster, the top and side
views are shown. Cluster geometries are given in xyz format and unit cell geometries are
given in VASP POSCAR format.

1.1. FeN4, Pyrrolic-1

77

Fe 0.0000003 0.0000000 -0.0028854
N 1.5297301 1.2304290 -0.0027044
N 1.2306124 -1.5289339 -0.0024921
N -1.5297294 -1.2304290 -0.0029250
N -1.2306118 1.5289339 -0.0027329
C 1.5028481 2.5894089 -0.0024796
C 2.8087827 3.1520664 -0.0020020
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C 3.6841437 2.0637356 -0.0018571
C 2.8587782 0.9113956 -0.0022247
C -0.9130634 2.8533393 -0.0023483
C -2.5989855 1.5026596 -0.0022713
C -2.0597321 3.6797925 -0.0017644
C -3.1577317 2.7962824 -0.0017267
C -2.8587777 -0.9113956 -0.0027054
C -1.5028475 -2.5894089 -0.0026320
C -2.8087822 -3.1520665 -0.0025435
C -3.6841432 -2.0637356 -0.0025231
C 2.5989861 -1.5026596 -0.0019140
C 0.9130639 -2.8533393 -0.0021286
C 3.1577322 -2.7962824 -0.0013457
C 2.0597326 -3.6797925 -0.0014799
C 3.4146497 -0.3639964 -0.0017202
C 0.3752701 3.4114333 -0.0021929
C -3.4146491 0.3639964 -0.0021592
C -0.3752696 -3.4114332 -0.0020532
C -1.9389067 5.1015690 -0.0010318
C 0.5293651 4.8409117 -0.0015776
C -0.6452399 5.6462346 -0.0011366
C 5.1167800 1.9437166 -0.0011989
C 4.8554901 -0.5212571 -0.0009962
C 4.5750120 -2.9876381 -0.0005519
C 5.3869581 -1.8380684 -0.0004473
C 5.6616022 0.6448728 -0.0008699
C 1.9389071 -5.1015690 -0.0008578
C -0.5293647 -4.8409117 -0.0015350
C -5.1167796 -1.9437167 -0.0020096
C -4.8554897 0.5212571 -0.0017239
C -5.6616016 -0.6448729 -0.0018496
C -5.3869576 1.8380685 -0.0014058
C -4.5750116 2.9876381 -0.0011366
C -2.9937186 -4.5747255 -0.0019580
C -1.8451505 -5.3820948 -0.0016999
C 1.8451509 5.3820948 -0.0014046
C 2.9937190 4.5747254 -0.0014875
C 0.6452403 -5.6462346 -0.0010837
C -5.9198439 -3.1046244 -0.0014991
C -5.1197980 4.3011093 -0.0005130
C -3.1125236 5.9189781 -0.0002913
C 4.3082340 5.1122488 -0.0008032
C 5.9198442 3.1046244 -0.0006040
C 5.1197982 -4.3011094 -0.0000141
C -4.3082337 -5.1122488 -0.0015084
C 3.1125239 -5.9189783 -0.0002587
C -5.5443968 -4.4601192 -0.0013003
H -6.3978052 -5.1451806 -0.0006347
C -4.4578171 5.5412944 -0.0001619
C 5.5443970 4.4601191 -0.0003860
C 4.4578174 -5.5412946 -0.0000157
H 5.1449684 -6.3938727 0.0005769
H -0.5316535 6.7334462 -0.0006772
H 1.9643315 6.4686095 -0.0009598
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H 6.7485221 0.5302318 -0.0003273
H 6.4729498 -1.9618381 0.0000946
H 6.2128448 -4.3577021 0.0004692
H 0.5316538 -6.7334462 -0.0007387
H -1.9643312 -6.4686095 -0.0013933
H -4.3645752 -6.2060187 -0.0011543
H -7.0005150 -2.9271960 -0.0010095
H -6.7485216 -0.5302319 -0.0015574
H -6.4729494 1.9618382 -0.0012190
H -2.9315603 6.9985091 0.0002539
H -5.1449681 6.3938724 0.0004834
H -6.2128446 4.3577019 -0.0002592
H 6.3978054 5.1451806 0.0002053
H 4.3645754 6.2060186 -0.0003126
H 7.0005153 2.9271959 0.0000101
H 2.9315606 -6.9985094 0.0000765

1.2. FeN4, Pyrrolic-1L

125

Fe -1.7165572 -0.3805287 -0.0283683
N -1.4174612 1.5511571 -0.0691798
N 0.2140301 -0.6796669 -0.0945663
N -2.0154769 -2.3121343 0.0172935
N -3.6469281 -0.0813031 0.0434283
C -2.3705986 2.5472151 -0.0440976
C -1.7924284 3.8440587 -0.0794078
C -0.3835108 3.6608301 -0.1299881
C -0.2113828 2.2460284 -0.1217056
C -4.3351338 1.1174992 0.0551723
C -4.6502033 -1.0401381 0.1013786
C -5.7560321 0.9472872 0.1197160
C -5.9385542 -0.4628085 0.1485736
C -3.2212136 -3.0068537 0.0788984
C -1.0619558 -3.3080237 0.0025307
C -1.6395404 -4.6046120 0.0534156
C -3.0484718 -4.4213878 0.1035777
C 1.2176397 0.2793161 -0.1436837
C 0.9026705 -1.8782786 -0.0945786
C 2.5066323 -0.2977368 -0.1737370
C 2.3242121 -1.7077848 -0.1419908



Catalysts 2023, 13, 566. https://doi.org/10.3390/catal13030566 4 of 30

C 1.0596083 1.6720125 -0.1581231
C -3.7653250 2.3931729 0.0148755
C -4.4920150 -2.4327601 0.1202125
C 0.3330359 -3.1538712 -0.0494748
C -6.6475276 2.0662079 0.1453146
C -4.6203919 3.5437940 0.0395066
C -6.0474942 3.3697918 0.1034322
C 0.7363172 4.5600087 -0.1762566
C 2.2168776 2.5340196 -0.2045490
C 3.6709762 0.5185666 -0.2196382
C 3.5177370 1.9512995 -0.2358209
C 2.0397254 3.9613548 -0.2137998
C 3.2165466 -2.8263314 -0.1448272
C 1.1889581 -4.3041220 -0.0512629
C -4.1675106 -5.3202203 0.1708514
C -5.6484805 -3.2944153 0.1880784
C -5.4708024 -4.7215189 0.2115062
C -6.9487934 -2.7114588 0.2341365
C -7.1021361 -1.2787729 0.2150857
C -0.8222587 -5.7635983 0.0521606
C 0.6049313 -5.6091512 -0.0012632
C -4.0358502 4.8490432 0.0031836
C -2.6088882 5.0033962 -0.0562425
C 2.6166531 -4.1298545 -0.0992250
C -8.1259754 -3.5515175 0.3032400
C -6.6555699 -5.5485305 0.2806891
C -7.9349258 -4.9552505 0.3231212
C -6.4860084 -6.9600452 0.3062051
C -4.0150749 -6.7643883 0.2002261
C -5.2331054 -7.5745165 0.2697939
C -8.3796890 -0.7084602 0.2642845
C -9.5557455 -1.5527559 0.3325186
C -9.4179909 -2.9491149 0.3504604
C -10.7026829 -0.6882158 0.3714767
C -5.1490945 -9.0196321 0.3030154
C -8.0962882 1.9168173 0.2125251
C -8.9029974 3.1405920 0.2324882
C -8.2841605 4.3918286 0.1896896
C -6.2772012 5.8370756 0.0890681
C -4.8759283 6.0230865 0.0290358
C -2.0340577 6.2880202 -0.0872265
C -4.2733989 7.3217994 -0.0045294
C -2.8831251 7.4653478 -0.0608877
C -6.8729764 4.5555751 0.1266793
C -10.3456808 3.0618314 0.2983944
C -2.0230695 8.6210477 -0.1005472
C 4.6958329 2.7917601 -0.2801228
C 3.2253799 4.7887493 -0.2592334
C 0.5847688 6.0045629 -0.1819120
C 1.8036071 6.8150396 -0.2300894
C 3.0564822 6.2005514 -0.2671127
C 4.5050960 4.1956263 -0.2916798
C 4.9494069 -0.0513519 -0.2447040
C 6.1263079 0.7933203 -0.2898608
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C 5.9885658 2.1896800 -0.3075561
C 7.2740907 -0.0708323 -0.3053731
C 1.7205728 8.2605775 -0.2373235
C -1.3962466 -7.0478596 0.1056449
C 1.4459878 -6.7827809 -0.0009632
C 3.4430430 -5.3152360 -0.0979021
C 4.6661722 -2.6765496 -0.1883166
C 5.4736928 -3.8999517 -0.1859796
C 4.8548764 -5.1511871 -0.1429212
C 2.8476388 -6.5965931 -0.0507154
C -0.5462307 -8.2248009 0.1045253
C 0.8441679 -8.0812051 0.0513840
C 6.9172752 -3.8207786 -0.2269084
C -2.7746079 -7.4699125 0.1690006
C -2.7336814 -8.9391855 0.2055248
C -8.8014400 0.6844220 0.2620954
C -10.2613971 0.6461907 0.3300414
C -0.6553716 6.7102201 -0.1419417
C 5.3715698 -1.4440457 -0.2311648
C 6.8325662 -1.4053416 -0.2704301
C -0.6951775 8.1799651 -0.1486208
C -11.0121145 1.8629982 0.3462890
H -12.1108743 1.8285793 0.3970519
C -3.9513680 -9.6869635 0.2726526
H -3.9168591 -10.7866108 0.2996762
C -1.4054550 -9.3801414 0.1663415
C 0.5231851 8.9280403 -0.1978228
H 0.4894909 10.0280322 -0.2030521
C 7.5839717 -2.6218282 -0.2675674
H 8.6834921 -2.5870534 -0.2972417
H -6.0961313 -9.5783141 0.3553676
H -7.3842809 -7.5957110 0.3587028
H -10.3069245 -3.5969874 0.4030288
H -10.9039373 4.0104526 0.3101801
H -4.9254526 8.2093622 0.0163034
H 1.4969904 -8.9684460 0.0509295
H 3.5033012 -7.4821034 -0.0509850
H 7.4760690 -4.7691490 -0.2235674
H 5.3893391 4.8521309 -0.3255088
H 6.8781950 2.8378635 -0.3410955
H 2.6681688 8.8194976 -0.2748679
H -6.9321289 6.7229094 0.1088457
H 8.3223463 0.2537293 -0.3378297
H 3.9554117 6.8364950 -0.3020399
H -2.3518729 9.6681077 -0.0934024
H -8.9167047 5.2936859 0.2070283
H -11.7501694 -1.0124259 0.4252714
H -8.8184758 -5.6114563 0.3756750
H -1.0758233 -10.4268590 0.1813008
H 5.4880907 -6.0527406 -0.1419916
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1.3. FeN4, Pyrrolic-2

77

N -1.4424932 1.1490840 -0.1578787
N 0.2436158 -1.0637058 -0.0705514
N -1.9796272 -2.7511296 -0.1087411
N -3.6563010 -0.5371636 0.0409493
C -2.3525524 2.1595097 -0.4729382
C -1.6798615 3.4441306 -0.4758520
C -0.3638038 3.1703944 -0.0756899
C -0.2184267 1.7732114 0.0778423
C -4.2843407 0.6795957 -0.2204357
C -4.6635072 -1.4332709 0.4142444
C -5.6778657 0.5435777 -0.0218799
C -5.9454363 -0.7567481 0.4277692
C -3.1833780 -3.3689920 0.2278702
C -1.0856962 -3.7727011 -0.4403418
C -1.7532302 -5.0566719 -0.3571715
C -3.0435860 -4.7704191 0.1123002
C 1.2730561 -0.1585901 0.2069704
C 0.8533231 -2.2812627 -0.3658351
C 2.5548528 -0.8315999 0.1330841
C 2.2586726 -2.1378769 -0.2781311
C 1.0705737 1.2413332 0.3379786
C -3.7583737 1.9525820 -0.5542491
C -4.4525890 -2.8303104 0.5614925
C 0.3086084 -3.5646667 -0.6270296
C -6.6408339 1.5526903 -0.2182732
C -4.7442818 3.0147040 -0.8497245
C -2.0238341 4.7840757 -0.7877877
C -4.4494814 4.3722609 -1.3017746
C -3.3265577 5.1517923 -1.2691181
H -3.4388457 6.1925299 -1.6150724
H -5.3513761 4.8881490 -1.6699060
C 1.2749496 -4.6325563 -0.9673657
C 3.2074947 -3.1490881 -0.5234070
C -1.4269307 -6.4057826 -0.6484216
C -1.0023625 5.7702731 -0.6236656
C 0.6522178 4.1309863 0.1031416
C 0.2886949 5.4780670 -0.1749348
C 1.9013118 3.6058795 0.5152833
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C 3.9096645 -0.4927638 0.3883538
C 4.5672688 -2.7911287 -0.3038616
C 4.8856455 -1.5104106 0.1562193
H 1.0284345 6.2844975 -0.0580924
H -1.2614876 6.8132664 -0.8641792
H 5.9394980 -1.2577615 0.3513871
H 5.3653085 -3.5297004 -0.4745458
C -7.2788827 -1.0874112 0.7847147
C -7.9817064 1.2021314 0.1057236
C -8.2672587 -0.0699799 0.6086530
C -5.5045769 -3.8027173 0.9348386
C -4.0427911 -5.7258183 0.3879179
C -5.2640568 -5.1888419 0.8630687
H -9.3046367 -0.3170280 0.8831208
H -8.7893941 1.9391158 -0.0205388
H -6.0770621 -5.8721641 1.1503533
C -3.6935010 -7.0812019 0.1331069
C -2.4329098 -7.3867780 -0.3876001
H -4.4216070 -7.8839260 0.3245344
H -2.1867796 -8.4367850 -0.6106823
C -0.1595988 -6.7864328 -1.2077227
C 0.9532537 -6.0050816 -1.3509527
H -0.0673615 -7.8380260 -1.5256545
C 2.6615876 -4.3907152 -0.9333358
C 4.3016797 0.7974764 0.8794513
C 3.5240126 1.9187669 0.9812161
C 2.1455759 2.2218178 0.6111322
C -6.1251885 2.7809630 -0.6998777
H -6.8190196 3.6028881 -0.9313173
C -7.6380007 -2.3696537 1.3198312
C -6.8559571 -3.4904412 1.3874207
H 5.3595078 0.9034923 1.1710375
H 4.0592594 2.8123808 1.3417876
H 2.7318966 4.2954252 0.7277488
H 3.3393923 -5.2170565 -1.1945255
H 1.8276377 -6.5308134 -1.7682927
H -7.3668219 -4.3765997 1.7982056
H -8.6739349 -2.4693869 1.6833473
Fe -1.7094886 -0.8018589 -0.0869915

1.4. FeN4, Pyrrolic-2L
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125

N -1.4098626 1.0821494 -0.3249804
N 0.2940003 -1.1666174 -0.3667392
N -1.9586762 -2.8718393 -0.2850429
N -3.6624534 -0.6229377 -0.2456207
C -2.3246051 2.1370489 -0.2841870
C -1.6770651 3.4252092 -0.2875510
C -0.3229570 3.0773366 -0.3445809
C -0.1551501 1.6834034 -0.3623696
C -4.2624374 0.6320784 -0.2227780
C -4.7165299 -1.5379022 -0.1709980
C -5.6560846 0.4648007 -0.1424853
C -6.0040464 -0.8881736 -0.0981251
C -3.2126793 -3.4731124 -0.2277642
C -1.0419888 -3.9258344 -0.2736428
C -1.6873286 -5.2134600 -0.2066036
C -3.0428290 -4.8665208 -0.1900225
C 1.3500420 -0.2511737 -0.3864601
C 0.8946468 -2.4213790 -0.3757407
C 2.6397837 -0.9002485 -0.4013980
C 2.2903702 -2.2536370 -0.4036437
C 1.1593585 1.1448667 -0.3832395
C -3.7230178 1.9475349 -0.2319279
C -4.5256981 -2.9340060 -0.1636858
C 0.3566309 -3.7363762 -0.3218708
C -6.5531570 1.5165702 -0.0691909
C -4.6351537 3.0505228 -0.1620002
C -2.0100140 4.8341807 -0.2205045
C -4.5168655 4.5115495 -0.1128678
C -3.3585025 5.3450454 -0.1374322
C 1.2722561 -4.8384118 -0.2959985
C 3.1910781 -3.3044871 -0.3748323
C -1.3492174 -6.6206020 -0.1281028
C -0.9004562 5.7761738 -0.2180046
C 0.7291926 3.9788538 -0.3399084
C 0.4742340 5.3561403 -0.2745333
C 2.0093351 3.4522759 -0.3631633
C 4.0476465 -0.5642243 -0.3799320
C 4.5689404 -3.0484214 -0.3455240
C 4.9913714 -1.6747841 -0.3539025
C -7.4067620 -1.2226627 0.0281017
C -7.9257153 1.2621119 0.0572935
C -8.3468978 -0.1111784 0.1019820
C -5.6293365 -3.8483121 -0.0651565
C -4.0914081 -5.7668681 -0.0904836
C -5.3705031 -5.2399240 -0.0355995
C -3.8309837 -7.1420007 -0.0032656
C -2.4551899 -7.5614618 -0.0279714
C 0.0022796 -7.1303652 -0.1251684
C 1.1588165 -6.2977235 -0.2034373
C 2.6627764 -4.5833343 -0.3262964
C 4.5583337 0.7855510 -0.3638333
C 3.7226223 1.9432001 -0.3681794
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C 2.2664504 2.0602505 -0.3832546
C -6.0239306 2.7957738 -0.0854461
C -7.9143062 -2.5715830 0.1028960
C -7.0804037 -3.7296687 0.0576023
C -6.5298595 -6.0501560 0.1055385
C -7.6349162 -5.0706581 0.1565051
C -9.3476557 -2.7828170 0.2429342
C -9.8582250 -4.1180533 0.3263256
C -9.0298057 -5.2360294 0.2877006
C -9.7592744 -0.3442563 0.2429107
C -10.2245366 -1.6707175 0.3048594
C 3.1751983 4.2647473 -0.3292456
C 4.2818664 3.2856174 -0.3387168
C -6.3100126 -7.4422911 0.1807646
C -4.9736646 -8.0028628 0.1295909
C -4.6690980 -9.4052840 0.2185346
C -2.2167438 -8.9778100 0.0716198
C -3.3595773 -9.8552282 0.1868279
C 0.2185980 -8.5687114 -0.0288434
C 2.6695901 -8.2525559 -0.0910753
C -0.8900528 -9.4453938 0.0634869
C 1.5564194 -9.0815039 -0.0195206
C 4.8716461 -5.5320907 -0.2375754
C 5.4328722 -4.1972173 -0.2820677
C 5.9979029 0.9984151 -0.3323798
C 6.4100041 -1.4400248 -0.3156749
C 6.8384667 -3.8955559 -0.2524601
C 7.2900268 -2.5862248 -0.2721349
C 6.8776689 -0.1129521 -0.3118162
C 5.6825349 3.4523862 -0.3144522
C 6.5122544 2.3346741 -0.3130773
C 2.9598874 5.6586624 -0.2759410
C 1.6226778 6.2190849 -0.2469495
C -1.1327416 7.1949337 -0.1411579
C 1.3236488 7.6237752 -0.1767756
C 0.0146353 8.0739652 -0.1296813
C -3.5688790 6.7855531 -0.0625287
C -2.4573093 7.6634048 -0.0706823
C -5.8518486 5.0679830 -0.0089329
C -6.8309484 3.9626582 0.0175761
C -8.7841284 2.4125499 0.1559171
C -8.2222796 3.7477469 0.1328409
C -10.1841227 2.1123573 0.2880562
C -10.6349366 0.8031440 0.3254246
C -4.9032766 7.2994050 0.0280753
C -6.0178386 6.4697202 0.0574164
H -9.4622693 -6.2453581 0.3614399
H -10.9464880 -4.2470182 0.4295316
H -11.3047429 -1.8579731 0.4131295
H -11.7140870 0.6098708 0.4300728
H -10.9087380 2.9383186 0.3647389
H -8.9228385 4.5937362 0.2205334
H -7.0265971 6.9032194 0.1340092
H -5.0309580 8.3913700 0.0806591
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H -2.6424611 8.7476990 -0.0112144
H -0.1785280 9.1567860 -0.0737373
H 2.1497100 8.3520649 -0.1564624
H 3.8055959 6.3644022 -0.2441600
H 6.1186859 4.4626175 -0.2939477
H 7.6050467 2.4648288 -0.2916928
H 7.9627167 0.0754919 -0.2839198
H 8.3737043 -2.3917428 -0.2459198
H 1.6883115 -10.1718720 0.0522212
H -0.7002583 -10.5278800 0.1389815
H -3.1618132 -10.9361993 0.2597986
H -5.4910435 -10.1318256 0.3171708
H -7.1504811 -8.1459205 0.2938728
H 7.5671185 -4.7204275 -0.2097027
C 3.4758353 -5.7482176 -0.2516360
H 5.5770810 -6.3765374 -0.1789621
C 2.4981740 -6.8528179 -0.1811855
H 3.6815806 -8.6850103 -0.0754893
Fe -1.6845664 -0.8949813 -0.3136646

1.5. FeN4, Pyridinic-1

77

C -2.0120414 2.8995523 0.0113963
C -2.1485095 1.4871764 -0.0163038
C -0.7077078 3.4614745 0.0901956
N 0.2739307 1.2626476 0.1123558
C -0.9828935 0.7259903 0.0361187
C -1.0670519 -0.6888047 0.0108661
N 0.1175316 -1.3616774 0.0660201
C 0.1592138 -2.7143707 0.0489413
C -2.3317757 -1.3204351 -0.0678380
C -2.2988278 -2.7321150 -0.0873302
C -1.1057822 -3.4251493 -0.0315977
C -3.4397304 0.8592367 -0.0959233
C -3.5053401 -0.5419839 -0.1204794
H -4.4753655 -1.0403077 -0.1810362
H -3.2356551 -3.2921180 -0.1476518
C 1.7597825 3.2043988 0.2207121
C 2.9899433 2.4645014 0.2773416
N 3.0316151 1.1118049 0.2604592
C 4.2549996 3.1752953 0.3567907
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C 5.4480247 2.4822557 0.4128966
C 5.4808697 1.0705489 0.3952840
C 4.2161569 0.4389212 0.3163774
H 6.3848901 3.0422693 0.4725234
C 1.8336257 4.6496547 0.2452413
C 3.1122624 5.3076685 0.3243893
C 4.2649428 4.6117475 0.3775358
H 3.1188024 6.3998396 0.3403836
H 5.2306923 5.1185883 0.4375459
C -0.5877438 4.8872866 0.1168023
C 0.7072951 5.4436054 0.1952259
H 0.8189039 6.5296532 0.2169190
C 4.1319240 -0.9758931 0.2924779
N 2.8751527 -1.5125376 0.2152832
C 2.6977407 -2.8613933 0.1879627
C 5.2973690 -1.7371218 0.3479889
C 5.1607611 -3.1495309 0.3227890
C 3.8565262 -3.7114285 0.2422004
C 6.6543020 0.2920639 0.4503099
C 6.5885255 -1.1091983 0.4287691
H 7.6243238 0.7903865 0.5109337
C 1.3892918 -3.4542894 0.1070601
C 3.7364590 -5.1372652 0.2174343
C 2.4415630 -5.6935492 0.1364434
C 1.3154098 -4.8995548 0.0832291
H 2.3299040 -6.7796099 0.1156745
C 0.0369083 -5.5575346 0.0016451
C -1.1156746 -4.8615884 -0.0532540
H 0.0303707 -6.6497052 -0.0143882
H -2.0813291 -5.3684050 -0.1149774
C 0.4512595 2.6114835 0.1411637
C 7.7242441 -1.9496552 0.4828248
C -4.5757053 1.6996314 -0.1453735
C -3.1649082 3.7113390 -0.0397685
C -4.4642308 3.1026108 -0.1190023
C -1.7421713 5.6841551 0.0652745
C -3.0284582 5.1310917 -0.0124349
C -5.5987383 3.9464706 -0.1685426
C -4.2072172 5.9281055 -0.0653216
C -5.4586439 5.3353319 -0.1414236
H -5.5688064 1.2473768 -0.2059045
H -6.3509894 5.9646974 -0.1809055
H -6.5917535 3.4949978 -0.2287966
H -4.1102658 7.0160871 -0.0448977
H -1.6301123 6.7710571 0.0867831
C 6.3133694 -3.9613792 0.3785816
C 7.6125703 -3.3526810 0.4600136
C 4.8906297 -5.9341945 0.2735558
C 6.1767622 -5.3811676 0.3540360
H 4.7784695 -7.0211205 0.2538669
H 8.7172802 -1.4974171 0.5445415
C 8.7467437 -4.1966185 0.5155106
C 7.3551969 -6.1782562 0.4126938
C 8.6064651 -5.5855209 0.4916453
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H 7.2581074 -7.2662687 0.3947102
H 9.7396459 -3.7451733 0.5778043
H 9.4985407 -6.2149490 0.5359348
Fe 1.5745808 -0.1249346 0.1631081

1.6. FeN4, Pyridinic-1L

129

C -1.9739928 2.9094251 -0.6223372
C -2.0881284 1.4938055 -0.6422545
C -0.6795718 3.4938291 -0.4148923
N 0.3300925 1.2858443 -0.2544260
C -0.9214254 0.7333147 -0.4559816
C -0.9992969 -0.6842727 -0.4687852
N 0.1834063 -1.3652755 -0.2772749
C 0.1959098 -2.7429575 -0.2735588
C -2.2468372 -1.3218820 -0.6696750
C -2.2727355 -2.7397136 -0.6739675
C -1.0575008 -3.4522747 -0.4768245
C -3.3550461 0.8551152 -0.8452821
C -3.4317228 -0.5590981 -0.8590748
C 1.7778501 3.2817439 -0.0204635
C 2.9991055 2.5268577 0.1778130
N 3.0118126 1.1492279 0.1807542
C 4.2524907 3.2362135 0.3811920
C 5.4672149 2.5236300 0.5812016
C 5.4408752 1.1057977 0.5798892
C 4.1938420 0.4681906 0.3757177
C 1.8510443 4.7330198 -0.0094680
C 3.1106936 5.4094450 0.1924740
C 4.2954250 4.6694342 0.3854520
C -0.5855737 4.9234521 -0.3992757
C 0.6863101 5.5359338 -0.1964894
C 4.1155542 -0.9494325 0.3653952
N 2.8645525 -1.5019401 0.1604842
C 2.7112685 -2.8758851 0.1391130
C 5.2808919 -1.7099119 0.5601054
C 5.1658854 -3.1255353 0.5457573
C 3.8722431 -3.7099298 0.3334960
C 6.6244893 0.3430119 0.7769771
C 6.5470141 -1.0712084 0.7681057
C 1.4166748 -3.4978585 -0.0724090
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C 3.7774018 -5.1395671 0.3229855
C 2.5065004 -5.7520419 0.1141587
C 1.3430440 -4.9491277 -0.0808612
C 0.0840619 -5.6255320 -0.2867958
C -1.1002626 -4.8854853 -0.4822944
C 0.4827901 2.6597346 -0.2291020
C 7.7119761 -1.8615474 0.9642109
C -4.5219316 1.6454724 -1.0295182
C -3.1397964 3.6958271 -0.8069513
C -4.4174492 3.0663191 -1.0105013
C -1.7595792 5.7240427 -0.5857557
C -3.0361241 5.1192217 -0.7886585
C -5.5832423 3.8636979 -1.1929234
C -4.2061832 5.9177577 -0.9724521
C -5.4795852 5.2917658 -1.1738495
C 6.3297694 -3.9119236 0.7422270
C 7.6063698 -3.2824085 0.9522536
C 4.9494956 -5.9401320 0.5212619
C 6.2249239 -5.3353188 0.7311589
C 8.7696554 -4.0797649 1.1502068
C 7.3925108 -6.1338210 0.9302062
C 8.6645650 -5.5078259 1.1399747
Fe 1.5977002 -0.1082045 -0.0492879
C 5.5685595 5.3452273 0.5905463
C 6.7363808 3.1909176 0.7875830
C 6.7366189 4.6154090 0.7832115
C 7.8914066 1.0032214 0.9844577
C 7.9037237 2.4280268 0.9819384
C 5.5919369 6.7878902 0.5901659
C 4.4486848 7.5096427 0.4037065
C 3.1751054 6.8614238 0.2002738
H 4.4716876 8.6101957 0.4046615
H 6.5583264 7.2915299 0.7450550
H 7.6864365 5.1508802 0.9368757
H 8.8590907 2.9531266 1.1377383
C 2.0224975 7.6090357 0.0145257
C -0.3951677 7.7546499 -0.3696027
C -1.6688576 7.1668702 -0.5709423
C 0.7610720 6.9841495 -0.1856401
H 2.0786975 8.7085487 0.0217249
H -0.3097244 8.8524655 -0.3566763
C -2.8360936 7.9432185 -0.7547438
C -4.1016225 7.3544048 -0.9542882
H -2.7512834 9.0410783 -0.7407511
C -5.2952513 8.1270067 -1.1407124
C -6.5203728 7.5171475 -1.3332682
C -6.6512408 6.0949681 -1.3562678
H -5.2175609 9.2249887 -1.1273428
C -7.9094354 5.4409560 -1.5548360
C -6.8632343 3.2242934 -1.3955786
C -5.8003667 0.9979204 -1.2328557
C -4.6993935 -1.2193073 -1.0618656
C -3.5421415 -3.4069576 -0.8786528
C -2.3730536 -5.5612609 -0.6894085
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C -8.0149934 4.0656187 -1.5743866
C -6.9448985 1.8180503 -1.4115759
C -5.8527427 -0.4234271 -1.2437690
C -4.7107629 -2.6440819 -1.0654208
C -3.5415801 -4.8314348 -0.8792049
H -8.9941409 3.5867681 -1.7288033
H -7.9253743 1.3413149 -1.5668685
H -6.8248671 -0.9172053 -1.3986503
H -5.6664714 -3.1691787 -1.2188729
H -4.4913477 -5.3669062 -1.0330538
C 0.0195678 -7.0774988 -0.2942836
C 2.4311556 -7.2002471 0.1066708
C 4.8577741 -7.3829654 0.5124513
C 7.2866565 -7.5704769 0.9199621
C -1.2530741 -7.7257051 -0.5034606
C -2.3959257 -7.0039260 -0.6922712
H -1.2758754 -8.8262630 -0.5057568
H -3.3617795 -7.5075477 -0.8504883
C 1.1709861 -7.8251193 -0.1011776
C 3.5855313 -7.9707456 0.3022967
C 9.8333240 -6.3110066 1.3403801
C 8.4774535 -8.3430469 1.1238736
C 9.7009991 -7.7331743 1.3262618
H 1.1145821 -8.9246413 -0.1072533
H 3.4995666 -9.0685748 0.2924729
C 6.0226376 -8.1592939 0.7110627
H 5.9369768 -9.2571673 0.7022087
H 8.3987991 -9.4410370 1.1164744
C 11.0901345 -5.6569815 1.5474998
C 11.1972111 -4.2816424 1.5577877
C 10.0483579 -3.4403457 1.3609917
C 8.9893425 -1.2139797 1.1743244
C 9.0429132 0.2073715 1.1777987
H 10.0143725 0.7011727 1.3369860
C 10.1314568 -2.0340995 1.3680677
H 11.1110262 -1.5573395 1.5291320
H 12.1752793 -3.8027905 1.7190520
H -7.4249445 8.1293398 -1.4736874
H 11.9847652 -6.2805784 1.7009856
H -8.8063382 6.0645729 -1.6942008
H 10.6031572 -8.3453729 1.4815331
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1.7. FeN4, Pyridinic-2

101

C -1.9603273 3.4144163 -0.6477461
C -2.2071138 2.0203811 -0.6527047
C -0.6261131 3.8800795 -0.4274082
N 0.1818117 1.5955461 -0.2236130
C -1.1155422 1.1530374 -0.4382329
C -1.3169664 -0.2418660 -0.4350429
N -0.1977285 -1.0323212 -0.2176838
C -0.3101748 -2.4011539 -0.1996719
C -2.6095098 -0.7659303 -0.6460397
C -2.7672242 -2.1727873 -0.6343898
C -1.6190670 -2.9958722 -0.4114470
C -3.5197905 1.5000831 -0.8674329
C -3.7214765 0.1034686 -0.8639907
C 1.8027711 3.4427915 0.0085867
C 2.9475771 2.5823481 0.2321282
N 2.8351003 1.2135174 0.2503029
C 4.2564592 3.1770697 0.4439698
C 5.4045830 2.3539870 0.6671083
C 5.2468317 0.9471329 0.6789598
C 3.9543020 0.4230666 0.4678770
C 2.0104623 4.8809470 0.0050773
C 3.3115235 5.4435718 0.2161326
C 4.4317821 4.5899678 0.4350042
C -0.3945039 5.2848616 -0.4254087
C 0.9216417 5.7876670 -0.2096751
C 3.7528731 -0.9718366 0.4710841
N 2.4555590 -1.4143499 0.2562410
C 2.1762637 -2.7591522 0.2442118
C 4.8444230 -1.8391769 0.6856748
C 4.5976674 -3.2332142 0.6805312
C 3.2634932 -3.6988805 0.4599716
C 6.3587735 0.0777348 0.8970485
C 6.1570776 -1.3188782 0.9005299
C 0.8346503 -3.2615981 0.0237519
C 3.0319205 -5.1036661 0.4577675
C 1.7158172 -5.6064768 0.2417983
C 0.6269907 -4.6997567 0.0270841
C -0.6740540 -5.2623834 -0.1840602
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C -1.7943516 -4.4087745 -0.4027019
C 0.4611339 2.9403464 -0.2117453
C 7.2566163 -2.2281274 1.1172679
C 7.0088260 -3.6005089 1.1115557
C 5.4299914 -5.5166651 0.8877978
C 4.1350035 -6.0111856 0.6750052
C 5.6984497 -4.1333679 0.8972330
C 3.8799413 -7.4258951 0.6687620
C 2.6182974 -7.9119252 0.4618940
C 1.5028581 -7.0313346 0.2436015
C 0.2161799 -7.5446214 0.0336390
C -0.8729165 -6.6892711 -0.1793421
C -2.1920912 -7.2193295 -0.3940645
C -3.1093296 -4.9681290 -0.6160005
C -4.0779149 -2.7257382 -0.8471678
C -5.1842047 -1.8449125 -1.0643814
C -5.0335245 -0.4585598 -1.0769226
C -4.6193327 2.4093317 -1.0841646
C -5.9271473 1.8264151 -1.2961717
C -3.0611129 4.3145715 -0.8644402
C -4.3715337 3.7817144 -1.0785124
C -1.4975912 6.1923822 -0.6426318
C -2.7926390 5.6978687 -0.8550900
C 1.1346470 7.2125180 -0.2117395
C 0.0192250 8.0931050 -0.4301377
C 3.5104309 6.8704526 0.2111552
C 2.4213514 7.7257998 -0.0019254
C 5.7467688 5.1493213 0.6482621
C 5.9024205 6.5783376 0.6352585
C 4.8296230 7.4005074 0.4257824
C 6.8491396 4.3095943 0.8637413
C 6.7152815 2.9069372 0.8798545
C 7.6708275 0.6397613 1.1099586
C 7.8215278 2.0261132 1.0973147
C 8.7604035 -0.2883440 1.3257649
C 8.5644359 -1.6452145 1.3292520
H 9.7634181 0.1208558 1.4893474
H 9.4106938 -2.3207857 1.4955186
H 7.8356457 -4.3005297 1.2749233
H 6.2497107 -6.2254237 1.0501055
H 4.7220935 -8.1063158 0.8339938
H 2.4302979 -8.9909806 0.4582607
H 0.0597765 -8.6287144 0.0362869
C -3.2649168 -6.3971550 -0.6033744
H -2.3167360 -8.3074946 -0.3855239
H -4.2653513 -6.8121166 -0.7658488
C -4.2117523 -4.1283961 -0.8311755
H -5.1987435 -4.5768956 -0.9902681
H -6.1755653 -2.2830135 -1.2246228
C -6.1231159 0.4695447 -1.2926506
H -7.1261554 0.0603477 -1.4560752
H -6.7733757 2.5019798 -1.4626265
H -5.1983864 4.4817404 -1.2417169
H -3.6124226 6.4066390 -1.0170432
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C -1.2424748 7.6070841 -0.6366895
H -2.0846307 8.2875071 -0.8019033
H 0.2073029 9.1721483 -0.4269567
H 2.5777646 8.8098909 -0.0046316
H 6.9029067 6.9932923 0.7974434
H 4.9543013 8.4886672 0.4170498
H 7.8360792 4.7581033 1.0231506
H 8.8128703 2.4642172 1.2576865
Fe 1.3187026 0.0905956 0.0162157

1.8. FeN4, Pyridinic-2L

157

C -1.9596506 3.4144013 -0.6539982
C -2.1984721 2.0204282 -0.6572563
C -0.6271373 3.8874931 -0.4300876
N 0.1811351 1.6007786 -0.2217840
C -1.1110908 1.1529651 -0.4392528
C -1.3137596 -0.2459745 -0.4352455
N -0.2017426 -1.0408484 -0.2142001
C -0.3222115 -2.4140166 -0.1953490
C -2.6028722 -0.7703012 -0.6490497
C -2.7695443 -2.1746651 -0.6375752
C -1.6259109 -3.0052126 -0.4101413
C -3.5083117 1.4984519 -0.8748910
C -3.7108359 0.1007181 -0.8706949
C 1.7948705 3.4588957 0.0140818
C 2.9356203 2.5938335 0.2429554
N 2.8153255 1.2206048 0.2606072
C 4.2389718 3.1850841 0.4597208
C 5.3823261 2.3545831 0.6887990
C 5.2157286 0.9501978 0.6997538
C 3.9270673 0.4257855 0.4835063
C 2.0030448 4.8965554 0.0106428
C 3.3079885 5.4580311 0.2277510
C 4.4253544 4.6001978 0.4522246
C -0.4043856 5.2973682 -0.4298669
C 0.9107998 5.8040642 -0.2097614
C 3.7243807 -0.9731490 0.4874726
N 2.4325379 -1.4210306 0.2681377
C 2.1581395 -2.7720165 0.2582493
C 4.8113696 -1.8405390 0.7077659
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C 4.5725295 -3.2344951 0.7045466
C 3.2402954 -3.7076357 0.4791101
C 6.3232878 0.0792289 0.9237077
C 6.1207604 -1.3185007 0.9278684
C 0.8185808 -3.2790732 0.0333216
C 3.0174788 -5.1174869 0.4792644
C 1.7024438 -5.6241999 0.2583118
C 0.6102669 -4.7166987 0.0375629
C -0.6948178 -5.2781555 -0.1787489
C -1.8123774 -4.4203029 -0.4021195
C 0.4553165 2.9518315 -0.2108511
C 7.2143138 -2.2052912 1.1493525
C 6.9877070 -3.6064190 1.1483898
C 5.4400183 -5.5223025 0.9246783
C 4.1201357 -6.0186793 0.7021332
C 5.6701864 -4.1219583 0.9266001
C 3.9013719 -7.4293638 0.7023757
C 2.5941514 -7.9404953 0.4828828
C 1.4963420 -7.0475244 0.2617901
C 0.1950350 -7.5831648 0.0451647
C -0.9010526 -6.7014588 -0.1746841
C -2.2074917 -7.2473734 -0.3909014
C -3.1259652 -4.9726879 -0.6191107
C -4.0745921 -2.7152712 -0.8529649
C -5.1922251 -1.8481739 -1.0759973
C -5.0118211 -0.4403634 -1.0851601
C -4.6023309 2.3853080 -1.0937868
C -5.9099662 1.8483650 -1.3096449
C -3.0577135 4.3019225 -0.8738276
C -4.3756826 3.7864369 -1.0931185
C -1.5073107 6.1986009 -0.6512644
C -2.8275263 5.7022740 -0.8719691
C 1.1168796 7.2273991 -0.2130704
C 0.0189554 8.1203813 -0.4335440
C 3.5141803 6.8813463 0.2239386
C 2.4181948 7.7630349 0.0035045
C 5.7386015 5.1526478 0.6711251
C 5.9290861 6.5674154 0.6640658
C 4.8204100 7.4273011 0.4413276
C 6.8635785 4.3033578 0.8970768
C 6.6869179 2.8952715 0.9067490
C 7.6237750 0.6204016 1.1409623
C 7.8041263 2.0282250 1.1321625
C 8.7248738 -0.2642433 1.3638831
C 8.5214125 -1.6682675 1.3681902
C -3.3164639 -6.3874446 -0.6119863
C -4.2512918 -4.1233393 -0.8430486
C -6.1134273 0.4443422 -1.3052667
C -1.2885000 7.6092838 -0.6517233
C -4.6366383 -6.9381006 -0.8296869
C -4.7951863 -8.3713792 -0.8165993
C -2.4034923 -8.6788599 -0.3848044
C -3.7295063 -9.2009260 -0.6044531
H -5.7968459 -8.7824882 -0.9818571



Catalysts 2023, 13, 566. https://doi.org/10.3390/catal13030566 19 of 30

H -3.8632571 -10.2880579 -0.5967933
C -0.0117579 -9.0110211 0.0488097
C -1.3131645 -9.5221449 -0.1676168
H -1.4640589 -10.6074036 -0.1632505
C 2.3759954 -9.3687992 0.4839546
C 1.0912715 -9.8692369 0.2692354
C 3.4993140 -10.2443859 0.7088760
C 4.7563637 -9.7501514 0.9196020
C 5.0108869 -8.3307269 0.9259640
H 0.9282929 -10.9527498 0.2711838
H 3.3194383 -11.3248734 0.7070589
H 5.6000363 -10.4278102 1.0888277
C 6.2923061 -7.8193974 1.1412342
C 6.5474998 -6.4231801 1.1483367
H 7.1241355 -8.5124256 1.3091326
C 7.8429430 -5.8928191 1.3660251
C 8.0925605 -4.5064967 1.3718359
H 8.6737338 -6.5868378 1.5348795
C 9.3939852 -3.9504346 1.5895056
C 9.6265781 -2.5742564 1.5921342
H 10.2325884 -4.6352976 1.7589165
C 10.9342056 -1.9918142 1.8097298
C 10.0419619 0.2920987 1.5834667
C 10.2095221 1.6776620 1.5728711
C 9.1192192 2.5790051 1.3512756
C 9.2733356 3.9791064 1.3375503
C 8.1814111 4.8541389 1.1165145
C 8.3328633 6.2653181 1.1020395
C 7.2489406 7.1181113 0.8836301
C 7.4075532 8.5513785 0.8701054
C 6.3421782 9.3808764 0.6562253
C 5.0164289 8.8587851 0.4350649
C 3.9262934 9.7020289 0.2167740
C 2.6249977 9.1908886 -0.0002505
C 1.5219800 10.0490921 -0.2207555
C 0.2371641 9.5486753 -0.4349483
C -0.8862765 10.4242944 -0.6591275
C -2.3982327 8.5106990 -0.8740353
C -2.1435839 9.9301049 -0.8684123
C -3.9353559 6.6032273 -1.0936467
C -3.6800209 7.9994260 -1.0872733
C -5.2313037 6.0729295 -1.3085295
C -5.4809835 4.6866085 -1.3140044
C -7.0156435 2.7544505 -1.5306802
C -6.7829715 4.1306213 -1.5285405
C -7.4310709 -0.1119284 -1.5216514
C -8.5203207 0.8165211 -1.7406770
C -8.3238471 2.1720765 -1.7449926
C -7.5986406 -1.4974800 -1.5109273
C -6.5078168 -2.3988834 -1.2921952
C -5.5695379 -4.6740661 -1.0600578
C -5.7209524 -6.0852463 -1.0458632
C -6.6619358 -3.7989737 -1.2784406
C 11.1306726 -0.6362564 1.8055477
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H 11.7787958 -2.6681431 1.9810450
H 12.1328747 -0.2266712 1.9728886
H 11.2082608 2.0971561 1.7392362
H 10.2672955 4.4095537 1.5026565
H 9.3273742 6.6945966 1.2668341
H 8.4090097 8.9625415 1.0365017
H 6.4759309 10.4680083 0.6487496
H 4.0771421 10.7872916 0.2126038
H 1.6849203 11.1326081 -0.2225361
H -0.7063331 11.5047716 -0.6576293
H -2.9874082 10.6077842 -1.0368420
H -4.5120300 8.6925024 -1.2541661
H -6.0625388 6.7670268 -1.4749706
H -7.6219421 4.8155471 -1.6959630
H -9.1689332 2.8484672 -1.9136314
H -9.5229044 0.4070057 -1.9058494
H -7.6562825 -4.2293532 -1.4412629
H -6.7157244 -6.5144680 -1.2091374
H -8.5977783 -1.9169112 -1.6749438
Fe 1.3070844 0.0899618 0.0217980

1.9. FeN4, Pyrrolic-UC1

1.0
16.8133888245 0.0000000000 0.0000000000
0.0000134330 16.8133697510 0.0000000000
0.0000000000 0.0000000000 15.3348312378
C N Fe H
96 4 1 4
Cartesian
16.335061528 13.535719828 7.667415619
15.537297215 12.307434649 7.667415619
16.178218091 11.028023534 7.667415619
16.155608476 8.553840303 7.667415619
13.369773916 16.039151952 7.667415619
14.291513045 14.875230174 7.667415619
12.081301411 15.479148779 7.667415619
12.116384766 14.068358159 7.667415619
16.147331710 6.097493927 7.667415619
14.097643943 12.358740973 7.667415619
13.495857271 13.649884315 7.667415619
15.450538560 9.798666049 7.667415619
10.903239213 13.371312303 7.667415619
15.976229617 3.614418576 7.667415619
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11.926122994 11.011365715 7.667415619
9.651310348 14.088372195 7.667415619
10.878247332 11.975389653 7.667415619
9.653335834 15.503582318 7.667415619
15.416207796 4.902840066 7.667415619
14.025165003 7.332800204 7.667415619
13.320789577 8.572395202 7.667415619
10.886732964 16.210389163 7.667415619
13.343834165 11.093473270 7.667415619
14.031703059 9.828908079 7.667415619
15.440331633 7.330820447 7.667415619
8.433753165 11.964000163 7.667415619
7.155231715 14.094945329 7.667415619
5.956044459 16.241346731 7.667415619
10.948473905 5.058046807 7.667415619
13.472996723 0.649101512 7.667415619
12.296003288 2.886501838 7.667415619
9.702081938 5.758512015 7.667415619
5.890641991 13.406879783 7.667415619
4.676681990 15.600226131 7.667415619
7.219140473 11.288541726 7.667415619
11.030714710 3.640360108 7.667415619
12.244676715 1.446881601 7.667415619
13.587152585 3.488171608 7.667415619
8.411752966 13.384106815 7.667415619
7.185464390 15.513780247 7.667415619
11.212481706 7.324674732 7.667415619
11.912405571 6.105972158 7.667415619
11.225498656 9.765041747 7.667415619
14.812508217 2.692502933 7.667415619
9.659489702 11.275588873 7.667415619
13.308255624 6.080753430 7.667415619
11.900785520 8.550415940 7.667415619
8.430287100 16.218867394 7.667415619
14.005379470 4.867690484 7.667415619
5.972759029 11.989104144 7.667415619
4.625281758 14.160593492 7.667415619
10.965305727 0.805871864 7.667415619
3.448408331 16.398026640 7.667415619
5.708397968 9.722450163 7.667415619
8.487482274 5.083223945 7.667415619
9.766141521 2.952416575 7.667415619
7.261715171 5.771667804 7.667415619
3.334161023 13.558705253 7.667415619
5.008679545 10.941199837 7.667415619
8.509515545 3.663189448 7.667415619
9.735867257 1.533527791 7.667415619
2.915712911 12.179204917 7.667415619
6.042985602 5.071800381 7.667415619
7.267935683 1.543635401 7.667415619
3.599994642 8.474549805 7.667415619
6.018005246 3.675824617 7.667415619
4.994999703 6.035758678 7.667415619
3.612725267 10.966098377 7.667415619
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8.491018490 0.828378197 7.667415619
7.269975701 2.958844146 7.667415619
2.108852492 14.354327077 7.667415619
5.019991934 8.496702440 7.667415619
5.695397052 7.282102188 7.667415619
2.895700140 9.714133279 7.667415619
0.944978201 13.432601092 7.667415619
3.577302060 5.953533369 7.667415619
1.504869929 12.144116466 7.667415619
4.804869213 2.978806320 7.667415619
2.889220209 7.218039434 7.667415619
6.034529533 0.836795109 7.667415619
2.823479505 4.688209546 7.667415619
3.425355620 3.397116813 7.667415619
1.470406630 7.248303511 7.667415619
4.839950564 1.567983506 7.667415619
0.773663399 10.949495676 7.667415619
1.480443441 9.716080466 7.667415619
0.765138475 8.493038562 7.667415619
3.551549212 1.007984655 7.667415619
2.629699846 2.171793002 7.667415619
0.742795872 6.018946527 7.667415619
1.383849032 4.739604561 7.667415619
0.586118041 3.511319883 7.667415619
15.668709919 14.789363535 7.667415619
14.726726566 1.315297030 7.667415619
2.194771188 15.731583589 7.667415619
1.252508734 2.257666906 7.667415619
9.855903189 9.917115752 7.667415619
9.854081046 7.128152149 7.667415619
7.065038618 7.130107354 7.667415619
7.066895837 9.918941678 7.667415619
8.460403759 8.523563199 7.667415619
15.624866365 0.706337085 7.667415619
1.296598944 16.340492925 7.667415619
16.277708853 15.687472737 7.667415619
0.643590787 1.359493315 7.667415619

1.10. FeN4, Pyrrolic-UC1b

1.0
16.7742614746 0.0000000000 0.0000000000
0.1355961282 16.5558946196 0.0000000000
0.0000000000 0.0000000000 15.6096458435
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C N Fe
98 4 1
Cartesian
15.736729731 14.946877177 7.804822922
16.380211526 13.570979360 7.804822922
16.216485998 10.949239129 7.804822922
15.596817047 12.261540116 7.804822922
14.349135535 14.722184893 7.804822922
13.409452174 15.765214535 7.804822922
16.191749780 8.424767597 7.804822922
15.502267735 9.689289304 7.804822922
13.576020606 13.472728787 7.804822922
14.166367744 12.209138626 7.804822922
12.125560094 15.215481440 7.804822922
12.183297282 13.833263116 7.804822922
16.183846455 5.929820873 7.804822922
15.491464055 7.179832059 7.804822922
14.091604548 9.680542236 7.804822922
10.961577200 15.940499305 7.804822922
13.404103216 10.942874216 7.804822922
15.478915745 4.718480235 7.804822922
14.088210406 7.166060657 7.804822922
13.396354713 8.417390219 7.804822922
10.961108244 13.151189171 7.804822922
16.029154046 3.399724041 7.804822922
11.988237267 10.842609567 7.804822922
9.721839317 15.253794269 7.804822922
10.925471553 11.777110041 7.804822922
9.709517572 13.856161014 7.804822922
14.087230725 4.674759697 7.804822922
8.517545028 15.968619392 7.804822922
13.382092692 5.900736675 7.804822922
11.983253266 8.399647407 7.804822922
11.296521216 9.598428937 7.804822922
14.926714912 2.441880865 7.804822922
9.708447724 11.080767836 7.804822922
13.696740494 3.270889074 7.804822922
14.931051147 0.979537045 7.804822922
8.462189969 13.171158222 7.804822922
11.985659232 5.965995782 7.804822922
11.295618141 7.190947467 7.804822922
7.257350885 15.286081647 7.804822922
8.479998333 11.761246112 7.804822922
7.209434667 13.884695561 7.804822922
6.038094943 16.013506338 7.804822922
12.357540049 2.780349669 7.804822922
13.523978470 0.557215137 7.804822922
11.008937493 4.953040107 7.804822922
12.293187033 1.369357005 7.804822922
11.097641282 3.548610705 7.804822922
7.253600419 11.119442823 7.804822922
9.765786164 5.666536494 7.804822922
5.921553151 13.237224045 7.804822922
4.726083770 15.416402500 7.804822922
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6.010262110 11.832876547 7.804822922
4.661692858 14.005421678 7.804822922
3.495365896 16.228614740 7.804822922
10.981133541 0.772335320 7.804822922
9.809756163 2.901126607 7.804822922
8.539409249 5.024672516 7.804822922
5.723736027 9.595163589 7.804822922
9.761846340 1.499788751 7.804822922
8.557095633 3.614760160 7.804822922
5.033523294 10.819972186 7.804822922
7.311110755 5.705385653 7.804822922
3.322534746 13.515015492 7.804822922
2.088337919 15.806379240 7.804822922
5.723097839 7.187796095 7.804822922
5.036271864 8.386462662 7.804822922
2.092603147 14.344033076 7.804822922
3.637062172 10.885149882 7.804822922
8.501688470 0.817285174 7.804822922
7.309746713 2.929840259 7.804822922
2.932032838 12.111153504 7.804822922
6.094069729 5.009079959 7.804822922
7.297372646 1.532166546 7.804822922
5.031312728 5.943606584 7.804822922
6.058228641 3.634948036 7.804822922
3.623062660 8.368625117 7.804822922
2.930968108 9.619844649 7.804822922
0.990231416 13.386225178 7.804822922
1.540402915 12.067506977 7.804822922
3.615415936 5.843116450 7.804822922
6.057668691 0.845392494 7.804822922
2.927855349 7.105446456 7.804822922
4.836066398 2.952727549 7.804822922
1.527688290 9.606052031 7.804822922
0.835498316 10.856188048 7.804822922
4.893748983 1.570495410 7.804822922
2.853067463 4.576826382 7.804822922
3.443333830 3.313170846 7.804822922
1.517165492 7.096601694 7.804822922
0.827487565 8.361087876 7.804822922
3.609928809 1.020630391 7.804822922
2.670217920 2.063625433 7.804822922
1.422585796 4.524455976 7.804822922
0.802897295 5.836719959 7.804822922
1.282596281 1.838832742 7.804822922
0.639165341 3.214889434 7.804822922
0.800618377 0.323990940 7.804822922
16.218771266 16.461766931 7.804822922
9.924521203 9.734095331 7.804822922
9.933976551 7.022797814 7.804822922
7.085341408 9.763225910 7.804822922
7.095092412 7.052075920 7.804822922
8.509770865 8.393030858 7.804822922
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1.11. FeN4, Pyridinic-UC

1.0
10.0019102097 0.0000000000 0.0000000000
-5.0009534499 8.3605383040 0.0000000000
0.0000000000 0.0000000000 15.1362419128
C N Fe
26 4 1
Cartesian
8.494468149 0.851206532 7.568120956
7.213201946 2.904323516 7.568120956
6.001147358 5.022033012 7.568120956
4.774811753 7.151496046 7.568120956
1.000191002 0.957436998 7.568120956
-1.582506684 5.027467765 7.568120956
-2.774427744 7.151496046 7.568120956
3.507824469 0.851206532 7.568120956
-0.279153953 7.015864416 7.568120956
6.001146588 0.755699687 7.568120956
4.789093125 2.904323516 7.568120956
3.582891640 5.027467765 7.568120956
2.279538653 7.015864416 7.568120956
-0.279154424 1.623358481 7.568120956
-1.582506629 3.611754883 7.568120956
-2.788708151 5.734899133 7.568120956
-4.000762136 7.883522837 7.568120956
2.279537437 1.623358481 7.568120956
-1.507440165 7.788015992 7.568120956
4.774811675 1.487726851 7.568120956
3.582890764 3.611754883 7.568120956
1.000193376 7.681785152 7.568120956
7.227481940 1.487726851 7.568120956
6.001146931 3.617189886 7.568120956
4.789091897 5.734899133 7.568120956
3.507825767 7.788015992 7.568120956
-0.350683552 2.999929777 7.568120956
2.351067407 2.999929777 7.568120956
-0.350683029 5.639292622 7.568120956
2.351067781 5.639292622 7.568120956
1.000192114 4.319611324 7.568120956
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2. Non-planar MN4 binding

In this section, the top view and side view of non-planar binding motifs discussed in
Table 2 are shown. Planar pyrrolic TiN4 and VN4 are additionally included for comparison
with pyridinic motifs.

Figure S1. (a-d) Top and side views of pyrrolic-1 MN4 clusters with non-planar binding geometries.
(e,f) Ti and V are included for comparison with pyridinic structures.

Figure S2. Top and side views of pyridinic-1 MN4 clusters with non-planar binding geometries.
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3. Frontier Molecular Orbitals of Fe and Zn

In this section, the frontier molecular orbitals are plotted to illustrate the differences in
binding character between a highly ionic binding character (Zn) and a binding situation
involving π-d interaction (Fe). For the pyrrolic-1 FeN4 cluster, π-d interactions can be
observed in all the occupied orbitals shown. In pyridinic-1 FeN4 cluster, the orbitals
illustrating π-d interactions are lower in energy. No significant π-d interaction can be
observed for Zn. All orbitals are plotted with Molden.

Figure S3. Frontier molecular orbitals of FeN4 in pyrrolic-1 cluster obtained with PBE0-D3(BJ)/def2-
TZVP method. Orbitals below the dashed line are occupied.
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Figure S4. Frontier molecular orbitals of ZnN4 in pyrrolic-1 cluster obtained with PBE0-D3(BJ)/def2-
TZVP method. Orbitals below the dashed line are occupied.
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Figure S5. Frontier molecular orbitals of FeN4 in pyridinic-1 cluster obtained with PBE0-D3(BJ)/def2-
TZVP method. Orbitals which indicate π-d interactions are highlighted. Orbitals below the dashed
line are occupied.
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Figure S6. Frontier molecular of ZnN4 in pyridinic-1 cluster obtained with PBE0-D3(BJ)/def2-TZVP
method. Orbitals below the dashed line are occupied.
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Computational Highlights
This paper advanced the mechanistic understanding of ORR on M-N-Cs in the
alkaline environment. Exploiting the isomorphic nature of transmetallation-
synthesized M-N-Cs, the intrinsic activity of three different materials (Zn-N-Cs,
Fe-N-Cs and metal-free NDCs) could be compared. The experimental Tafel slope
of the three materials were almost identical, despite differing ORR selectivity, sug-
gesting a high likelihood of them sharing the same rate-determining step that is
within the transfer of the first two electrons. We observed that the DFT-calculated
HOMO energies and Fermi energies of the OH−FeN4, OH−ZnN4 and HN4/N4
followed the same trend as the experimental onset potential for the corresponding
material, allowing us to conclude an alternative outer-sphere mechanism which
does not involve inner-sphere adsorption of O2 during the rate-determining step.
In addition, the analysis of the HOMO led to the conclusion that the outer-sphere
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electron transfer would not directly involve the metal-atom, correlating to the
ability of Fe-N-Cs resist poisoning experiments in other publications.
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Abstract: 

Carbon-based precious-group metal-free electrocatalysts are gaining momentum in the scientific 

literature due to their application in many relevant energy conversion processes as well as low cost. 

However, their development and fundamental understanding are hampered by limitations in the 

quantification of the intrinsic activity of different catalytic sites as well as understanding the 

different reaction mechanisms. By complexation of tetrapyrrolic nitrogen doped carbons with iron 

ions and decomplexation of the corresponding Fe-N-C catalysts, we herein determine intrinsic 

activities of tetrapyrrolic active sites and gain insights into the reaction mechanism of the oxygen 

reduction reaction (ORR) in alkaline electrolyte. By comparison of the activity of isomorphic 

catalysts differing solely in type/amount of complexed metal, TOF values of 0.33 s-1 and 1.84 s-1 are 

found at 0.80 VRHE and 0.75 VRHE, respectively, for tetrapyrrolic N4 sites and TOF values of 0.4 s-1 

and 4 s-1 are reported for tetrapyrrolic Fe-N4 sites at 0.90 VRHE and 0.85 VRHE, respectively. 
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1. Introduction 

Carbon-based precious-group metal (PGM)-free electrocatalysts are materials that are intensively 

studied due to their low cost and application in a wide range of relevant electrochemical reactions.[1] 

Especially regarding the oxygen reduction reaction (ORR) in proton exchange membrane fuel cells 

(PEMFCs), they have reached promising initial activity, comparable to state-of-the-art Pt-based 

electrocatalysts.[2] Even though they are approaching system-relevant stability, they still lack the 

requirements to meet wide-spread practical application in the technologically more mature acid 

based PEMFCs.[3] On the other hand, they show exceptional activity and stability in anion exchange 

membrane fuel cells (AEMFCs), even better compared to Pt-based materials.[4] For this reason, the 

ORR activity of metal- and nitrogen- co-doped carbons (M-N-Cs) as well as the metal-free 

nitrogen-doped-carbons (NDCs) is widely studied in alkaline electrolyte. Generally, there are 

several differences in the ORR mechanism when the pH increases.[5] In acidic medium, an inner-

sphere-mechanism model is generally employed to explain the reduction of O2 to H2O2 or H2O, 

with the initial oxidative addition of O2 to the active metal centre (generally accompanied by a 

concerted H+ transfer to the oxygen molecule) proposed as the rate determining step (RDS) for low 

polarizations.[6] In alkaline environment, in contrast, it has been proposed that both inner- and outer-

sphere mechanisms can occur, both independently or in parallel.[5b, 6c, 7] The RDS is generally 

attributed to the first electron transfer to O2
[8] or the first proton transfer to *O2

- to form *OOH (* 

indicates that the intermediate is adsorbed on the active site).[6a, 9] Moreover, kinetic isotope effect 

studies suggest the occurrence of two parallel pathways, one of which has a proton independent 

RDS.[6c] When an inner-sphere mechanism is taken into account, the possible available adsorption 

sites in M-N-C are not only the metal centres, but the C atoms close to nitrogen dopants as well. 

This consideration arises from DFT calculations of the O2 adsorption on metal-free NDCs (in the 

Japanese community also referred to as “carbon alloys”) completely free from metal sites.[10] While 

NDCs often show high activity in alkaline medium, high activity in acid is less common for this 
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materials class, sometimes rising concerns of metal impurities.[11] For Fe-N-Cs, Fe poisoning 

experiments suppress the activity in acidic but not under alkaline conditions, indicating a non-

metal-centred active site in alkaline electrolyte, i.e., that Fe might not be directly involved in the 

ORR mechanism.[12] In alkaline electrolyte, the one e- reduction of O2 to superoxide (O2·
-) is 

generally reported as a long-range electron transfer happening in the outer Helmholtz plane (OHP) 

and in most cases promotes only a 2 e- reduction,[7a] unless adsorption of the reaction intermediates 

to the catalyst surface happens, in which case a further reduction can take place (for a total of 4 

e-).[13] In an outer-sphere mechanism, the key factor determining the catalytic activity would be the 

electronic band structure.[13] The relationship between density of state (DOS) at the Fermi level and 

electron transfer kinetics (i.e., catalytic activity) has been intensively studied.[14] However, the 

electron transfer is typically occurring at defect sites, which renders them as “apparent” active sites 

in outer sphere reactions. 

In order to rationally compare the intrinsic activity of different catalyst via the turnover frequency 

(TOF), quantifying catalytic parameters such as active-site density (SD) is desirable. For M-N-Cs, 

these parameters are hard to assess, and different methods have been proposed in the scientific 

literature. Except for new emerging techniques,[15] the most established methods mostly rely on 

probe molecules.[16] The use of probe molecules can limit the applicability of the method to ex-situ 

measurements[16b] or to a certain pH range[16a] and usually requires pre-treatments of the catalytic 

surface and strict protocols in order to obtain reproducible results.[16] Moreover, so far, no methods 

are available for NDCs for different N sites, due to the lack of a suitable probe molecule. When 

assessing SD and intrinsic activity, a catalyst free from inactive side phases is desirable, since these 

could influence the obtained values by interacting with the probe molecule or by affecting the 

employed electrochemical method. In our previous work we showed that via an active-site 

imprinting strategy followed by a transmetalation reaction, Mg-N-C and Zn-N-C containing Mg-N4 

and Zn-N4 sites respectively can be transformed into active Fe-N-C electrocatalyst without common 

unfavourable side phases like iron carbide or metallic iron.[17] Moreover, when Zn is employed, 
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tetrapyrrolic metal-coordination sites and hence very active and selective tetrapyrrolic Fe-N4 sites 

can be prepared.[18] This synthetic strategy gives the opportunity to obtain a platform to 

systematically investigate the intrinsic activity of different catalytic sites as well as the reaction 

mechanism. Very recently, we exploited this methodology in order to assess SD and TOF of an Fe-

N-C catalyst with state-of-the-art activity in acidic electrolyte.[19]  

In this work, we employ the aforementioned catalyst both in its Zn-coordinating state and in the Fe-

coordinating state. After performing a M-to-H+ ion exchange reaction, different electrocatalysts that 

differ solely in the type of metal coordinated to the tetrapyrrolic N4 sites as well as the amount 

(including the metal-free state) are obtained. The different materials are then measured in a rotating 

ring disc electrode (RRDE) setup in order to gain insights into the ORR mechanism and the 

intrinsic activity of different catalytic sites in alkaline medium. 

 

2. Results and Discussion 

The Zn-N-C electrocatalyst is prepared similarly to what previously reported.[19-20] Briefly, Zn-N-C 

is prepared by carbonizing 1-ethyl-3-methylimidazolium dicyanamide (Emim-dca) in a ZnCl2/NaCl 

eutectic mixture (Tm = 250 °C) at 900 °C in Ar atmosphere. Besides having a control on the 

morphology by simply tuning the mixture composition,[21] the presence of the Lewis-acidic Zn2+ 

ions facilitate the formation of tetrapyrrolic N4 moieties.[18] The Zn-N-C so obtained is employed in 

the low- and high-temperature Zn-to-Fe ion-exchange reaction as well as in the M-extraction (i.e., 

Zn-to-H+ ion-exchange reaction) in order to obtain the Fe-N-C and the metal-free NDC, 

respectively. The partially Fe-extracted sample is obtained from the Fe-N-C after M-extraction. The 

M-extraction step is performed using HCl, a non-oxidizing acid, and elevated temperatures of 

160 °C for three days. In order to completely remove the Zn from Zn-N-C, this procedure was 

repeated two times. The metal amount in the final catalysts was determined by inductively coupled 

plasma-mass spectrometry (ICP-MS). 
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Extended X-ray absorption fine structure (EXAFS) measurements are employed to confirm the 

tetrapyrrolic coordination of the M in the Zn-N-C as well as the Fe-N-C and the partially extracted 

Fe-N-C. No Zn signal was detected for NDC, further confirming the total extraction of Zn. Figure 1 

a-c shows the magnitude of the Fourier transformed spectrum of the samples, where one main peak 

at ~ 2 Å is found, typical for M-N/O scattering in M-N-Cs. When comparing the experimental data 

with the model based on a 2D tetrapyrrolic Zn-N-C and hydroxy-coordinated Fe-N-C (inset of the 

figures), a very good agreement is found for Zn-N-C (Figure 1a), Fe-N-C (Figure 1b) and Fe-N-C-

extr (Figure 1c), respectively, allowing for the quantitative extraction of structural parameters 

(Table S1). Zn cations in Zn-N-C are coordinated to four pyrrolic N at 2.04 Å. In Fe-N-C, Fe 

cations are coordinated to four pyrrolic N at 2.04 Å and ~ 1 O atoms (from OH groups) at 1.83 Å. 

Fe-N-C-extr shows similar Fe coordination, indicating the same Fe environment of the remaining 

Fe atoms after extraction (Table S1). Cryo-Mössbauer spectroscopy was employed on Fe-N-C to 

further confirm the environment around the Fe atoms.[22] The spectrum measured at T=4.2 K shows 

two quadrupole doublets, namely D1 and D2, assigned to atomically dispersed Fe-N4 sites (Figure 

1d), confirming the results obtained via EXAFS analysis. D1 and D2 have a line width of 0.90 mm 

s-1 and 0.55 mm s-1 respectively, which points to a high homogeneity of the Fe-N4 environment.[19] 

The Fe content in Fe-N-C-extr is too little to allow for a meaningful deconvolution of the 

Mössbauer spectrum (Figure S1). 

RRDE measurements were employed to measure the ORR activity of the four isomorphic catalysts 

in O2-saturated 0.1 M NaOH electrolyte. For all the measured catalyst a relatively low loading of 

0.145 mg cm-2 was employed to minimize the chance for artifacts.[23] Figure 2 a and b show the 

Tafel plots and peroxide yield, respectively, and the mass activity values are reported in Table 1. 

Zn-N-C shows the lowest performance and an increase in activity is observed when Zn is removed 

from the catalyst. This indicates a negative impact on the activity of Zn2+ coordinated to 

tetrapyrrolic N4 sites and is in agreement with our previous study by Petek et al.[24] Interestingly, the 

NDC clearly shows an increased peroxide detection in the ring current (Figure 2b). The detected 
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peroxide is more than doubled compared to Zn-N-C when comparing the same loading of 0.145 mg 

cm-2 i.e., ≈35 % vs ≈15 %, respectively. This indicates that the Zn2+ metal centre supports the 

peroxide reduction. The comparison of the kinetic current in the two samples, together with the Zn 

content in the Zn-N-C material, allows for the determination of the intrinsic activity of tetrapyrrolic 

N4 sites in alkaline electrolyte. Similar to the nitrite stripping method[16a] and our recent work,[19] it 

is possible to calculate the TOF using equation 1: 

𝑇𝑂𝐹 (𝑠−1) =  
∆𝑖𝑘𝑖𝑛 (𝐴 𝑔−1)

𝐹 (𝐴 𝑠 𝑚𝑜𝑙−1)×𝛥𝑆𝐷 (𝑚𝑜𝑙 𝑔−1)
                                                     (1)  

The ΔSD is calculated from the Zn content (Table S2), which is used as probe. The Δikin is calculated 

as difference in kinetic current. TOF values of 0.33 s-1 and 1.84 s-1 are herein reported for the ORR 

activity of tetrapyrrolic N4 sites in alkaline media at 0.80 VRHE and 0.75 VRHE, respectively. 

Intriguingly, both catalysts have an identical Tafel slope (TS) of ~ 50 mV dec-1, pointing to the fact 

that the RDS of the reaction is similar for both. Fe-N-C presents a mass activity of 2.8 ± 0.8 A g-1 and 

28 ± 10 A g-1 at 0.90 VRHE and 0.85 VRHE, respectively, which places this catalyst among the best 

ORR catalysts reported so far in alkaline electrolyte.[16b, 25] After partial Fe extraction, the activity 

decreases. Both catalysts produce a negligible amount of HO2
-
 (< 3 %) at this catalyst loading (Figure 

2b), pointing to a 4 e- reduction (either direct or apparent) of the O2 for Fe-N-C, differently compared 

to Zn-N-C and NDC, for which the 2 e- reduction has a strong contribution on the ORR activity.[8, 26] 

The good activity of Fe-N-C is a consequence of its high TOF value which is calculated using 

equation 1. The ΔSD is the difference in Fe content between Fe-N-C and Fe-N-C-extr and the Δikin is 

the difference in kinetic activity between the two catalysts. The catalyst has a TOF of 0.4 s-1 and 4 s-

1 at 0.90 VRHE and 0.85 VRHE, respectively, which are amongst the highest values reported for Fe-N-

C electrocatalysts in alkaline medium.[15b, 16b, 16c] These values are also in line with reported values 

obtained with well-established methods,[16b] supporting the validity of the described procedure. 

Intriguingly, Fe-N-C and Fe-N-C-extr show the same TS of ~ 50 mV dec-1 like Zn-N-C and NDC, 

pointing to the fact that the RDS is similar for all the four isomorphic catalysts considered. This 
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allows for further considerations about the reaction mechanism of these materials in alkaline 

electrolytes. Due to the high pH, a strong OH- adsorption is expected on the electrode surface, as well 

as on the M-N4 sites, making a double layer effect dominant in the ORR mechanism and promoting 

the outer-sphere mechanism.[5b] This picture matches very well with the activity of NDC, which 

produces high amounts of HO2
-, since the outer-sphere mechanism will promote mostly the 2 e- 

reduction.[7a] When a metal is introduced in the N4 pocket, a lower HO2
- yield is observed. This effect 

is particularly pronounced in the Fe-based samples, where even a minute Fe amount is enough to 

bring the peroxide yield almost to zero. For Fe-N-Cs it has been reported that peroxide reduction in 

alkaline electrolyte is kinetically favoured and that any peroxide intermediate formed during ORR is 

immediately reduced further to OH-.[7a] The adsorption of the HO2
- produced by the NDC on the M 

sites with further reduction to OH- (for a total of 4 e- involved) requires an inner sphere mechanism. 

Since the TS are unaffected by the presence and identity of metal M, this means that the RDS is not 

affected, hence the RDS for all four catalysts is to be found in the first 2 e- reduction. Like previously 

shown for poisoning experiments,[12] the majority of the current generated by Fe-N-C in alkaline 

environment does not originate from Fe-N4 sites. This is evident when comparing the difference in 

activity between Fe-N-C and Fe-N-C-extr in acidic electrolyte (Figure S2 and Table S3), where a 

far larger loss in performance is observed after Fe extraction compared to alkaline electrolyte. The 

higher efficiency of Fe-N-C and Fe-N-C-extr towards the 4 e- reduction does not explain the lower 

overpotential needed for the ORR. Moreover, Zn-N-C shows lower HO2
- yield compared to NDC but 

higher overpotential. To explain the difference in activity, we looked at the difference in the valence 

electronic properties of NDC, Zn-N-C and Fe-N-C (Table S4) , since it will affect the first electron 

transfer to O2.
[13] It has been shown that for outer-sphere electron transfer, the DOS around the Fermi 

level and the electronic structure relates to the catalytic activity.[14c-e] In the case of NDCs, the nitrogen 

doping causes the material to behave as a semiconductor and samples with higher carrier 

concentration and flat band potential were shown to require lower overpotential to start the ORR.[14c] 

We performed DFT calculation employing models featuring different pyrrolic-type N4 coordination 
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sites,[27] namely the metal free H2N4, the Zn- and Fe- coordinated M-N4, resembling NDC, Zn-N-C 

and Fe-N-C respectively (Figure S3 and S4). Due to the OH- adsorption on the electrode surface, as 

well as on the M-N4 sites, we considered the electronic structures of the OH-adsorbed MN4 and 

deprotonated H2N4 for the study. For the molecular systems, an analogue to the Fermi level as a 

descriptor for outer-sphere electron transfer is the energy of the highest occupied molecular orbital 

(HOMO) depicted in Figure 3. From Figure 3a, we observed that the HOMO energies EHOMO of 

FeN4, ZnN4 and H2N4 already qualitatively follow the measured reactivity trend in Figure 2a. The 

trend is retained when the alkaline environment is taken into consideration (OH-FeN4 vs OH-ZnN4 

vs HN4), albeit with more pronounced differences in EHOMO. In fact, the shift of 0.13 V in the 

experimental Tafel plot between Fe-N-C and Zn-N-C (Figure 2a) is in very close agreement with the 

difference in HOMO energy between OH-FeN4 (-4.90 eV) and OH-ZnN4 (-5.04 eV), indicative of an 

RDS involving a one-electron transfer. For the periodic models shown in Figure S4, a similar but less 

quantitative trend is observed among the Fermi levels Ef of OH-FeN4, OH-ZnN4 and HN4, in good 

agreement with the results obtained from the cluster model. For the NDC, the description is 

complicated by the degree of deprotonation of the H2N4 site in the alkaline medium. Studies on 

molecular porphyrin compounds determined the average pKa of the H2N4 to be significantly lower 

than that of water and could even be doubly deprotonated by weaker bases than hydroxides.[28] Due 

to the larger extent of electron delocalization in NDC, the protons at the H2N4 site are expected to be 

acidic and thus susceptible to deprotonation in the alkaline environment. Among the cluster models, 

the calculated HOMO energies of HN4 (-4.96 eV) and N4 (-5.03 eV) are both intermediate to OH-

FeN4 and OH-ZnN4, in good agreement with reactivity trend observed in the reactivity in alkaline 

ORR (Figure 2a). In particular, the EHOMO of the fully deprotonated N4 is closer to the expected value 

based on the shifts in the onset potentials, suggesting that it constitutes most of the metal free N4 sites.   

The contour plots of the HOMOs shown in Figure 3b further suggests that the metal in the N4 site is 

not likely to be directly involved in the outer-sphere electron transfer, but only influences the 
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reactivity by shifting the HOMO energy, possibly explaining why Fe-N-Cs  are able to resist 

poisoning experiments in alkaline ORR. [28] 

3. Conclusion 

In conclusion, the intrinsic activity of M-N-C electrocatalysts with tetrapyrrolic M-N4 sites was 

evaluated in alkaline electrolyte using a RRDE setup. Zn, which has been discovered to have a 

negative impact on the ORR in alkaline medium, was used to probe the TOF of tetrapyrrolic N4 sites 

by comparing the difference in kinetic activity between Zn-N-C and NDC and values of 0.33 s-1 and 

1.84 s-1 are reported at 0.80 VRHE and 0.75 VRHE, respectively. Moreover, a clear increase in the 2 e- 

reduction of O2 to HO2
- takes place when more Npyrrolic sites become available for the ORR. In the 

same way, the TOF is calculated for the isomorphic Fe-N-C material which has very high values of 

0.4 s-1 and 4 s-1 at 0.90 VRHE and 0.85 VRHE, respectively. The high TOF translates into high mass 

activity, i.e., 2.8 ± 0.8 A g-1 and 28 ± 10 A g-1 at 0.90 VRHE and 0.85 VRHE, respectively, ranking this 

catalyst between the best reported so far in alkaline electrolyte. It was found that the introduction of 

M in the tetrapyrrolic N4 pocket reduces the peroxide formation, likely due to HO2
- coordination to 

the M sites and further reduction to OH- (for a total of 4 e-). Because of the independence of the TS 

from the metal coordinated to the tetrapyrrolic N4 sites (including the metal free NDC), the RDS is 

to be found in the first 2 e- reduction. Employing DFT, the EHOMO and Ef of cluster and periodic 

models is calculated respectively, featuring different species in the pyrrolic-type N4 coordination 

sites. Mirroring the experimentally measured ORR activity, a correlation between the overpotential 

needed for the ORR and the EHOMO is found, indicative of an outer-sphere RDS. Proposing a new 

method for the determination of TOF values in alkaline electrolyte for different catalytic sites and 

elucidating the ORR mechanism of M-N-C materials with tetrapyrrolic M-N4 sites, we believe that 

this work will advance the further development and fundamental understanding of ORR 

electrocatalysts and, because of its general applicability, it can be employed to shine light to other 

reactions. 

 



  

10 

 

4. Experimental Section 

Preparation of Zn-N-C 

The catalyst was prepared similarly to what previously reported.[19] 1 g of 1-ethyl-3-

methylimidazolium dicyanamide (Emim-dca) were thoroughly mixed with 8.26 g of ZnCl2 and 1.74 

g of NaCl inside an Ar-filled glovebox. The mixture was then transferred inside a crucible made of 

alumina and covered with a quartz lid. This was placed inside a tube furnace under constant Ar flow 

and heated up to a temperature of 900 °C for 1 hour, employing a heating rate of 2.5 °C/min. The 

final powder was ground in an agate mortar and washed with 0.1 M HCl overnight. After filtering 

and washing with deionized water in order to reach neutral pH, the sample was dried at 80 °C.  

Preparation of Fe-N-C 

As previously reported,[18-19] the Zn-to-Fe ion exchange was carried out at low and high 

temperature. Firstly, Zn-N-C was degassed at 250 °C under vacuum and transferred inside an Ar-

filled glovebox. Here, it was mixed with a FeCl3/LiCl eutectic mixture and placed inside a closed 

Ar-filled flask. After heating the mixture at 170 °C for 5 hours, the sample was let to cool down to 

room temperature, opened to air and washed with deionized water to remove the salt mixture. 

Afterwards, it was stirred in 0.1 M HCl for several hours, filtered, washed with deionized water 

until neutral pH was reached and dried at 80 °C. The obtained powder was placed again in an 

alumina crucible and pushed inside a tube furnace pre-heated at 1000 °C under Ar atmosphere. 

After 15 minutes the furnace was turned off and opened to achieve a quick cool down of the 

sample. 

Preparation of NDC 

The metal free sample (NDC) was obtained from Zn-N-C after Zn removal (Zn-to-H+ ion-exchange 

reaction). Zn-N-C was placed inside a closed Carius tube and stirred for 3 days in 2.4 M HCl at 

160 °C. After filtering, thoroughly washing with deionized water and drying, the powder obtained 

was placed again inside the Carius tube and the entire procedure was repeated a second time in 

order to achieve the complete extraction of Zn. 
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Preparation of Fe-N-C-extr 

For the partial Fe extraction, Fe-N-C was placed inside a closed Carius tube and stirred for 3 days in 

2.4 M HCl at 160 °C. After filtering, washing with deionized water and drying, the final sample was 

obtained. 

Physical characterizations 

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS) measurements at the Zn K-edge and at the Fe K-edge were carried out at the BAMline[29] 

located at BESSY-II (Berlin, Germany), operated by the Helmholtz-Zentrum Berlin für Materialien 

und Energie. Due to the low metal concentration (< 1 wt. %) the measurements were performed in 

fluorescence mode. XANES data evaluation and treatment was performed by using ATHENA 

program from Demeter package.[30] EXAFS curves were Fourier Transformed and fitted with a 

DFT-optimized model adapted from our previous publications[18-19][27] based on a MN4C96H24 

cluster (M = Zn or Fe). The model was used to calculate the scattering paths by FEFF to be able to 

quantify the coordination number and bond-length. Mössbauer measurements at T = 4.2 K were 

performed on a standard transmission spectrometer using a sinusoidal velocity waveform with both 

the source of 57Co in rhodium and the absorber in the liquid He bath of a cryostat. In order to refer 

the measured isomer shifts to α-Fe at ambient temperature, 0.245 mm s−1 was added to the 

measured values. 

Electrochemical measurements  

Rotating ring disk electrode (RRDE) measurements in alkaline electrolyte were performed in a 

Teflon® cell in order to avoid glass dissolution. 0.1 M NaOH was prepared from monohydrate 

NaOH pellets and deionized ultrapure water. Saturated Ag/AgCl was employed as reference 

electrode and a Pt wire as counter. Measurements in acidic electrolyte were performed in a three-

electrode glass cell using 0.1 M HClO4 as electrolyte, Au wire as the counter electrode and a freshly 

calibrated RHE as the reference electrode The solution resistance was determined by 

electrochemical impedance spectroscopy and the reported potentials were corrected accordingly. 
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The ORR polarization curves were corrected for capacitive contributions by subtracting the curves 

recorded in Ar-saturated electrolyte from the ones recorded in O2-saturated electrolyte. Catalyst 

inks were prepared by dispersing 5 mg of catalyst in 1.68 mL of N,N-dimethylformamide and 50 

μL of 5 wt% Nafion suspension, followed by sonication. To obtain a catalyst loading of 145 μg cm-

2, 10 μL of ink was drop-cast onto a well-polished glassy carbon electrode and dried under an 

infrared heater for 60 min. For each curve at least two separate measurements were averaged to give 

the shown polarization curve, and the standard deviation is illustrated with error bars. Kinetic 

currents were calculated based on limiting current correction as in reference [31]. 

Density functional theory (DFT) calculations  

Cluster calculations were performed using the program package TURBOMOLE.[32] The active sites 

were modelled with the finite-sized MN4C96H24 clusters (M = Fe, Zn, H2) as shown in Figure S3. 

We applied the hybrid PBE0 functional[33] with Grimme dispersion correction with Becke Johnson 

damping function D3(BJ).[34] Geometry optimization was performed with def2-SVP basis while a 

larger def2-TZVP basis was applied for single-point calculations.[35] The conductor-like screening 

model (COSMO) was applied to describe solvation effects in aqueous environment.[36] Electronic 

steps were converged to 10−7  a.u. in the total energy and 10−4 a.u. in the orbital energies, while 

geometric steps were converged to 10−3 a.u. in the maximum norm of the Cartesian gradient. Each 

cluster was calculated with various preassigned multiplicities and the multiplicity that gave the 

lowest energy was further analysed. Molecular orbitals were visualized with Molden.[37]  

Spin-polarized periodic DFT calculations were performed with the Vienna ab initio Simulation 

Package (VASP) in the framework of the projector-augmented wave (PAW) method with an energy 

cutoff of 600 eV.[38] The PBE functional was used with Grimme D3(BJ) dispersion correction with 

Becke-Johnson damping.[34, 39] Hubbard correction for Fe was applied to account for delocalization 

error associated with the d-electrons (U = 4 eV, J = 1 eV).[40] The RMM-DIIS algorithm was applied 

for electronic relaxation with a convergence criterion of 10-5 eV. The Gaussian smearing approach 

with smearing width σ = 0.05 eV was applied. Ionic relaxation steps were performed with the 
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conjugate gradient algorithm with force convergence of 10-2 eV/Å. K-points were sampled using a 

3x3x1 Γ-centered mesh grid during optimization, and a 6x6x1 grid for single point calculations. The 

pyrrolic model as depicted in in Figure S4 was constructed based on the pyrrolic-D4h model 

introduced by Menga et al. whereby the carbon lattice is extended to form a periodic 2D lattice with 

an interlayer vacuum of 15 Å.[18, 27] 
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Manuscript figures: 
 

 

Figure 1. Experimental Fourier transform and best fit EXAFS model of the Zn K-edge EXAFS 

spectra of Zn-N-C (a) and Fe K-edge EXAFS spectra of Fe-N-C (b) and Fe-N-C-extr (c). The 

model used for Zn-N-C is displayed in the inset of (a) and the one used for the two Fe-containing 

samples is shown in the inset of (b) (Light blue = Zn; orange = Fe; blue = N; red = O; gray = C; 

white = H). Mössbauer spectrum of Fe-N-C measured at 4.2 K (d); FWHM refers to the line width 

of the indicated quadrupole doublet.  
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Figure 2. Tafel plots displaying the kinetic mass activity corrected for mass-transport limitation (a). 

HO2
- yield obtained via RRDE experiments for the four isomorphic catalysts (b). Measurements 

were performed at room temperature in O2-saturated 0.1 M NaOH at 1600 rpm, 10 mV s-1 (anodic 

scans). 

 

 

 

 

 
 

 

Figure 3. HOMO energies of pristine FeN4, ZnN4 and H2N4 and corresponding OH-

bound/deprotonated structures to account for the alkaline environment (a). Frontier molecular 

orbital diagram OH-FeN4, OH-ZnN4 and doubly deprotonated N4 and the isocontour plot of the 

corresponding HOMO(s) (b).   The red dashed line indicates the HOMO energy of OH-FeN4. 

Electronic structures were obtained with PBE0-D3(BJ)/def2-TZVP and COSMO solvation model. 
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Table 1. Mass activity (ikin) values at different potentials obtained from RDE measurements in 

alkaline electrolyte. 

 

Sample 
ikin (A g-1) 

0.90 VRHE 0.85 VRHE 0.80 VRHE 

Zn-N-C - - 0.9 ± 0.2 

NDC - - 2.9 ± 0.3 

Fe-N-C 2.8 ± 0.8 28 ± 10 153 ± 45 

Fe-N-C-extr 1.1 ± 0.7 10 ± 5 67 ± 28 

 

 

 

 

 

 

 

 

 

 

 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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By complexation of tetrapyrrolic nitrogen doped carbons with iron ions and decomplexation 

of the corresponding Fe-N-C catalysts, we herein determine intrinsic activities of tetrapyrrolic 

active sites. It turns out that the activity trend follows the HOMO energy of the materials 

pointing to an outer sphere mechanism at the rate determining step for ORR in alkaline 

electrolyte.  
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Figure S1. Mössbauer spectrum of Fe-N-C-extr measured at 4.2 K. 
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Figure S2. Tafel plots displaying the kinetic mass activity of the catalysts. Measurements 

were performed with an RDE setup at room temperature in O2-saturated 0.1 M HClO4 at 1600 

rpm, 10 mV s-1 (anodic scans). 
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Figure S3. Structure models used for the cluster DFT calculations for (a) FeN4, (b) OH-FeN4, 

(c) ZnN4, (d) OH-ZnN4, (e) H2N4, (f) HN4 and (g) N4 embedded in a C96H24 cluster.  
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Figure S4. (a) Calculated Fermi level Ef of the MN4, OH-MN4, and HxN4 (x = 0,1,2) embedded 

in a periodic carbon lattice. Structure models used for the periodic DFT calculations for (b) 

FeN4, (c) OH-FeN4, (d) H2N4, (3) HN4 and (f) N4 embedded in a C96H4 unit cell. Geometry 

optimization and electronic structures are obtained with PBE(+UFe) functional and plane wave 

basis using the PAW method.   
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Table S1. Structural information obtained from EXAFS by fitting the nearest coordination 

shells around Fe or Zn atoms in the samples with model ZnN4C96H24 or (OH)FeN4C96H24:  

degeneracy of the scattering path (N), interatomic distance from the fit (R) and from the 

model (Reff), and Debye-Waller factor (σ2). The goodness-of-fit parameter is indicated by the 

R-factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fe-N-C 

Scattering 

path 
N R (Å) Reff (Å) σ2 (Å2) R-factor  

Fe-O 1 1.84 1.81 0.0054 

0.013 

Single-

scattering 

Fe-N 4 2.05 2.07 0.0006 
Single-

scattering 

Fe-C 6 3.01 3.08 0.023 
Single-

scattering 

Fe-C 2 3.02 3.10 0.023 
Single-

scattering 

Fe-N-C 16 3.23 3.26 0.022 
Triangle 

scattering 

Fe-N-C-

N 
8 3.40 3.43 0.022 

Dog-leg-

scattering 

Fe-C 4 3.47 3.50 0.022 
Single-

scattering 

Fe-N-C-extr 

Scattering 

path 
N R (Å) Reff (Å) σ2 (Å2) R-factor  

Fe-O 1 1.83 1.81 0.0056 

0.013 

Single-

scattering 

Fe-N 4 2.04 2.07 0.0005 
Single-

scattering 

Fe-C 6 3.10 3.08 0.015 
Single-

scattering 

Fe-C 2 3.12 3.10 0.015 
Single-

scattering 

Fe-N-C 16 3.26 3.22 0.003 
Triangle 

scattering 

Zn-N-C 

Scattering 

path 
N R (Å) Reff (Å) σ2 (Å2) R-factor  

Zn-N 4 2.04 2.01 0.0052 

0.001 

Single-

scattering 

Zn-C 8 3.07 3.04 0.0420 
Single-

scattering 

Zn-N-C 16 3.24 3.21 0.0420 
Triangle 

scattering 
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Table S2. Elemental composition of the four isomorphic samples. The metal content (M) is 

obtained from ICP-MS analysis and refers to Zn for Zn-N-C and Fe for Fe-N-C and Fe-N-C-

extr. All values are expressed as wt.%. 

 

Sample 
C 

(%) 

H 

(%) 

N 

(%) 

M 

(%) 
C/N 

Zn-N-C 68.17 1.94 5.89 0.42 11.57 

Fe-N-C  75.15 1.00 6.08 0.67 12.36 

NDC 72.64 1.09 6.24 - 11.64 

Fe-N-C-extr  68.25 1.57 5.16 0.16 13.23 

 

 

 

Table S3. Mass activity (ikin) values at different potentials obtained from RDE measurements 

in acidic electrolyte. 

 

Sample 
ikin (A g-1) 

0.85 VRHE 0.80 VRHE 0.75 VRHE 0.70 VRHE 

Zn-N-C - - - - 

NDC - - - - 

Fe-N-C 0.37 ± 0.02 2.7 ± 0.3 13 ± 1 38 ± 1 

Fe-N-C-extr - 0.12 ± 0.07 0.56 ± 0.03 1.64 ± 0.03 

 

 

 

Table S4. HOMO energies (cluster models) and Fermi energies (periodic models) of all the 

structural motifs. The HOMO energies are obtained with PBE0/def2-TZVP with COSMO 

solvation model while the Fermi energies are obtained with the PBE(+UFe) functional with the 

PAW method. The Hubbard correction is applied for the d-electrons of Fe in the periodic 

systems with U = 4 eV and J = 1 eV.  

 

 EHOMO (eV) Ef (eV) 

FeN4 -4.780 -2.479 

ZnN4 -4.817 -2.565 

H2N4 -4.790 -2.605 

OH-FeN4 -4.904 -2.643 

OH-ZnN4 -5.037 -2.749 

HN4 -4.956 -2.695 

N4 -5.026 -2.810 
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Abstract

Metal and nitrogen-doped carbon materials (M-N-Cs) have emerged as promising

alternatives to costly platinum-group metals (PGMs) for the oxygen reduction reaction

(ORR) in renewable energy applications. Notably, there is increasing experimental and

theoretical evidence supporting pyrrolic MN4 coordination over pyridinic MN4 in these

materials, which aligns closer to the MN4 geometries found in nature. This study uti-

lizes density functional theory (DFT) to elucidate the ability of each metal to catalyze

various ORR mechanisms at the pyrrolic MN4 sites. Among the M-N-Cs of first-row

transition metals, pyrrolic CrN4 and FeN4 exhibit exceptional 4e-ORR activity, pro-

moting both inner- and outer-sphere mechanisms and H2O2 dissociation. Pyrrolic

CoN4 is also promising for 2e-ORR catalysis due to its effective outer-sphere electron-

transfer capabilities. These findings offer valuable insights for designing sustainable
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electrocatalysts to exploit the full potential of renewable energy sources, advancing the

path towards carbon neutrality.

Keywords

single atom catalysis, oxygen reduction reaction, inner- and outer-sphere mechanism, pyrrolic

and pyridinic MN4 motifs

Introduction

With rapidly growing economic and political pressure towards carbon neutrality, there is a

crucial need to develop efficient energy storage and conversion technologies in order to exploit

the full potential of renewable energy sources. While fuel cells and metal-air batteries are

gaining relevance in relatively large-scale energy applications due to their exceptional energy

densities, they often face challenges related to energy conversion efficiency.1,2 In general,

the bottleneck for the energy conversion efficiency of fuel cells and metal-air batteries is the

sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode, prompting the need

for electrocatalysis.1,3 The state-of-the-art electrocatalysts for ORR are largely derived from

scarce and expensive platinum-group metals (PGMs), severely hampering their economic

viability.4,5 In order to achieve sustainability in the large-scale production and application of

such energy storage devices, it is thus desirable to design alternative electrocatalysts using

more naturally abundant elements such as carbon and non-PGMs.6

Recently, metal and nitrogen-doped carbon materials (M-N-Cs) have been widely studied

as potential alternatives to PGMs for ORR electrocatalysis, especially with Fe-N-Cs and Co-

N-Cs exhibiting ORR currents that are comparable to those of PGMs in alkaline medium.7–10

Less commonly investigated, yet significant to this study, Cr-N-C and Mn-N-Cs have also

been shown to offer promising ORR activity.11–13 Due to the highly complex structures of

these amorphous carbon materials, density functional theory is a crucial tool for extracting
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atomic level insights on the single atom sites.14 While the specific coordination can vary

across different materials, there is a general consensus that the nature-inspired MN4 sites

are responsible for the observed electrochemical activities.7 For the modeling of the MN4

sites, most studies assume the pyridinic MN4 coordination embedded in a graphene-like lat-

tice.7,15–18 However, considering that natural MN4 complexes exclusively contain the pyrrolic

coordination, the existence of such a structure in carbon-based materials cannot be trivial-

ized. In fact, several recent studies independently identified the pyrrolic MN4 coordination

as the active site responsible for ORR activity in Fe-N-Cs and Co-N-Cs,19–22 prompting the

need for more detailed studies on such pyrrolic MN4 motifs. Synthesis strategies targeting

the selective formation of pyrrolic MN4 sites have also been developed, allowing for intrinsic

activity comparison across M-N-Cs with different metal dopants.8,10,23

Compared to the pyridinic structures, DFT studies on the pyrrolic MN4 sites are rela-

tively sparse. Conventionally, periodic boundary conditions are still imposed for the modeling

of pyrrolic MN4 motifs, leading to structures with hole defects relatively close to the active

site, high dopant concentrations, or structures with indications of ring strain.10,24–26 Further-

more, imposing the periodic boundary conditions often entails several technical challenges,

namely the high computational cost of hybrid functionals and the influence of lattice strain

on the reactivity.27,28 For transition metal complexes, GGA functionals can produce com-

putational artefacts arising from the self-interaction error and the associated delocalization

error.29–31 In addition, Kirchhoff et al. showed that the self-interaction error of GGA and

meta-GGA functionals can manifest even on nitrogen-doped graphene without transition

metals, further emphasizing the importance of hybrid functionals for carbon-based cataly-

sis.32 Unfortunately, as pointed out by Di Liberto et al., this non-trivial source of error is

frequently ignored or mishandled, possibly leading to exaggerated results with regards to

inner-sphere reactivity.14,28 For periodic calculations where hybrid functionals are less prac-

tical due to computational costs, the Hubbard correction (DFT+U) could be invoked to

mitigate the self-interaction error through calibration with an intuitively ”similar” reference
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material, but can still cause issues pertaining the transferability of Hubbard parameters and

reproducibility across systems.28 In the same publication, it was also reported that even

with a reliable GGA+U that matched results from hybrid functionals, the reactivity on pe-

riodic systems can be artefacts of suboptimal lattice parameters, which are not typically

optimized during the reaction studies. Fortunately, in recent publications, it could be shown

that the periodic boundary condition is not really necessary for the description of the chem-

ical properties of the MN4 site, since the intrinsic properties of MN4 sites are often only

dependent on the local chemical environment.19,21,26,33 Utilizing a cluster model not only

makes the construction of the pyrrolic MN4 structures more achievable, but also enables a

relatively low-cost implementation of the hybrid functionals in place of the GGA or GGA+U

methodologies.

For the discussion of ORR activity and selectivity, it is necessary to distinguish between

the 2-electron pathway (2e-ORR) in which O2 is partially reduced to H2O2 and the 4-electron

pathway (4e-ORR) where the complete reduction to H2O occurs. While there are certain

situations where the 2e-ORR is desired for the H2O2 synthesis,22,34,35 the 4e-ORR pathway

is generally preferred for energy conversion applications (e.g. fuel cells) as it maximizes the

current densities and minimizes harmful side reactions with the corrosive H2O2.36 Even for

the overall 4e-ORR selectivity, the mechanism can be further classified into the direct 4e-

ORR or indirect pathways where H2O2 is produced and consumed as an intermediate.18 In a

selectivity study using the rotating ring disk electrode (RRDE) measurements, Bonakdapour

et al. showed that the macroscopically measured H2O2 selectivity is heavily dependent on the

catalyst loading, increasing from less than 5% to more than 95% H2O2 as the catalyst loading

decreases.37 This implies that even the apparent 4e-ORR selectivity of Fe-N-Cs should be

more accurately described as a 2e+2e or a 2e×2e process, which cannot really be explained

with an inner-sphere mechanism.7

Besides the overall selectivity, the potential-dependent rate-limiting steps can be dif-

ferentiated into an inner-sphere mechanism, in which the electron is transferred directly

4



to a strongly bound adsorbate near the inner Helmholtz plane (IHP), or an outer-sphere

mechanism where the electron is transferred to species near the outer-Helmholtz plane

(OHP).35,38,39 In alkaline media which generally require lower overpotentials, the outer-

sphere mechanism gains relevance due to the presence of adsorbed hydroxyl species.38,40

Therefore, besides the conventional studies of active site-adsorbate interactions correspond-

ing to the inner-sphere mechanism, we further investigated the intrinsic electronic properties

of the active site correlating to its outer-sphere electron-transferring capabilities as well as

the respective interactions between the active sites with the inevitably produced H2O2.

Computational Method

All calculations were performed with spin-unrestricted Kohn-Sham DFT using the program

package TURBOMOLE.41 For the modeling of the carbon matrix, we used the pyrrolic

MN4C96H24 and pyridinic MN4C98H26 clusters terminated by hydrogen atoms. Five- and

seven-membered rings were introduced into the pyrrolic clusters to keep the ligand-free

structures planar.26 Excluding the hydrogen atoms, the effective metal concentration is

4.4 %wt, reasonably close to recently achieved dopant concentrations through the templating-

transmetallation techniques.8,9 We applied the hybrid PBE0 functional42,43 with Grimme’s

empirical dispersion correction with Becke–Johnson damping function (D3(BJ)).44,45 Ge-

ometry optimizations were performed with the def2-SVP basis while a larger def2-TZVP

basis was applied for single-point calculations in combination with the COSMO solvation

model.46,47 Electronic steps were converged to 10−7 a.u. in the total energy and 10−4 a.u. in

the orbital energies, while geometric steps were converged to 10−6 a.u. in the total energy

and 10−3 a.u. in the geometric gradient. Each cluster was calculated with various multi-

plicities and the one which gave the lowest energy was chosen for further analysis. Atomic

charge and spin populations as well as d-orbital occupations were obtained with the natural

population analysis.48 Atomic structures were visualized with VESTA.49
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For the calculation of potential-dependent intermediate energies for ORR, we applied

the computational hydrogen electrode from which the free energy of a proton and electron

is defined by

GH++e− =
1

2
GH2 − eU (1)

where U is the applied potential relative to the reversible hydrogen electrode (RHE).50 The

free energies of gaseous species (H2, O2) were calculated from their DFT energies along with

zero-point energies, the enthalpy of a linear ideal gas (7
2
kT ) and the tabulated entropies.51

Due to the complexity of acquiring ab-initio thermodynamic state functions for liquids that

truly account for their configurational entropy, we extrapolated the free energy of water from

the free energy of combustion of H2.51

GH2O
= GH2

+
1

2
GO2

− 2.46 eV (2)

Finally, in order to obtain the free energy of each cluster from the DFT energies EDFT, we

calculated the zero-point energies and Helmholtz energy at temperature T = 298 K from the

vibrational frequencies with the harmonic approximation.

Gcluster = EDFT +
∑
i

[
1

2
hcνi + kBT ln

(
1− exp

(
−hcνi
kBT

))−1
]

(3)

where h is the Planck’s constant, c is the speed of light, kB is the Boltzmann’s constant and

νi is the wavenumber corresponding to the vibrational frequency of normal mode i.

Results and discussion

Electronic structure of the ligand-free MN4 sites

For a preliminary understanding of the site-specific ORR activities, we first analyzed the

intrinsic electronic structures of ligand-free MN4 sites. In a previous publication, it was shown
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Figure 1: (a,b) Structural model of a planar pyrrolic and pyridinic MN4 cluster. (c,d) d-
orbital population derived from natural population analysis. (e,f) Charge and spin popula-
tion of transition metal M in the MN4 site along with the assigned metal-centered d-orbital
configuration. The final electronic structures were obtained with PBE0/def2-TZVP with
COSMO solvation model. Atoms marked with crosses in (e,f) are significantly displaced
from the N4 plane.

that the popular catalytically active metals in the M-N-Cs (M = Fe, Co) tend to participate

heavily in covalent interactions with the π-system of the carbon lattice,26 thereby decreasing

their tendency to form pyrrolic MN4 sites.8 However, these metals could still be incorporated

into pyrrolic sites upon transmetallation from Zn-N-C and Mg-N-C,8,52 producing carbon

materials with similar overall morphology as well as density and coordination environment

of active sites.23

For transition metal complexes, the oxidation state of the metal is strongly correlated

to its d-orbital occupation and spin population. Figure 1 shows the occupation of the d-

orbitals from Sc to Zn and the respective charge and spin population derived from natural

population analysis. The corresponding projected density of states (PDOS) for the d-orbitals

are shown in Figure S1. With the exception of Cu and Zn, all transition metals exhibit only

fractional occupation of the dx2−y2 orbital resulting from the σ bonding with N atoms. The

strength of the σ bond, as measured by the occupation of the dx2−y2 orbital, increases with
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the planarity of the metal binding (Sc < Ti < V) but decreases with the M-N bond length

(Fe,Co,Ni > V,Cr) (Geometries in Table S1). As a result of the strong σ-interactions, the

anti-bonding dx2−y2 only starts to fill for Cu and Zn, accompanied by a sharp decrease in

the strength of the M-N4 binding.26 Based on the projected PDOS (Figure S1) and the

visualization of the d-orbitals of pyrrolic ZnN4 (Figure S2), we observed that the energy of

the anti-bonding dx2−y2 is about 6 eV higher than the other metal-centered orbitals, thereby

justifying its unfavorable occupation for transition metals in MN4 sites.

Besides the σ interactions, π-interactions are also highly relevant in these systems, evident

in the fractional occupations of the dxz and dyz orbitals for early transition metals (M = Sc,

Ti, V). Due to these π-interactions, the metal-centered anti-bonding dxz and dyz orbitals

can be destabilized relative to other orbitals, leading to deviations in the order of orbital

occupations from standard ligand field theory. For example, in pyrrolic NiN4 where d-orbitals

except the anti-bonding dx2−y2 are filled (low spin d8), the dxy orbital is lower in energy than

the molecular orbitals with contributions from the dxz and dyz orbitals (Figure S3).

Neglecting the fractional occupations arising from the ligand-centered σ and π orbitals,

we can determine the oxidation state of each transition metal from the d-orbital occupation

and spin. The first transition metals (Sc, Ti and V) prefer the oxidation state of +III, largely

consistent with the tendency of early transition metals towards higher oxidation states due

to lower electronegativities. In contrast, late transition metals (M = Fe, Co, Ni, Cu, Zn) with

higher electronegativities have clear preferences for the +II oxidation state, in line with the

desired oxidation state for the N4 site. Cr(II) and Mn(III) are notable outliers in the series,

each possessing a different oxidation state from their adjacent metals, but share a common

high spin d4 configuration. Considering the high energy of the anti-bonding dx2−y2 orbital,

the most plausible reason for the anomalies in Cr and Mn is the ”half-filled” occupation of

the stable d-orbitals in a square-planar complex. For Mn, the occupation of the dx2−y2 is

marginally higher than Cr along with a much higher charge population, indicating that it is

indeed more favorable for Mn to lose the additional electron, thereby being oxidized to +III,
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than to fully occupy the anti-bonding dx2−y2 orbital or undergo spin pairing.

For a brief comparison in the electronic structure between the pyrrolic and pyridinic MN4

motifs in Figure 1, we observed that most transition metals exhibit similar charge and spin

populations in either MN4 cluster. In general, the stronger covalent interactions in pyridinic

sites lead to smaller charge populations of the metal atoms in the pyridinic clusters. The

most significant differences between the pyrrolic and pyridinic clusters are observed in VN4

and MnN4, as the increased d-orbital populations bring the respective metal closer to the

+II oxidation state. For MnN4, the anomalous high-spin d4 configuration appears to be less

favored in the pyridinic motif, evident in the partial spin pairing leading to higher occupation

of the dxz orbital.

The inner-sphere mechanism

For an inner-sphere ORR mechanism, the most commonly proposed mechanism is the asso-

ciative mechanism with step-wise protonation of adsorbed O2 molecule.

free + O2 + (H+ + e−) −→ ∗OOH (4)

∗OOH+ (H+ + e−) −→ ∗O+H2O (5)

∗O+ (H+ + e−) −→ ∗OH (6)

∗OH+ (H+ + e−) −→ free + H2O (7)

The first and last reaction steps are of particular importance for the inner-sphere ORR

activity, as they correspond to the potential dependent adsorption and desorption steps

in the ORR cycle. We thus studied the free energies of reductive adsorption to ∗OOH

(∆Gad) and the reductive desorption from ∗OH (∆Gdes), corresponding to the processes in
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Figure 2: Structural model of a pyrrolic (a) ∗OOH and (b) ∗OH cluster. Free energy of
potential-dependent (c) adsorption step ∆Gad and (d) desorption step ∆Gdes at 0 VRHE.
Charge and spin population of transition metal M in the pyrrolic (e) ∗OOH and (b) ∗OH
sites along with the assigned metal-centered d-orbital configuration. The final electronic
structures were obtained with PBE0/def2-TZVP with COSMO solvation model.

equations 4 and 7, respectively:

∆Gad = G∗OOH −Gfree −GO2 −GH++e− (8)

∆Gdes = Gfree +GH2O
−G∗OH −GH++e− (9)

According to Sabatier’s principle and its applications in electrocatalysis,53,54 an ideal

ORR catalyst should bind strongly to OOH such that molecular oxygen could be activated,

but weakly enough to OH to prevent irreversible oxidation of the active site. Thus, both

the adsorption (∆Gad) and the desorption (∆Gdes) steps should be as exergonic as possible.

However, due to similarities in the metal-ligand interactions, ∆Gad is negatively correlated

to ∆Gdes, as depicted in the scaling relation shown in Figure S5. Therefore, in accordance

with Sabatier’s principle, MN4 sites with intermediate reactivities should be employed for

ORR catalysis assuming an inner-sphere mechanism.

Looking closely into the ∆Gad and ∆Gdes of the individual metals shown in Figure 2d,e
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and the resulting free-energy diagrams for ORR on pyrrolic MN4 motifs in Figure S4 a,b,c,

we could identify potential metal dopants for promoting ORR among the pyrrolic MN4 sites.

The early transition metals (M = Sc, Ti and V), along with group 13 metals (M = Al, Ga)

bind very strongly to both OOH and OH, resulting in highly negative ∆Gad and positive

∆Gdes. The exceptionally strong binding can be attributed to destabilization of the MN4

structure as a result of the initial mismatch between the +III metal oxidation state and the

ideal -II oxidation state of the N4 site. Thus, the reductive desorption step on these MN4

sites is already endergonic even at 0 VRHE (Figure S4b), implying that the regeneration of

the ligand-free active site is thermodynamically unfavorable at higher ORR potentials. The

complete opposite to the metals that bind too strongly to ligands are the late transition

metals (M = Co, Ni, Cu, Zn) and group 2 metal (Mg) where the ∆Gad are already positive

at 0 VRHE. The poor reactivity of these MN4 sites can be traced to the retention of the +II

oxidation state of these metals upon ligand binding, resulting in the formal oxidation of the

N4 site to a less optimal -I oxidation state. Interestingly, for Co, while the binding of OH

oxidizes the transition metal to the +III (low spin d6) oxidation state, the binding of OOH

does not. For these relatively inert MN4 sites, an associative inner-sphere mechanism would

be unfeasible without external influences to stabilize the ∗OOH intermediate.

Among the pyrrolic sites, CrN4 and FeN4 have the most promising inner-sphere ORR

reactivity as both the adsorption (∆Gad) and desorption steps (∆Gdes) are exergonic at

0 VRHE. In the presence of an axial ligand, Cr is generally oxidized from the +II (high spin

d4) to the +III (high spin d3) oxidation state. Surprisingly, yet familiar, both Mn and Fe

adopt the high-spin d4 configuration in the pyrrolic MN4 site upon binding of OOH or OH.

As the formal oxidation state of Mn remains unchanged, the reactivity of Mn is relatively

poor compared to Cr and Fe. In contrast, the high charge and spin population of Fe in both

the ∗OOH and ∗OH intermediates indicate an unusually high +IV oxidation state in order

to adopt d4 configuration. Similar to Cr, the ability of Fe to adjust its oxidation state to

the presence of an axial ligand confers moderate reactivity to the active site, thus making it
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ideal for promoting the inner-sphere ORR mechanism.

Briefly comparing the reactivities of pyrrolic and pyridinic MN4 sites (Figure 2c,d and

Figure S4), we observed that the pyridinic sites generally exhibit higher inner-sphere reactiv-

ity with more negative ∆Gad and more positive ∆Gdes. Universally, the stronger binding of

ligands implies destabilization of the ligand-free MN4 sites, consistent with previous findings

that such metals often exhibit poor affinity to pyridinic structures.26 In this regard, model-

ing the inner-sphere mechanisms on the pyridinic sites may appear to be more promising at

first glance due to the more exergonic first protonation step to ∗OOH. However, considering

the last two data points in Figure 2c, the inner-sphere mechanism on pyridinic sites leads

to an erroneous prediction that Zn-N-C and Mg-N-C should be similar, or even higher, in

reactivity compared to Fe-N-Cs, contrary to the observed differences in intrinsic activity

between isomorphic Zn-N-Cs and Fe-N-Cs.23,52 We note that apparent reactivity of the pyri-

dinic ZnN4 site is also implied in a recent work by Karmodak et al.,55 further substantiating

the instability of pyridinic ZnN4. In addition, even for the pyridinic motifs, the apparently

high inner-sphere activity of FeN4 and CoN4 reported in previous studies16,56,57 becomes

greatly suppressed once hybrid functionals are applied. This effect corroborates well with a

study by Barlocco et al. who reported that the PBE functional overestimated the stability

of the H−CoN4 intermediate for hydrogen evolution reaction (HER) by 0.5 eV compared to

the PBE0 functional, leading to an exaggeration of its theoretical HER activity.27,28 Despite

the partial success of the conventional inner-sphere mechanism in explaining the reactivity

of materials like Fe-N-Cs, it cannot fully account for reactivity trends among of the late

transition metals (M = Co – Zn), or even the reactivity differences between the acidic and

the alkaline medium. Therefore, we performed an alternative study in order to determine

the possible influence of the outer-sphere mechanism on M-N-Cs, noting that its significance

has already been highlighted for metal-based and graphene-based catalysts in the alkaline

medium.38,40,58
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Figure 3: (a) HOMO energy of free and OH-bound pyrrolic motif. (b) Relative free energy
between isomeric intermediates ∗H2O2 (defined as zero), ∗(OH)2 and ∗O(H2O). (c) Close-up
views of three intermediates at the pyrrolic FeN4 cluster. Geometries were obtained with
PBE0/def2-SVP. The final electronic structures were obtained with PBE0/def2-TZVP with
COSMO solvation model.

Outer-sphere electron transfer

Although weak interactions with intermediates can be detrimental to the inner-sphere ac-

tivity, it does not necessarily imply that such M-N-Cs are unsuitable for ORR catalysis.

Most notably, Co-N-Cs have been widely shown to exhibit excellent ORR activities, with

relatively high 2e-ORR selectivity,59 despite poor interactions with adsorbates. This some-

what counter-intuitive, Sabatier-defying, ORR activity can be explained by the outer-sphere

mechanism, in which a net electron transfer to oxygen in the outer Helmholtz plane occurs

without direct adsorption.38 The outer-sphere mechanism is especially significant in alkaline

media, as the metals’ interactions with hydroxides can interfere with the adsorption of in-

termediates. From ab-initio calculations, a descriptor for the ability of M-N-Cs to donate

electrons would be the Fermi energy, or in the case of cluster models the energy of the highest

occupied molecular orbital (HOMO).60,61

Figure 3a shows the HOMO energies of the ligand-free and OH-bound pyrrolic MN4
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clusters. Among the ligand-free sites, transition metals in the +II oxidation state (M = Cr,

Fe, Co, Ni, Cu, Zn) generally lead to higher HOMO energies compared to those with the

+III oxidation state (M = Sc, Ti, V, Mn). MN4 sites containing the p-block metals (M =

Al, Ga) are outliers to this trend with the ligand-free sites exhibiting relatively high HOMO

energies despite their +III oxidation state. Interestingly, the binding of an OH ligand leads

to a reversal in the trend in HOMO energies, with metals in the +III/+IV oxidation state

(M = Sc, Ti, V, Cr, Mn, Fe, Co, Ga) generally producing higher HOMO energies than those

in the +II oxidation state (M = Mg, Ni, Cu, Zn). Considering their relatively high HOMO

energies both in the free and ligand bound states, MN4 sites with M = Al, Ga, Cr, Fe or Co

are expected to have significant contributions from the outer-sphere mechanism regardless

of the presence of axial ligands. Especially for Cr and Fe where metal-ligand interactions are

moderately strong, both the inner- and outer-mechanisms can even occur simultaneously,

further boosting their already exceptional ORR activities.

Interactions with H2O2

Even though the outer-sphere mechanism can in principle assist in electron transfer and

increase the overall ORR currents, its adsorption-free nature would inevitably lead to the

production of H2O2. As such, the excellent ability of FeN4 to promote the outer-sphere

mechanism partially contradicts the fact that Fe-N-Cs are known to be highly selective

towards 4e-ORR, especially in alkaline media. In order to understand the selectivity towards

2e- or 4e-ORR, it is thus necessary to investigate the interactions between the produced H2O2

with the MN4 sites. For that purpose, we studied three different isomeric structures shown in

Figure 3c in the pyrrolic MN4 sites, namely the physisorbed ∗H2O2, the dissociated ∗(OH)2

and the ∗O(H2O) structure which would have been produced following the reduction of the
∗OOH intermediate (Equation 5). Metals that are irreversibly poisoned by OH at typical

ORR potentials are excluded (M = Al, Ga, Sc, Ti, V), as it is unlikely for them to have free

MN4 sites for interaction with H2O2 under typical ORR conditions.
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Among the remaining metals in pyrrolic MN4 sites, we further distinguish between metals

that are inert towards H2O2 from those with at least one stable water-producing intermedi-

ate, namely either ∗(OH)2 or ∗O(H2O) (Figure 3b). Consistent with their universally weak

interactions with the adsorbates, MN4 sites with M = Mg, Ni, Cu or Zn clearly belong to

the former group as the formation of either ∗(OH)2 or ∗O(H2O) from ∗H2O2 is determined

to be endergonic or reversible at best. It is thus unlikely for these MN4 sites to be involved

in promoting the subsequent H2O2 reduction reaction (H2O2RR) within the IHP. Mean-

while, metals with intermediate reactivities (M = Cr, Mn, Fe) favor the formation of both

the water-producing intermediate due to their abilities to adopt higher oxidation states. In

particular, the exergonic formation of the ∗(OH)2 intermediate implies a significant driving

force towards the dissociation of H2O2 at these sites. While such an interaction is consis-

tent with the relatively high H2O2RR currents measured on Mn-N-Cs and Fe-N-Cs62 and

the generally high 4e-ORR selectivity of the latter, it can have detrimental effects on the

stability of these active sites, one of the key limitations reported in Fe-N-C catalysts.7,63 In

particular, if either of the OH fails to bind to the metal upon dissociation of H2O2, OH rad-

icals could be produced in a Fenton-like reaction,64 inducing oxidative stress on the carbon

matrix.63,65–67 Such a process is especially relevant in acidic media where the H2O2 remains

in its protonated form.36,68 Therefore, although the complementary outer-sphere mechanism

is theoretically favorable for producing higher currents, it could in fact be detrimental to the

corrosion resistance of metals such as Cr and Fe in the pyrrolic MN4 site due to their strong

interactions with H2O2. In order to increase the long-term stability of such materials, modi-

fications should be targeted at either decreasing the relative contribution of the outer-sphere

mechanism (but potentially leading to smaller currents) or minimizing interactions of FeN4

sites with H2O2, for example by providing alternative active sites for H2O2RR which do not

produce OH radicals.

Besides Fe-N-Cs, Co-N-Cs are also popular for ORR electrocatalysis, especially towards

2e-ORR. As discussed in the previous section, pyrrolic CoN4 sites have relatively high HOMO
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energies to promote electron donation regardless in both the ligand-free and OH-bound forms

(Figure 3a). Additionally, due to its transitional position between two strongly contrasting

groups of MN4 sites (M = Cr, Mn, Fe vs M = Ni, Cu, Zn), CoN4 is unique among the

studied transition metals in its interactions with H2O2. While the direct dissociation of
∗H2O2 to form ∗(OH)2 is endergonic, the formation of ∗O(H2O) intermediate is relatively

stable compared to ∗H2O2 (Figure 3b). The former suggests that pyrrolic CoN4 would not

be able to catalyze the subsequent reduction of H2O2 within the IHP, leading to smaller

currents but also lower production of destructive OH radicals compared to the more reactive

metals (M = Cr, Mn, Fe). Nevertheless, the reduction of an adsorbed ∗OOH intermediate

is still thermodynamically more likely to form ∗O(H2O) than ∗H2O2. Therefore, depending

on the desired application, external means to promote or suppress interactions with axial

ligands for the inner sphere mechanism would be crucial in modulating the overall ORR

selectivity of Co-N-Cs.

Conclusion

In summary, we performed an extended study of the oxygen reduction reaction on M-N-Cs

containing first row transition metals as well as group 2 and group 13 metals, taking into

consideration not only the conventional inner-sphere mechanism, but also the possibility of

an outer-sphere mechanisms leading to 2e-ORR and 2e+2e-ORR pathways. An overview

of each metal’s ability to participate in the inner-sphere and outer-sphere mechanism is

depicted in Figure 4.

In general, while the conventional inner-sphere mechanism can qualitatively explain the

ORR activity for certain materials like Fe-N-Cs, there are instances where the mechanism

contradicts experimental observations, especially the reactivity comparison among M-N-Cs

in the alkaline media for late transition metals. While all metals can contribute to the outer-

sphere mechanisms in their stable form, only those with intermediate reactivities can promote
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Figure 4: A heatmap illustrating the ratings of various processes based on their respective
energies, where a rating of 0 (red) represents the worst performance and a rating of 1 (blue)
signifies the best. The processes evaluated include the free energy of the most endergonic
step for inner-sphere ORR, the dissociation energy of physisorbed H2O2 for H2O2RR, and
the respective HOMO energies for Outer-sphere electron transfer.

the inner-sphere mechanism and the dissociation of H2O2. As a result of the change in metal

oxidation state upon the binding of axial ligands, pyrrolic CrN4 and FeN4 are exceptional in

their ability to promote 4e-ORR as they not only catalyze the inner-sphere mechanism and

H2O2 dissociation, but are also relatively good electron donors regardless of the presence

of axial ligands. However, the H2O2 produced from an outer-sphere mechanism could be

the Achilles’ heel to their long-term stability. In contrast, while CoN4 does not interact

as strongly with axial ligands, it is still able to promote outer-sphere electron transfer in

both the ligand-free and OH-adsorbed states, making it suitable for 2e-ORR applications.

In addition to showcasing the influence of the oxidation state of metal M on the inner-

sphere ORR activity, this study highlights the significance of factoring in contributions from

the outer-sphere mechanism as well as interactions with H2O2 to justify the overall ORR

activity, selectivity and long-term stability. This insight holds promise in catalyst design,

as the targeted manipulation of the preferred electron transfer mechanism as well as the

interactions with H2O2 could be crucial in mitigating the current limitations of various M-

N-C catalysts.
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Table S1: Multiplicity 2S + 1, DFT energy EDFT and vibrational free energy correction
term Fvib of the most stable spin state of pyrrolic MN4 along with the average M-N bond
lengths dM−N and the perpendicular distance between metal M and the N4 site dperp. The
perpendicular distance is calculated as a scalar product between an M-N vector and the
normal vector to the N-N diagonals.

M 2S + 1 EDFT(Eh) Fvib(Eh) dM−N (Å) dperp (Å)
Al 2 -4131.7233 0.8612 1.94 0.00
Ga 2 -5813.9351 0.8585 1.97 0.00
Sc 2 -4649.9331 0.8573 2.09 0.45
Ti 3 -4738.6339 0.8573 2.02 0.18
V 2 -4833.1596 0.8564 1.99 0.06
Cr 3 -4933.6389 0.8572 2.00 0.01
Mn 6 -5040.1527 0.8582 1.96 0.00
Fe 3 -5152.8303 0.8595 1.96 0.00
Co 4 -5271.8859 0.8589 1.95 0.00
Ni 3 -5397.4295 0.8583 1.95 0.00
Cu 4 -5529.5796 0.8567 1.98 0.00
Zn 1 -5668.4547 0.8552 2.02 0.05
Mg 1 -4089.3490 0.8573 2.03 0.07

Table S2: Multiplicity 2S+1, DFT energy EDFT and vibrational free energy correction term
Fvib of the most stable spin state of pyridinic MN4 along with the average M-N bond
lengths dM−N and the perpendicular distance between metal M and the N4 site dperp. The
perpendicular distance is calculated as a scalar product between an M-N vector and the
normal vector to the N-N diagonals.

M 2S + 1 EDFT(Eh) Fvib(Eh) dM−N (Å) dperp (Å)
Al 2 -4209.2796 0.8990 1.89 0.00
Ga 2 -5891.4906 0.8967 1.92 0.00
Sc 2 -4727.4748 0.8948 2.07 0.78
Ti 1 -4816.1693 0.8947 2.01 0.63
V 4 -4910.6947 0.8956 1.98 0.33
Cr 5 -5011.1945 0.8960 1.94 0.00
Mn 4 -5117.7020 0.8966 1.91 0.00
Fe 3 -5230.4021 0.8976 1.90 0.00
Co 2 -5349.4676 0.8977 1.89 0.00
Ni 1 -5475.0217 0.8978 1.88 0.00
Cu 2 -5607.1606 0.8963 1.93 0.00
Zn 1 -5746.0269 0.8941 1.96 0.02
Mg 1 -4166.9125 0.8965 1.97 0.00
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Table S3: Multiplicity 2S+1, DFT energy EDFT and vibrational free energy correction term
Fvib of the most stable spin state of pyrrolic ∗OOH-MN4 along with the average M-N bond
lengths dM−N, the shortest M-O bond length dM−O and the perpendicular distance between
metal M and the N4 site dperp. The perpendicular distance is calculated as a scalar product
between an M-N vector and the normal vector to the N-N diagonals.

M 2S + 1 EDFT(Eh) Fvib(Eh) dM−N (Å) dM−O (Å) dperp (Å)
Al 1 -4282.6298 0.8732 2.01 1.78 0.43
Ga 1 -5964.8292 0.8706 2.03 1.85 0.46
Sc 1 -4800.8511 0.8702 2.17 1.96 0.79
Ti 2 -4889.5720 0.8731 2.05 1.84 0.58
V 1 -4984.0697 0.8706 2.03 1.77 0.39
Cr 2 -5084.5194 0.8722 2.01 1.83 0.26
Mn 5 -5191.0081 0.8697 1.99 2.00 0.22
Fe 4 -5303.6994 0.8685 2.07 1.87 0.50
Co 3 -5422.7251 0.8708 1.97 1.95 0.16
Ni 6 -5548.2572 0.8680 2.01 2.04 0.19
Cu 5 -5680.4156 0.8688 1.99 2.46 0.04
Zn 2 -5819.2932 0.8691 2.05 2.23 0.27
Mg 2 -4240.1870 0.8669 2.06 2.10 0.38

Table S4: Multiplicity 2S+1, DFT energy EDFT and vibrational free energy correction term
Fvib of the most stable spin state of pyrrolic ∗OH-MN4 along with the average M-N bond
lengths dM−N, the shortest M-O bond length dM−O and the perpendicular distance between
metal M and the N4 site dperp. The perpendicular distance is calculated as a scalar product
between an M-N vector and the normal vector to the two N-N diagonals.

M 2S + 1 EDFT(Eh) Fvib(Eh) dM−N (Å) dM−O (Å) dperp (Å)
Al 1 -4207.5500 0.8706 2.02 1.74 0.50
Ga 1 -5889.7474 0.8684 2.05 1.81 0.53
Sc 1 -4725.7616 0.8659 2.17 1.84 0.77
Ti 2 -4814.4873 0.8686 2.04 1.75 0.51
V 1 -4908.9837 0.8707 2.02 1.75 0.48
Cr 2 -5009.4288 0.8690 2.01 1.80 0.27
Mn 3 -5115.9239 0.8666 2.01 1.88 0.35
Fe 6 -5228.6148 0.8666 2.07 1.81 0.55
Co 1 -5347.6347 0.8705 1.96 1.80 0.13
Ni 6 -5473.1713 0.8650 2.03 1.86 0.38
Cu 5 -5605.2939 0.8645 1.99 2.19 0.13
Zn 4 -5744.2132 0.8635 2.12 1.88 0.68
Mg 4 -4165.1152 0.8650 2.14 1.87 0.70
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Table S5: Multiplicity 2S+1, DFT energy EDFT and vibrational free energy correction term
Fvib of the most stable spin state of pyridinic ∗OOH-MN4 along with the average M-N
bond lengths dM−N, the shortest M-O bond length dM−O and the perpendicular distance
between metal M and the N4 site dperp. The perpendicular distance is calculated as a scalar
product between an M-N vector and the normal vector to the two N-N diagonals.

M 2S + 1 EDFT(Eh) Fvib(Eh) dM−N (Å) dM−O (Å) dperp (Å)
Al 1 -4360.2115 0.9122 1.96 1.78 0.50
Ga 1 -6042.4080 0.9099 2.00 1.85 0.55
Sc 1 -4878.4211 0.9088 2.15 1.97 0.92
Ti 2 -4967.1364 0.9096 2.08 1.88 0.82
V 3 -5061.6379 0.9088 2.01 1.78 0.56
Cr 4 -5162.0832 0.9106 1.97 1.83 0.35
Mn 5 -5268.5780 0.9094 1.97 1.91 0.47
Fe 2 -5381.2745 0.9127 1.91 1.78 0.24
Co 3 -5500.3148 0.9100 1.92 1.93 0.21
Ni 2 -5625.8523 0.9070 1.89 2.31 0.05
Cu 3 -5757.9929 0.9075 1.94 2.52 0.04
Zn 2 -5896.8861 0.9078 2.07 1.91 0.71
Mg 2 -4317.7917 0.9089 2.12 1.93 0.86

Table S6: Multiplicity 2S+1, DFT energy EDFT and vibrational free energy correction term
Fvib of the most stable spin state of pyridinic ∗OH-MN4 along with the average M-N bond
lengths dM−N, the shortest M-O bond length dM−O and the perpendicular distance between
metal M and the N4 site dperp. The perpendicular distance is calculated as a scalar product
between an M-N vector and the normal vector to the two N-N diagonals.

M 2S + 1 EDFT(Eh) Fvib(Eh) dM−N (Å) dM−O (Å) dperp (Å)
Al 1 -4285.1337 0.9102 1.97 1.73 0.54
Ga 1 -5967.3276 0.9076 2.01 1.81 0.59
Sc 1 -4803.3303 0.9058 2.15 1.85 0.93
Ti 2 -4892.0375 0.9054 2.08 1.78 0.81
V 3 -4986.5502 0.9078 2.01 1.78 0.53
Cr 4 -5087.0011 0.9082 1.97 1.80 0.35
Mn 5 -5193.4985 0.9063 1.97 1.87 0.45
Fe 4 -5306.1818 0.9101 1.94 1.83 0.40
Co 1 -5425.2309 0.9093 1.90 1.81 0.15
Ni 2 -5550.7670 0.9053 1.98 1.87 0.38
Cu 3 -5682.9052 0.9048 1.96 1.98 0.32
Zn 2 -5821.8017 0.9041 2.10 1.85 0.81
Mg 2 -4242.6979 0.9057 2.11 1.84 0.84
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Figure S1: Projected density of state (PDOS) plots of the d-orbital occupations for the
pyrrolic MN4 site. The PDOS plots are obtained upon Mulliken population analysis of
the electronic structure at PBE0-D3(BJ)/def2-TZVP level with COSMO solvation model.
The green dotted line displays the energy of the HOMO, which are generally delocalized
π-orbitals of the carbon framework.
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Figure S2: Projected density of state (PDOS) and corresponding d-orbitals for the pyrrolic
ZnN4. The PDOS plots are obtained upon Mulliken population analysis of the electronic
structure at PBE0-D3(BJ)/def2-TZVP level with COSMO solvation model. The orbitals
are plotted with GMolden with a contour spacing of 0.03.

Figure S3: Projected density of state (PDOS) and corresponding d-orbitals for the pyrrolic
NiN4. The PDOS plots are obtained upon Mulliken population analysis of the electronic
structure at PBE0-D3(BJ)/def2-TZVP level with COSMO solvation model. The orbitals
are plotted with GMolden with a contour spacing of 0.03.
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Figure S4: Free energy diagrams for the inner-sphere ORR mechanism on (a,b,c) pyrrolic
MN4 sites as well as (d,e,f) pyridinic MN4 sites at U = 0.7 VRHE.
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Figure S5: Scaling relations plot between free energy for the potential-dependent desorption
step ∆Gdes and the adsorption step ∆Gad

Figure S6: Charge and spin population of transition metal M in the pyridinic (a) ∗OOH
and (b) ∗OH sites along with the assigned metal-centred d-orbital configuration. The final
electronic structures were obtained with PBE0/def2-TZVP with COSMO solvation model.
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Computational Highlights
This paper further illustrated the value of the templating-transmetallation strat-
egy using an Mg-salt as templating agent for producing isomorphic Co-N-Cs and
Ni-N-Cs. The materials’ intrinsic activity and selectivity towards CO2RR and
competing HER were compared. Assisting in the elucidation of local geometry
with EXAFS, we optimized geometric models for the incorporation of planar
pyrrolic and pyridinic MN4 motifs with various oxygen ligands. Especially for
the Ni-N-Cs, we determined an excellent fit to the pyrrolic MN4 structure, with
the less porous material exhibiting a smaller M-OH coordination number indi-
cating a lower accessibility of active sites. We subsequently studied the reaction
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mechanisms on NiN4 and CoN4 sites using the computational hydrogen electrode
method. Initial results revealed a glaring contradiction that the NiN4 site is not
only catalytically inert, but also unselective towards CO2RR (vs HER). Never-
theless, using a modification of the computational hydrogen electrode (CHE) to
study the potential-dependent adsorption of K+ ions, we determined that cations
are more strongly adsorbed on pyrrolic MN4 sites than on pyridinic counterparts.
Furthermore. their interactions with the reaction intermediates not only reverse
the selectivity to favor CO2RR, but also alleviate the apparent inertness of the
NiN4 sites.
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Abstract 

M-N-C catalysts are a relatively new class of promising electrocatalysts, due to their high atom efficiency and 

potential to utilize abundant elements to substitute rare element-based catalysts. The chemical and 

morphological complexity of the materials however still complicates the assessment of their technological 

potential. We herein use active-site imprinted Mg-N-Cs as platform substrates for ion-exchange reactions 

towards chemically and morphologically equivalent Ni-N-C and Co-N-C electrocatalysts for the CO2 reduction 

reaction. This way, a fair comparison of the intrinsic catalytic activity of both types of catalysts becomes 

experimentally feasible. We report strong metal-support interactions and consistently higher activity and 

selectivity to CO at high stability for Ni-N-Cs. The Ni-N-C catalyst shows almost double the specific activity 

compared to the equivalent Co-N-C and a Faraday efficiency of >80% at a very low overpotential of η= -0.43 V 

(even 95% at η = -0.5 to -0.8 V). DFT calculations reveal the crucial role of alkali metal ions in stabilizing the 



reaction intermediates for enhanced activity and CO selectivity on tetrapyrrolic NiN4
 active sites. The stability 

of the Ni-N-C at -0.65 V is very high, showing 92.5 % retention of the current density with a 97.6 % retention 

of the CO selectivity after 100 h of test. 

Keywords: Electrochemical carbon dioxide reduction, single atom catalyst, active-stie imprinting, Ni-N4 sites, 

Co-N4 sites 

Introduction 

The conversion of carbon dioxide has become a topic of intense study because of increasing environmental 

considerations.1 By means of electrochemical reduction CO2 can be converted into a variety of useful products 

e.g. carbon monoxide, methane, methanol, formic acid etc., which can be used as either fuel or a feedstock for 

producing useful chemicals.2-4 Since fossil resources are coming without formation costs, the CO2 conversion 

pathways must be energetically efficient and as inexpensive as possible so that the green technology benefits 

can be harnessed with minimal extra cost.5 These challenges can be addressed by developing innovative 

catalysts having high product selectivity while operating at low overpotentials with robust performance 

stability.6 The use of entirely abundant elements would be desirable to foster stable market prices, exclude costs 

for recycling and fulfil criteria for green and sustainable technology.7 For the electrochemical CO2 reduction 

reaction (CO2RR) to CO, state-of-the-art catalysts such as gold and silver are not only expensive, but also suffer 

from sintering and surface modifications that result in considerable loss of CO Faraday efficiency (FECO) and 

large overpotentials associated with these catalysts.8 Single-atom transition metal catalysts have recently 

emerged as an interesting class of low-cost materials. Therein, the active central metal ion is embedded into 

nitrogen doped carbons (NCs) by chelate coordination to e.g. nitrogen atoms of carbon matrix to form M-Nx 

structures similar to M-N4 motif porphyrin and phthalocyanine-type molecular complexes.9-11 Interestingly, 

such M-Nx sites hosted in porous carbon frameworks, generally represented as M/N/C or M-N-C catalysts, have 

shown excellent CO selectivity in the electrochemical reduction of carbon dioxide.12-14 Of particular interest are 

iron, cobalt, nickel and more recently zinc based active centers for which high FECO values have been reported.15-

17 Zhang et al. investigated well-defined model catalysts and observed a 99% FECO for Co-phthalocyanine 

catalysts with tetrapyrrolic Co-N4 sites, far outperforming the respective Fe, Ni and Cu counterparts for which 

FECO values were well below 50%.18 Pan et al. reported a 93% FECO for Fe-N-Cs in comparison to 45% for Co-



N-Cs, where the exact structure of the active sites is not well-defined.19 Similarly, FECO values over 90% have 

been reported for Ni-N4 sites supported on carbon nanotubes (CNTs) or other carbon supports.20, 21 There is, 

however, discrepancy in CO selectivity for the same metal-based active centers e.g. Ni-N4 or Co-N4 reported 

by different groups. This might be caused by variations in the coordination geometry or by the presence of 

inconspicuous side phases formed during conventional pyrolytic syntheses. Furthermore, different chemical and 

morphological features of the carbon backbone, acting as a support and solid-state ligand, may considerably 

affect the electronic structure of active centers as discussed by Hu et al.11  

For the further development of M-N-C electrocatalysts, it is important to determine the specific activity of active 

sites with different active metals and evaluate their respective selectivity and stability. The specific catalytic 

activity for non-ideal, practically relevant materials is convoluted with often complex mass-transport restraints, 

so that only an apparent catalytic activity is commonly accessible.22 M-N-Cs with different type of single atoms 

can hence be compared, only if one can account for mass-transport resistances or if the catalyst morphology is 

comparable. Furthermore, the situation is complicated due to an expected large effect of the support chemistry 

(equivalent of metal-support interactions). Different coordination environments will affect the specific activity 

of the active site and also electronic interaction with the support are comprehensible.23, 24 M-N-Cs are commonly 

prepared via carbonization in the presence of compounds of the active metal, which inevitably has a direct and 

often strong influence on the resulting chemical and physical structure. Therefore, a comparable structure-

performance relation is not strictly feasible among pyrolytic M-N-C preparations.  

We herein use identical NCs with preformed coordination sites to form comparable Ni-N-Cs and Co-N-Cs with 

conservation of the support chemistry and morphology. It is shown that, compared to Co-Nx sites, Ni-Nx sites 

exhibit considerably larger turnover frequencies (TOFs) for CO2 reduction to CO as well as higher selectivity 

for CO. Small mass-transport limitations can further be realized with a hierarchical pore structure of the NC 

support and high specific surface area, resulting in yet unprecedented selectivity for CO formation with FECO 

values around 95% at relatively low overpotentials of 480 – 490 mV. The prepared Ni-N-C catalyst shows a 

high stability with only 7.5% activity loss and 97.6% retained CO-selectivity after 100 h of testing. 

 



Results and Discussion 

Structural Characterisation of Catalysts 

We recently showed that Lewis-acidic magnesium ions can be utilized to imprint coordination sites into NCs 

with a pyrolytic method, analogous to the template-ion reaction used in supramolecular chemistry. Such 

imprinted NCs (essentially being Mg-N-Cs) can be converted into selected M-N-C catalysts by coordination of 

the desired, catalytically active metal ions at low temperatures. The method decouples the formation of the NC 

catalyst support from the formation of active-sites.25-28 Additional thermal treatment further improves the 

catalysts.27, 28 Mg-N-Cs were prepared at 800 °C and 1000 °C by an ionothermal salt template-transformation 

carbonization similar to our earlier report,25 while the second heat-treatment at 900 °C was equally applied to 

all catalysts. We herein successfully employed imidazole as an inexpensive C/N-precursor and MgCl2·6 H2O 

as a porogen and source of magnesium ions. Acidic extraction of most of the Mg2+ from the as-obtained Mg-N-

C was followed by a wet-chemical reaction with Ni or Co ions, respectively resulting in Ni-N-Cs and Co-N-Cs 

by coordination and ion-exchange. Four catalysts, including Ni-N-C_800, Ni-N-C_1000, Co-N-C_800 and Co-

N-C_1000 were scrutinized, where 800 and 1000 represent the pyrolysis temperatures of 800 oC and 1000 oC, 

at which the Mg-N-C supports were synthesized. 

Porosity analysis of the Ni and Co catalysts was carried out using N2-physisorption. The isotherms of Ni-N-

C_800 and Co-N-C_800 catalysts are type II (Figure 1a), indicating a predominantly non-porous nature of 

carbon sheets.29 The isotherms are very similar due to the preformed carbon support and resemble the one of 

Mg-N-C_800 closely (Figure S1). The corresponding pore size distribution (PSD) curves (Figure 2b) also reflect 

the existence of only few pores. On the other hand, both Ni-N-C_1000 and Co-N-C_1000 catalysts exhibit type 

IV isotherms with the characteristic hysteresis loops indicative of mesoporous materials (Figure 1a).30 Sharp N2 

gas uptake at low relative pressure (p p0
-1 < 0.02) is observed for the both samples pointing to a large abundance 

of micropores. All catalysts closely resemble the morphology of the Mg-N-C supports prepared without 

coordination of transition metal ions, importantly allowing for fair comparison of Ni with Co catalysts (Figure 

1a-b and S1). 



Measures of the morphological properties of all catalysts are summarized in Table 1, while a detailed 

comparison of surface areas and porosities of Ni and Co catalysts with the Mg-N-C_800 and Mg-N-C_1000 

matrices (before Ni and Co coordination) is provided in Table S1. The Ni-N-C_800 and Co-N-C_800 catalysts 

(like Mg-N-C_800) have comparably low surface areas of 287 and 375 m2 g-1, respectively, while the other two 

catalysts Ni-N-C_1000 and Co-N-C_1000 possess substantially higher surface areas of 1686 and 1591 m2 g-1 

like Mg-N-C_1000. High surface areas and hierarchical porosities are beneficial for a facile mass-transport of 

reacting species to the active centres. The PSD curves of both catalysts in Figure 1b are bimodal with large 

degree of micro- and small meso-domains. Comparing the surface area and porosity values reveal that these 

catalysts with their carbon sheet morphology have very low internal porosity, which is advantageous to avoid 

pore blockage throughout the Ni and Co coordination/transmetalation.  

The morphology and elemental distribution of Ni and Co catalysts were examined using scanning electron 

microscopy (SEM) and TEM imaging coupled with an energy dispersive X-ray detector (EDX). All catalysts 

consist of crumpled thin carbon sheets as can be seen in SEM (Figure S2) and TEM (Figure 3 and S3) images. 

The formation of such disordered carbon structures results from the polymerization/carbonization of organic 

precursors (imidazole in this case) in the eutectic salt mixtures, herein throughout salt template transformation 

carbonization.31 Inorganic salts can act as inorganic solvent and/or hard template, while facilitating 

polymerization/carbonization of organic precursors.32-36 Formation of extended ionothermal 2D carbon 

structures were originally reported by Antonietti et al. carbonizing glucose in LiCl-KCl.37 The distribution of 

Ni and Co sites embedded in the final catalysts was mapped with the EDX (Figure S4) and it can be clearly 

observed that the population of Ni sites is significantly higher in Ni-N-C_800 (2.21 wt.%) as compared to the 

Ni-N-C_1000 (0.57 wt.%), still clearly outmatching the amount of residual Mg. The presence of residual Mg 

and its distribution in Mg-N-C_800 and Mg-N-C_1000 was also mapped (Figure S5) and the corresponding Mg 

contents are listed in Table S2. In the cobalt catalysts, the amount of coordinated cobalt in Co-N-C_800 and 

Co-N-C_1000 catalysts is 1.57 and 0.43 wt.%, respectively. Higher metal contents in both Ni-N-C_800 and Co-

N-C_800 catalysts are due to the higher heteroatom content of the Mg-N-C_800 carbon support (Table S2), 

which was pyrolyzed at lower temperature (Tc = 800 oC). Larger amounts of heteroatoms, particularly Lewis-

basic sites enable the coordination of larger quantities of Ni and Co single atoms as M-N/O sites to the Mg-N-



C support.38 More precisely, the higher amount of Ni for Ni-N-C_800 goes along with retaining higher amounts 

of nitrogen, while Co-N-C_800 has relatively lower nitrogen and metal contents, at the same time increased 

oxygen contents (Table 1). Both, Ni-N-C_1000 and Co-N-C_1000 have smaller N-contents compared to Mg-

N-C_1000, while a relatively strong decrease in the O-content is observed for Co-N-C_1000 compared to Co-

N-C_800. The deconvoluted high resolution N 1s XPS spectra of both Mg-N-C_800 and Mg-N-C_1000 show 

a small M-Nx fraction (~399 eV) confirming the existence of residual imprinted Mg-Nx moieties, which 

withstood the extraction by acid washing (Figure S6 and Table S2). 

 

Figure 1. (a) N2 adsorption-desorption isotherms and (b) corresponding pore size distributions calculated by 

QSDFT method. (c) Deconvoluted XPS high resolution N1s spectra of Ni-N-C_800, (d) Ni-N-C_1000, (e) 

Co-N-C_800 and (f) Co-N-C_1000 catalysts. 

 

406 404 402 400 398 396

C
o

u
n

ts
 /
 a

.u
.

Binding energy / eV

 signal

 pyridinic

 pyrrolic

 graphitic

 N-oxide

 sum

 background

 M-Nx

 

 

  

406 404 402 400 398 396

 signal

 pyridinic

 pyrrolic

 graphitic

 N-oxide

 sum

 background

 M-Nx

C
o

u
n

ts
 /
 a

.u
.

Binding energy / eV 

 

  

(c) (d)

406 404 402 400 398 396

 signal

 pyridinic

 pyrrolic

 graphitic

 N-oxide

 sum

 background

 M-Nx

C
o

u
n

ts
 /

 a
.u

.

Binding energy / eV 

 

  

0.0 0.2 0.4 0.6 0.8 1.0

0

300

600

900

1200

1500
 Ni-N-C_800

 Ni-N-C_1000

 Co-N-C_800

 Co-N-C_1000  

 

V
N

2
a
d

s
S

T
P
 /
 c

m
3
 g

-1

Relative pressure / p p-1
0

(a)

1 10 100

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Pore diameter / nm

 Ni-N-C_800

 Ni-N-C_1000

 Co-N-C_800

 Co-N-C_1000

d
V

 d
D

-1
 /
 c

m
3
 g

-1
 n

m
-1

(b)

406 404 402 400 398 396

 signal

 pyridinic

 pyrrolic

 graphitic

 N-oxide

 sum

 background

 M-Nx

C
o

u
n

ts
 /
 a

.u
.

Binding energy / eV 

 

  

(e) (f)



The amount and chemical nature of doped nitrogen in these catalysts was analyzed by XPS (Figure 1c-f and 

Table 1). The total nitrogen contents decrease as the pyrolysis temperature increases from 800 to 1000 oC. For 

Ni-N-C_800 and Co-N-C_800, the total amount of nitrogen is 9.36 and 7.36 at.%, respectively, which dropped 

to 3.39 at.% for Ni-N-C_1000 and 4.80 at.% for Co-N-C_1000. This trend is consistent with the general 

observation of an increased overall loss of heteroatoms at higher carbonization temperatures and correlates with 

reduced metal loadings of the catalysts pyrolyzed at higher temperature.39 Interestingly, the total heteroatom 

content of Co and Ni catalysts are in each case similar, while Co-N-C_800 has a strikingly higher O-content. 

Compared to the transition metal-free reference samples HT900-Mg-N-C_800 (Mg-N-C_800 post-treated at 

900 °C) and Mg-N-C_1000 (Table S5), it is apparent that the presence of transition metal results in relatively 

high heteroatom content at 800 °C, while it is relatively reduced at 1000 °C. Despite the similar concentration 

of heteroatoms, generally substantially more nickel is bound compared to cobalt. 

Table 1. Summary of SSA, TPV, surface O and N contents (by XPS), and Ni and Co metal contents (by EDX). 

Catalyst SSABET  

[m 2g-1] 

SAext 

[m2g-1] 

TPVa) 

[cm3g-1] 

O- 

Cont. 

[at.%] 

N- 

Cont. 

[at.%] 

Metal 

Cont.b) 

[wt.%] 

Ni-N-C_800 287 287 0.97 3.01 9.36 Ni ≈2.21 

Ni-N-C_1000 1686 1559 1.70 3.94 3.39 Ni ≈0.57 

Co-N-C_800 375 375 0.84 5.52 7.36 Co ≈1.57 

Co-N-C_1000 1591 1478 1.42 2.46 4.80 Ni ≈0.43 

 a) TPV was measured at p·p0
-1 = 0.98.  

             b) The metal content was determined by EDX. 

 

The qualitative and quantitative analysis of different types of nitrogen sites in these catalysts was done by 

deconvoluting high resolution N1s peaks (Figure 1c-f). Five different types of nitrogen sites could be discerned 

that included pyridinic (Npyridinic), pyrrolic (Npyrrolic), graphitic (Ngraphitic), oxidized nitrogen (N-oxide) and metal-

coordinated nitrogen (M-Nx) at the binding energies of 398.3, 400.4, 401.3, 403 and 399 eV, respectively.40 For 

the materials originally prepared at 800 °C and post-treated at 900 °C, the Lewis-basic Npyridinic, Npyrrolic and NM-

N are the major fractions making up about 70 % of the N sites (Figures 1c-d and S6, Tables 2 and S2). The 

spectra of Ni-N-C_800 and Co-N-C_800 catalysts show an increased relative abundance of M-N and Npyridinic 



sites compared to the transition metal-free support material HT900_Mg-N-C (Fig. S6). For the materials 

prepared at 1000 °C, the Lewis-basic N-sites are still dominant, but with a lower relative abundance of low 

binding energy species. While the spectrum of Co-N-C_1000 resembles well the one of Mg-N-C_1000, Ni-N-

C_1000 shows a more pronounced loss of Npyridinic and NM-N.  

Altogether, it can be stated that desirable M-N4 surface complexes were successfully prepared. Consistent with 

our previous findings, Co2+ ions are less prone to coordinate/transmetallate Mg2+ ions within imprinted 

coordination sites, also compared to the herein investigated Ni2+ ions, resulting in relatively lower metal 

loadings. In the case of Co-N-C_800, a larger contribution of O-coordination is apparent, likely since Co-N/O 

sites or amorphous cobalt oxide is formed due to kinetically limited Mg2+ to Co2+ ion-exchange. The 

employment of Mg-N-C_1000 as support has the advantage of desirable morphological characteristics, while 

the formation of M-N4 is successful despite a lower metal loading along with reduced heteroatom concentration. 

Despite the second heat-treatment at 900 °C, the formation of parasitic inorganic side-phases is not observed, 

and the morphology of the support is retained. This approach results in the unique opportunity to deconvolute 

morphological restraints to the intrinsic catalytic activity and fairly compare the specific properties of Co- and 

Ni sites. 

Table 2. Total N contents and absolute amounts of different N-sites determined from high-resolution N1s XPS 

peaks. 

Catalyst Ntotal 

[at.%] 

Npyridinic 

[at.%] 

M-Nx 

[at.%] 

Npyrrolic 

[at.%] 

Ngraphitic 

[at.%] 

N-oxide 

[at.%] 

Ni-N-C_800 9.36 4.19 0.76 2.35 1.83 0.23 

Ni-N-C_1000 3.39 0.99 0.34 0.70 0.99 0.37 

Co-N-C_800 7.36 2.64 0.95 1.56 1.64 0.57 

Co-N-C_1000 4.80 1.75 0.39 1.15 1.01 0.50 

 

The local coordination environment of the Ni and Co atomic sites was analyzed by synchrotron-based X-ray 

absorption spectroscopy (XAS). The position of main Ni K-edge peaks of X-ray absorption near edge structure 

(XANES) of Ni-N-C_800 and Ni-N-C_1000 indicate an average oxidation state of +2 (Figure 2a).41 When 

compared with the XANES profile of the nickel (II) phthalocyanine (NiIIPc), the absence of shoulder peak at 

8339 eV for both Ni catalysts indicates an additional ligand or a distorted, almost tetrahedral geometry of the 



Ni-N4 sites. The Fourier-transformed, extended X-ray absorption fine structure (EXAFS) spectra of both Ni 

catalysts reveal the radial distribution function related to nearest neighbour atoms (Figure 2c and e). The 

dominant peak at around 1.8 – 2.0 Å (all radial distances are phase-corrected) is related to the proximal Ni-N/O 

distance, while the second minor peak at larger distance of around 2.9 – 3.1 Å originates from the Ni-N/C 

scattering in the second coordination shell. The EXAFS profiles of Ni-N-C_800 (Figure 2c) and Ni-N-C_1000 

(Figure 2e) were fitted with DFT-optimized geometric models. For Ni-N-C_800 catalyst, the best fit was 

obtained using a (OH)NiN4 structure with a tetrapyrrolic coordination i.e. central Ni atom binding one OH group 

in the axial position and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon plane. Best 

EXAFS fit for the Ni-N-C_1000 was obtained with a (OH)2NiN4 structure with a tetrapyrrolic coordination 

corresponding to two OH groups bound in the axial positions. Different structural parameters obtained from the 

EXAFS fitting of both catalysts are provided in Tables S3 and S4. For Ni-N-C_1000 catalyst, a slightly shorter 

first-shell coordination (Ni-N/O) is observed, which can be attributed to the higher Ni-O coordination number 

as well as the shorter Ni-O bond lengths in the DFT-optimized geometries of (OH)2NiN4 (1.85 Å) compared to 

(OH)NiN4 (1.94 Å). The fitted Ni-N distances are nearly identical. These results are in good agreement with 

our recent computational study where a relatively high affinity of templating Mg2+ ions towards tetrapyrrolic 

coordination in carbon materials was determined.42  

Likewise, a comparison of XANES profiles of Co-N-C_800 and Co-N-C_1000 catalysts with those of CoIIPc 

in Figure 2b reveals distorted square-planar geometry of the Co-N4 sites. The EXAFS profiles of both Co-N-

C_800 and Co-N-C_1000 catalysts were fitted best using a (OH)2CoN4C12 structure with tetrapyrrolic 

coordination (Figure 2d and f) corresponding to a central Co atom bound to two OH groups in the axial positions 

and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon plane. Details of fitted parameters 

are provided in Tables S5 and S6. 



 

Figure 2. XANES spectra of (a) Ni K-edge of Ni-N-C_800 and Ni-N-C_1000 and (b) Co K-edge of Co-N-

C_800 and Co-N-C_1000 catalysts. Fitted EXAFS profiles of (c) Ni-N-C_800 and (d) Ni-N-C_1000, (e) Co-

N-C_800 and (f) Co-N-C_1000. Details of EXAFS fitting for Ni and Co catalysts are provide in the supporting 

information. 

Aberration-corrected high-resolution scanning transmission electron microscopy (HR-STEM) imaging also 

confirmed the atomic dispersion of Ni and Co single atoms/ions in the carbon frameworks of Ni-N-C_1000 and 

Co-N-C_1000 catalysts (Figure S7). The bright spots in the HR-STEM dark-field images represent Ni and Co 

single atoms embedded. It is evident that Ni and Co single atoms are dispersed with high uniformity in both 

catalysts without visible aggregation. 
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Electrochemical CO2 reduction activity 

The electrochemical activities of these catalysts were evaluated by performing linear sweep voltammetry (LSV) 

in CO2-saturated 0.1 M potassium bicarbonate (KHCO3) electrolyte. LSVs were also measured in N2-saturated 

electrolyte (Figure S8) where the reductive current was solely due to hydrogen evolution reaction (HER). The 

active-site-imprinted nitrogen-doped carbon (Mg-N-C_800) shows negligible current, indicating absent 

catalytic activity towards both CO2 reduction as well HER of both the N-sites as well as residual Mg-N/O sites. 

However, after Ni ions are coordinated to form Ni-N-C_800, it starts reducing CO2 to CO particularly under 

applied potentials Eappl ≤ -0.5 VRHE) with high FECO that reach up to 95% in the potential range of -0.65 – -0.9 

VRHE (Figure 3b). These results are consistent with previously reported large overpotentials required for CO2 

reduction on Ni-Nx catalysts due to the weak binding of COOH* compared to respective Fe or Co sites.15, 43 

Despite the high overpotential, a desirable high CO selectivity >90% is possible, as the low affinity towards the 

adsorption of *H suppresses the competing HER process. Even though Ni-N-C_800 has a relatively high loading 

of 2.21 wt.%Ni, the obtained current densities are relatively low. For Co-N-C_800, having the equivalent 

morphology, CO2 reduction also results in very similar low currents pointing to a limiting porosity, negatively 

influencing the mass transport. Here, CO2 reduction starts at even significantly lower potential compared to Ni-

N-C_800, resulting in very low CO selectivity dropping below FECO = 20% at -0.7 VRHE (Figure 3b). The 

relatively high overpotential, despite an expected stronger binding of COOH* may be due to the previously 

mentioned contribution of O-binding in Co-N/O sites or even amorphous Co oxide species. 

Interestingly, Ni-N-C_1000, with its highly porous carbon microstructure, delivers much improved performance 

with an onset potential < -0.30 VRHE (Figure 3a and S8), which is over 200 mV up-shifted compared to the Ni-

N-C_800, despite an almost four-fold lower Ni-loading. The current densities obtained with Ni-N-C_1000 are 

2-3 times higher than those generated with Ni-N-C_800 in the potential range of ≤ -0.8 VRHE, which is attributed 

to improved mass-transport porosity. While mesopores with diameters of 2.5 – 5 nm (Figure 1b) allow for 

improved mass-transport of CO2, the abundant micropores with diameters 0.8 – 0.9 nm (that is 2-3 times larger 

than the dynamic diameter of CO2 molecules) can still contribute to CO2 reduction. Despite the largely improved 

performance, the similar shape of the polarization curves of both Ni catalysts confirms the identical nature of 

active sites as characterized by EXAFS. The large effect of the improved mass-transport porosity is confirmed 



by the performance of Co-N-C_1000, which shows even higher current densities at low potential than Ni-N-

C_1000 (Figure 3a). The FECO values between 65 to 69% in the potential range of -0.4 – -0.65 VRHE (Figure 3b) 

are much improved compared to Co-N-C_800, pointing to higher activity of the herein more present Co-N4 sites. 

Compared to Ni catalysts the selectivity is very low, due to the strong binding affinity of *H on Co site, which 

promotes the competing HER process. The amount of dihydrogen gas generated by the two Ni catalysts in -0.50 

– -0.80 VRHE range is negligible as compared to their cobalt counterparts, which can be clearly witnessed from 

the comparative plots of CO and H2 Faraday efficiencies (Figure S9) and current densities (Figure S10). The 

observed differences in activity and selectivity can be interpreted as intrinsic properties of tetrapyrrolic Co-N4 

versus tetrapyrrolic Ni-N4 sites since we are able to exclude the influence of mass transport. 

 

Figure 3. (a) LSVs measured in CO2-saturated 0.1 M KHCO3 electrolyte at a scan rate of 10 mV s-1. Catalyst 

loading was 0.25 mg cm-2, (b) CO Faraday efficiencies, (c) mass activities or mass normalized CO partial current 

densities, and (d) variation of product stoichiometry with applied potential reflected by the ratio of CO and H2 

current densities. 

Accordingly, it is reasonable to compare TOFs of Ni-N-C and Co-N-C catalysts with analogous morphology as 

a measure for the true relation of their intrinsic catalytic properties. Since our approach results in the formation 

of surface accessible and atomically dispersed active sites, the metal loading determined by EDX (Table 1) can 

be utilized to calculate the active site density (SD), and subsequently the turnover frequency (TOF) per site. The 
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respective values for all catalysts are compared in Table 3. The Ni-N-C_800 catalyst possesses high density of 

Ni atomic sites (2.27 x1020 sites g-1), which are very density packed (7.91 x 1017 sites m-2) owing to very low 

specific surface area (287 m2 g-1). Considering the cross-section of an adsorbed CO2 molecule (σ=21 Å2), 17% 

of the total surface is covered with active sites. On the other hand, the Ni-N-C_1000 catalyst has a significantly 

lower SD value of 0.58 x1020 sites g-1 and those sites are sparsely distributed all over the carbon matrix 

(0.34 ∙ 1017 sites m-2) due to very high catalyst surface area (1686 m2 g-1). This relates to ≈0.7% of the total 

surface being covered with active sites. Despite considerably higher density of Ni-N4 sites, the activity of Ni-

N-C_800 catalyst is relatively low. This suggests that most of those sites are apparently inaccessible to CO2, 

which is supported by the EXAFS fit with a single OH-ligand, indicating a lower accessibility compared to the 

other catalysts, being coordinated by two OH-ligands. This is reflected by extremely low TOFs of this catalyst 

(e.g. at -0.65 and -0.80 VRHE) being far smaller than for Ni-N-C_1000 (Table 3). The similar shape of the 

polarization curves of the Ni-N-C catalysts is indicative of the identical nature of active sites, being differently 

utilized. Hence, the microstructure of the carbon framework plays a dominant role in accelerating the rate of 

reaction by effectively channelling the transport of CO2 molecules to the active centres. The structural tuning 

of the carbon matrix can therefore be an effective approach for lowering the overpotential of CO2 reduction, 

while maintaining the Faraday efficiency at high levels. Ni-N-C_1000 exceeds FECO values of 80% at a very 

low potential of -0.43 VRHE, outperforming most of the reported CO2 reduction catalysts (Figure 3b).44, 45 FECO 

values of 95% are obtained in the potential range of -0.50 – -0.80 VRHE, which is among the highest reported for 

the non-precious metal catalysts.46 

The SD and TOF values of the cobalt catalysts are provided in Table 3. Co-N-C_800 has a considerably higher 

density of active sites than the 1000 °C counterpart. This trend is consistent with that observed for the two 

corresponding Ni catalysts. The TOF values of Co-N-C_1000 at -0.65 and -0.80 VRHE are 0.42 and 0.51 s-1, 

respectively, which are far greater (> 20x) than those obtained for Co-N-C_800. However, TOFs of Co-N-

C_1000 are up to two times lower when compared with the corresponding values of 0.68 and 1.16 s-1 for Ni-N-

C_1000 catalyst, indicating superior intrinsic CO2 reduction activity of Ni-N-C catalysts compared to Co-N-C, 

in general. Specific CO current densities (mass activities in A g-1) of all catalysts are plotted in Figure 3c. The 

most active Ni-N-C_1000 catalyst delivers remarkable mass activities that are 2-5 times higher than those 



obtained for the Ni-N-C_800 and Co-N-C_1000 in the potential range of interest i.e. -0.50 – -0.80 VRHE that 

corresponds to the highest CO selectivity region. As summarized in Table S7, the Ni-N-C_1000 catalyst delivers 

mass activities of 13 and 23 A g-1 at -0.65 and -0.80 VRHE, respectively, which are among highest reported for 

non-precious metal catalysts measured under similar conditions47, 48. The stoichiometric ratio of CO2 reduction 

products (CO and H2 in this case) is an important parameter to be considered for practical systems. As can be 

seen in Figure 3d, the CO/H2 stoichiometry for the best Ni-N-C_1000 catalyst is relatively stable (between 19 

– 22) in an applied potential range of -0.60 – -0.75 VRHE, which makes it highly relevant for its application in 

commercial systems. 

Table 3. SDs and TOFs of Ni and Co catalysts. a) Surface coverage was calculated based on the cross-section 

of adsorbed CO2 molecules of σ=0.21 Å2. 

Catalyst Gravimetric site 

density 

[1020 sites g-1] 

Areal site 

density/surface 

coveragea) 

[1017 sites m-2/%] 

TOF @  

-0.65 VRHE 

[s-1] 

TOF @   

-0.80 VRHE 

[s-1] 

Ni-N-C_800 2.27 7.91/16.6 0.05 0.24 

Ni-N-C_1000 0.58 0.34/0.72 0.68 1.16 

Co-N-C_800 1.60 4.27/0.09 0.025 0.022 

Co-N-C_1000 0.44 0.28/0.006 0.42 0.51 

 

For further mechanistic understanding of CO2RR and HER in Ni-N-Cs and Co-N-Cs, we performed DFT 

calculations to study the CO2RR and HER mechanism of the NiN4 and CoN4 sites. Due to the site-retaining 

nature of the transmetalation strategy, we restrict our calculations to MN4 sites, although other M-Nx sites were 

also reported to enhance catalytic activity.15, 49, 50 For CO2RR and HER, the respective formation of the *COOH* 

and *H intermediates are the most endergonic reductive steps and the difference between their energies can be 

correlated to the CO/H2 selectivity. For CoN4 sites, the energies of *COOH* and *H are both relatively low 

(values), in good agreement with the observed high activity and HER selectivity of Co-N-Cs. However, for 

NiN4 sites, the energies of both intermediates COOH* and H* are very high (1.08 eV and 0.95 eV at -0.65 VRHE 

respectively), in good agreement with several previous DFT studies,15, 49 but contradicting both the observed 

high activity and the CO2RR selectivity of Ni-N-Cs. Inspired by studies which elucidated the influence of alkali-



metal ions on electrochemical reactions,51-53 we further considered the possible involvement of K+ ions from the 

electrolyte at the MN4 site. For that purpose, we applied a modification of the computational hydrogen electrode 

to study the potential-dependent adsorption of K+ ions at the MN4 sites.54 From the reaction energy profile for 

K+ adsorption in Figure S12, we found that the adsorption of K+ is thermodynamically more favourable for the 

tetrapyrrolic sites with the adsorption of up to 2 K+ ions at a potential of -0.65 VRHE. In contrast, tetrapyridinic 

site can barely adsorb a single K+ ion at the same potential.  

We further calculated the energies of the *COOH and *H intermediates in the presence of K+ ion(s) for 

tetrapyrrolic and tetrapyridinic motifs. From Figure 4a and b, it could be shown that the adsorption of a single 

K+ at the NiN4 site already changes the relative stability of the *COOH and *H intermediate, leading to a reversal 

in the selectivity compared to pristine NiN4. The reversal could be traced to the stabilization of the *COOH 

intermediate which adopts a negative charge in the presence of K+ (NBO charge -0.64e) unlike the *H 

intermediate (NBO charge +0.02).  For CoN4 sites, the energy difference between *COOH and *H are also 

decreased, but the *H intermediate remains slightly more stable than *COOH, further explaining its selectivity 

towards HER. Nevertheless, the energies of both intermediates on K1NiN4 remain relatively high, making either 

reaction energetically unfeasible. Interestingly, with the inclusion of 2 K+ ions, the energies of the intermediates 

are significantly decreased (Figure 4c), while the CO2RR selectivity is retained. Furthermore, the reactivity on 

the opposite face of the K2MN4 site is almost identical to that of pristine MN4, implying that the decreased 

reaction energy barriers are attributed to active interactions between K+ and the adsorbates. Upon analysis of 

the net NBO charges of both *COOH (-0.68) and *H (-0.62) on the same face of K2NiN4, it is evident that both 

adsorbates effectively serve as counterions to stabilize the repulsion between K+ ions, with *COOH affording a 

better stabilization due to the presence of highly electronegative O atoms. Consistent with the tetrapyrrolic 

geometry of NiN4 sites elucidated with EXAFS, the high activity and CO2RR selectivity of Ni-N-Cs at -0.65 

VRHE can be explained by the reaction energy profile of K2MN4. Ironically, the apparent inactivity of pristine 

Ni-N4 (Figure 4a) proves to be beneficial towards the CO2RR selectivity, since no reaction would occur in the 

absence of two K+ on the same face as the reactants, unlike in Co-N4 on which reactions are feasible with or 

without K+, leading to a lower overall selectivity. Notably, some of the best CO2RR catalysts exhibiting CO-

selectivity are historically inert noble metals like Ag and Au. Qin et. al. recently proposed the involvement of 2 



cations in stabilizing the intermediates.55-57 In support of this mechanism, our study further highlights the role 

of heteroatoms like N in fixating the cations in order to activate the originally inert site. 

 

Figure 4. Reaction energy diagram for CO2RR and HER for tetrapyrrolic (a) pristine MN4, (b) K1MN4 , (c) 

K2MN4 and (d) K2MN4 with adsorbates on the opposite face. The intermediates shown are *COOH for CO2RR 

and *H for HER.  

Lastly, the performance stability of Ni-N-C_1000 and Co-N-C_1000 catalysts was evaluated in a 100 h 

continuous operation under an applied potential of -0.65 VRHE (Figure 5). The LSVs measured before and after 

100 h tests for both catalysts are provided in Figure S15. Both catalysts exhibit excellent performance stability, 

largely maintaining activity as well as selectivity (Figure 5). The initial current density for Ni-N-C_1000 catalyst 

is -3.15 mA cm-2 with an FECO of 95%.  After 100 h of testing, the current density is still -2.91 mA cm-2 at 92.5% 

Faraday efficiency (Figure 5a), showing 92.5% and 97.6% retentions of current density and FECO values, 

respectively, (Figure 5b). These results show a high-performance stability and selectivity of this Ni single atom 

catalyst. Similarly, Co-N-C_1000 is also found to perform with remarkable stability of current density and 

product selectivity (Figure 5c and d). The current density remains almost stable with an initial value of -2.69 

mA cm-2 and only slightly changed -2.65 mA cm-2 after 100 h of operation, i.e. showing a very high retention 
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of 98.5%. The retention of CO Faraday efficiency is also very high (96.5%) with initial and final values of FECO 

of 66.5% and 64.2%. 

 

Figure 5. Performance stability tests at an applied potential of -0.65 VRHE. CO Faraday efficiency and current 

density of (a) Ni-N-C_1000 and (c) Co-N-C_1000. Corresponding retention values of both these parameters for 

100 h operation (b) Ni-N-C_1000 and (d) Co-N-C_1000. Catalyst loadings were 0.25 mg cm-2.   

Conclusions 

The present study allows for 1) a few general statements on the preparation and evaluation of 

atomically dispersed M-N-C catalysts, and 2) the conclusion that atomically dispersed tetrapyrrolic 

Ni-N-C catalysts are generally more promising candidates for the selective CO2 reduction to CO in 

aqueous media than atomically dispersed tetrapyrrolic Co-N-C catalyst. The employment of identical 

active site imprinted nitrogen-doped carbons as solid-state ligand leads to a deconvolution of 

morphological factors from the intrinsic properties of single atom sites with deviating active metals. 

The active site imprinting/ion-exchange strategy therefore allows for the ranking of intrinsic catalytic 

properties (activity, selectivity, and stability) within the family of atomically dispersed M-N-C 

catalysts. Herein, the size of the imprinting metal ion compared to the target metal ions needs to be 
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considered. Possibly related to the retention of active site geometry upon heat treatment, exchange of 

Mg2+ ions (72 pm) with Ni2+ ions (69 pm) is more easily obtained than with Co2+ ions (74.5 pm), while 

coordination sites of carbon supports prepared at higher temperature are more easily coordinated, 

coming with the costs of lower metal loadings. The composition of the carbon support also has a strong 

effect on the specific activity of active sites (strong metal-support interactions or more likely limited 

site accessibility), herein more than compensating the reduced metal loading. Compared to isomorphic 

Ni-N-Cs, the prepared Co-N-Cs consistently showed an onset of the electrocatalytic hydrogen 

evolution at lower overpotential, leading to more competition with the targeted CO2 reduction. 

Consequently, the CO-selectivity of Co-N-Cs is much smaller than that of Ni-N-Cs. For the best set 

of catalysts, the Ni-N-C shows almost twice the turnover frequency compared to the isomorphic Co-

N-C (1.16 s-1 compared to 0.51 s-1 at -0.8 VRHE). The high activity and CO2RR selectivity of Ni-N-Cs 

are further supported by DFT calculations, from which interactions between adsorbates with metal 

ions are shown to be crucial for elucidating the catalytic performance for NiN4 sites. As a result, the 

Ni-N-C catalyst obtained with the new synthetic strategy is among the most active, selective, and stable 

ones reported catalysts of it´s class. 
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1. Experimental Procedures 

1.1. Synthesis of electrocatalysts: In the first step, carbon nanosheets were prepared by mixing imidazole 

(99 %, Sigma Aldrich) as combined C/N precursor with MgCl2 ∙ 6 H2O (99-102 %, Sigma Aldrich) and 

thorough grinding in a glove box. A weight ratio of imidazole and magnesium chloride salt of 1:10 was 

chosen. In the ionothermal synthesis route, the inorganic salt system (in this case MgCl2 ∙ 6 H2O) acts 

simultaneously as a solvent and porogen, while the Lewis-acidic Mg2+ also acts as a coordination-site-

imprinting ion. The precursor-salt mixture was then carbonized either at 800 or 1000 oC in a furnace 

under nitrogen environment. The heating rate was 2.5 K min-1 and the dwelling time was 1 h. Afterwards, 

the pyrolyzed product (2-3 g monolith consisting of NC mixed with Mg salt) was stirred in 2 M H2SO4 

(1 L) overnight and then washed with excess deionized water to remove the salt and dried in a vacuum 

oven.  The as-obtained NC nanosheets with Mg imprinted sites were named as Mg-N-C_X, where X 

corresponds to the synthesis temperature (800 and 1000 oC), e.g. Mg-N-C_800 represents the sample 

synthesized at 800 oC.  In the second step, Ni and Co active centers were coordinated to the 

coordination-site-imprinted Mg-N-C nanosheets. A specified amount of carbon nanosheets (generally 

50 mg) was dispersed in 5 mM solution of NiCl2 ∙ 6H2O (98 %, Sigma Aldrich) in methanol and refluxed 

overnight. Subsequently, washing in deionized water was carried out multiple times and finally all the 

samples were subjected to a second heat-treatment step at 900 oC in N2 environment for 1 h to obtain 

Ni-N-C_800 and Ni-N-C_1000 catalysts. For preparing Co-N-C catalysts, CoCl2 ∙ 6H2O (98 %, Sigma 

Aldrich) salt was used instead while rest of the procedure was unchanged.   

1.2. Physicochemical characterization: Nitrogen sorption experiments were performed using Belsorp mini 

II, BEL Japan. All samples were outgassed at 150 oC prior to the measurements. Specific surface areas 

(SSAs) were calculated using Brunauer-Emmett-Teller (BET) method. The values of total pore volumes 

(TPV) were calculated at p p0
-1 ~ 0.98. X-ray photoelectron spectroscopy (XPS) was performed using 

PHI 5000 VersaProbe (Ulvac-PHI) with a background pressure of 2 x 10-7 and a spot size of 100 μm x 

100 μm. C 1s peak (284.6 eV) was used for the data calibration. Morphology of carbon sheets was 

evaluated by scanning electron microscopy (SEM, Zeiss Gemini 1550). Transmission electron 

microscopy (TEM) and elemental mapping were performed using a Talos TEM (F200X, EFI Co.) with 

an accelerating voltage of 200 kV. The single atom structures of Ni and Co sites were probed by high-

resolution aberration-corrected scanning TEM (ARSTEM) and electron energy loss spectroscopy 

(EELS) using a Titan TEM (TM 80-300). The local coordination environment of Ni and Co atoms were 

probed by X-ray absorption spectroscopy (XAS). Ni and Co K-edges were measured at KIST-PAL 1D 

beamline of Pohang Light Source (PLS-II which operates with an electron beam energy of 3 GeV and 

a beam current of 400 mA), South Korea. The beamline is equipped with a double crystal 

monochromator (DCM) consisting of a pair of Si(111) crystal and operates with an X-ray energy range 

of 4-16 KeV, an energy resolution of 2 × 10-4, and a beam size of 1 × 0.5 mm. The XAS data of samples 

were taken in transmission mode. Ni(II) phthalocyanine, Ni metal foil, Co(II) phthalocyanine and Co 

metal foil were also measured as reference materials. 

1.3. Electrochemical measurements and product analysis: Electrochemical characterizations such as 

cyclic voltammetry, impedance analysis, and linear sweep voltammetry experiments were performed 

in a two compartment three electrode cell in N2/CO2 saturated 0.1 M KHCO3 electrolyte. The catalyst 

inks were prepared by sonicating 5 mg of catalyst powder in a mixture of 50 µL Nafion suspension (5 

wt.%, Sigma Aldrich) and 840 µL of ethanol (99.9%) for 30 minutes. The working electrode was 

prepared by drop casting 44.5 μL of homogenously dispersed catalyst ink on a glassy carbon of 1 x 1 

cm2 size to obtain a loading of 250 µg cm-2. Cathode and anode chambers were separated by a Nafion 

115 membrane. Saturated calomel electrode (SCE) was used as reference electrode. High purity CO2 

gas was introduced into the cathode chamber with a flow rate of 10 mL min-1. Pt foil was used a counter 

electrode. All the electrochemical studies were performed using Ivium stat, Ivium technologies. 

Electrode potentials measured vs SCE were converted to the reversible hydrogen electrode (RHE) scale 

using the ERHE = ESCE + 0.244 + (0.0591 x pH), where pH of CO2-saturated 0.1 M KHCO3 solution was 



pH 6.8 while that of the N2-saturated 0.1 M KHCO3 solution was pH 8.6. Cyclic voltammetry 

experiments were performed at the scan rate of 10 mVs-1. Gaseous products from the electrochemical 

cell were analyzed using Younglin 6500 GC system equipped with RESTEK microsieve (RT-Msieve 

5A) and a pulse discharged detector (PDD), helium gas with ultra-high purity was used as carrier gas. 

Liquid products were analyzed using ion chromatography (ICS-900 Dionex) with a column of Dionex 

IonPac AS19 RFIC using 0.02 M NaOH as the mobile electrolyte at the rate of 1.0 mL min-1. 

1.4. EXAFS fitting: XANES data evaluation and treatment was performed by using ATHENA program 

from Demeter package.1 This includes background removal, energy calibration with Fe metal foil 

spectrum, and pre- and post-edge normalization. Further information on the local coordination 

environment was achieved by EXAFS. EXAFS curves were Fourier Transformed between 1.5-8.5 Å 

with a Hanning-type window, to obtain a radial distribution-like information. These were fitted with a 

DFT based model consisting of a central atom (Ni or Co) binding one or two OH groups in the axial 

positions and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon plane. The model 

was used to calculate the scattering paths by FEFF to be able to quantify the coordination number and 

bond-length. The goodness of the fit is determined by evaluating the reduced-χ2 test and R-factor. The 

fitting range was kept between 1-3.6 Å that includes all the scattering paths displayed in the tables S1-

S4. The degeneracy of the scattering path (which corresponds to the coordination number, N, in the 

case of single scattering paths) was varied until an amplitude reduction factor (S0
2) of about 1 was 

achieved. The best results are displayed in the tables S1-S4. 

 

1.5. DFT: We performed ab-initio calculations using unrestricted Kohn-Sham DFT as implemented in 

TURBOMOLE.2 Calculations were performed using finite-sized graphene clusters with H-termination 

on boundary carbon atoms to minimize boundary effects.3 The PBE0 functional4, 5 was used to obtain 

EXAFS model structures and the B3LYP functional6, 7, in combination with the COSMO solvation8, 

was used for modelling electrochemical reactions. Grimme’s dispersion correction with Becke-Johnson 

damping function D3(BJ) was applied in all cases.9, 10  Geometry optimization was performed with the 

def2-SVP basis11 with COSMO solvation. Vibrational frequencies were obtained with analytical 

frequency analysis with the def2-SVP basis without solvation.12 Single point calculations were 

performed with the def2-TZVP basis to obtain energies and charges. The self-consistent field (SCF)  

convergence criteria were 10-7 Eh in total energy and 10-4 Eh in orbital energies. Convergence criteria 

for geometry optimization were 10-6 Eh in the energy and 10-3 a.u. in the maximum norm of the Cartesian 

gradient. The zero-point energies and Helmholtz free energies (U – TS) were approximated using the 

harmonic vibrational frequencies with a frequency scaling of 0.9614 to compensate the overestimation 

of vibrational frequencies of the B3LYP functional.13 For linear gases (H2, CO2, CO), the enthalpy of 

an ideal gas at 298 K, 1 bar is assumed (0.09 eV) and the entropic contributions were obtained from the 

NIST database.  All atomic structures were visualized with VESTA.14  

 

1.6. Computational electrodes: For the modelling of electrochemical CO2RR and HER, we applied the 

computational hydrogen electrode developed by Norskov et al.15 In this approach, the free energy 

𝐺(H++e−) for a reductive protonation step is defined to be 

𝐺(H++e−)
0 =

1

2
𝐺H2

0 − 𝑒𝑈 

where 𝐺H2

0  is the free energy of H2 at standard temperature and pressure and U is the applied potential. For 

potentials measured against the reversible hydrogen electrode, the concentration of H+ (i.e. pH) does not 

influence the free energies. For studying the K+ adsorption, taking into consideration the standard reduction 

potential for potassium E0(K+/Ks), we similarly define the free energy 𝐺(K++e−)
0  to be 



𝐺(K++e−)
0 = 𝐺Ks

0 − 𝑒(𝑈 − 𝐸0(K+/Ks))  

where U is the applied potential vs SHE. Since molecular DFT calculations cannot describe solids, we 

approximate the free energy 𝐺Ks
 with the free energy of K atom, treated as monoatomic ideal gas, in 

combination with the atomization energy obtained from the NIST database.  

𝐺Ks

0 = 𝐺Kg

0 −  ∆𝑎𝑡𝑜𝑚𝐺K 

Finally, to account for the non-standard concentrations, correction terms for the concentrations [K+] = 0.1 M 

and pH ([H+] = 10-6.8 M) were included to simulate the conditions in the electrochemical measurements 

𝐺(K++e−) = 𝐺(K++e−)
0 + 𝑘B𝑇 ln

[H+]

[K+]
 

 

 



 

Figure S1: (a) N2 adsorption-desorption isotherms of the Mg-N-C_800 and Mg-N-C_1000 samples and (b) 

their corresponding pore size distributions calculated by QSDFT method. 

 

 

 

Table S1: Summary of surface areas and porosities of Mg-N-Cs, Ni and Co catalysts.  

 

Sample 

SBET SSAQSDFT SAExt 
Vmicropore 

(t-plot) 

Vmicropore 

(QSDFT) 

Vmesopore 

(QSDFT) 

(calc.) 

Vtotal 

(QSDFT, up 

to 50nm) 

Vtotal 

(at p p0
-

1 ~0.98) 

m2 g-1 cm3 g-1 

Mg-N-C_800 371 276 335 0.019 0.016 0.466 0.485 0.560 

Mg-N-C_1000 1506 1343 1415 0.029 0.287 0.774 1.061 1.176 

Co-NC_800 375 333 375 0.000 0.015 0.585 0.600 0.841 

Co-NC_1000 1591 1329 1478 0.000 0.190 1.113 1.303 1.419 

Ni-NC_800 287 235 287 0.000 0.006 0.633 0.639 0.968 

Ni-NC_1000 1686 1684 1559 0.038 0.257 1.187 1.444 1.697 
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Figure S2: Scanning electron microscopy (SEM) images of Ni and Co catalysts. 
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Figure S3: Transmission electron microscopy (TEM) images of Ni and Co catalysts.  
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Figure S4: TEM images along with elemental mapping of (a) Ni-N-C_800, (b) Ni-N-C_1000, (c) Co-N-

C_800 and (d) Co-N-C_1000 catalysts to visualize the homogeneous distribution of Ni and Co in porous 

carbon sheets. 

 

 

 

 

 

 



 

Figure S5: EDX mapping of Mg-N-C_800 and Mg-N-C_1000 before Ni and Co coordination to visualize the 

presence and distribution of Mg atoms in porous carbon sheets. 

 

 

 

 

Table S2. Surface O and N contents of Mg-N-C scaffolds determined by XPS before Ni and Co coordination 

and subsequent activation. The absolute amounts of different types of nitrogen sites are calculated the 

deconvolution of high resolution N 1s XPS peaks. Mg metal contents are determined by EDX. 

 

Sample 

XPS Deconvoluted N sites EDX 

O-

content 

[at.%] 

N-

content 

[at.%] 

Npyridinic 

[at.%] 

M-Nx 

[at.%] 

Npyrrolic 

[at.%] 

NgraphItic 

[at.%] 

N-

oxide 

[at.%] 

Mg-

content 

[wt.%] 

Mg-N-C_800 3.66 20.66 10.02 1.60 7.39 1.52 0.12 0.36 

HT900-Mg-N-

C_800 
2.45 8.59 3.40 0.68 2.41 1.45 0.65 - 

Mg-N-C_1000 3.70 5.36 1.91 0.20 1.31 1.42 0.52 0.17 
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Figure S6: Deconvoluted XPS high resolution N 1s spectra of (a) Mg-N-C_800, (b) HT900- Mg-N-C _800 

and (c) Mg-N-C_1000 samples. 

 

 

 

 

Figure S7: HR-STEM images of (a) Ni-N-C_1000 and (b) Co-N-C_1000. 
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Table S3. Structural information obtained from EXAFS by fitting the nearest coordination shells around Ni 

atoms in Ni-N-C_800 with the pyrrolic model (OH)NiN4C12 consisting of a Ni atom binding one OH group in 

the axial positions and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon plane: 

degeneracy of the scattering path (N), interatomic distance from the fit (R) and from the model (Reff), and 

Debye-Waller factor (σ2). The goodness-of-fit parameter is indicated by the R-factor 0.012. The amplitude 

reduction factor S0
2 was 1.0  0.2 in the R-range of 1-3.3 Å and k-range of 1.5-7.6 Å. 

scattering path N R (Å) Reff(Å) σ2 (Å2) 
 

Ni-O 1 2.05 1.94 0.00808 single-

scattering 

Ni-N 4 2.06 1.96 0.00808 single-

scattering 

Ni-C 6 2.90 2.98 0.04127 single-

scattering 

Ni-C 2 2.93 3.01 0.04127 single-

scattering 

 

 

Table S4. Structural information obtained from EXAFS by fitting the nearest coordination shells around Ni 

atoms in Ni-N-C_1000 with the pyrrolic model (OH)2NiN4C12 consisting of a Ni atom binding two OH groups 

in the axial positions and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon plane: 

degeneracy of the scattering path (N), interatomic distance from the fit (R) and from the model (Reff), and 

Debye-Waller factor (σ2). The goodness-of-fit parameter is indicated by the R-factor 0.010. The amplitude 

reduction factor S0
2 was 1.1  0.4 in the R-range of 1-3 Å and k-range of 1.5-8.5 Å. 

scattering path N R (Å) Reff(Å) σ2 (Å2) 
 

Ni-O 2 1.81 1.85 0.01944 single-

scattering 

Ni-N 4 1.93 1.96 0.01944 single-

scattering 

Ni-H 2 2.25 2.29 0.01944 single-

scattering 

Ni-C 7 2.60 2.98 0.02298 single-

scattering 

Ni-C 1 2.97 3.00 0.01944 single-

scattering 

 

 

 



Table S5. Structural information obtained from EXAFS by fitting the nearest coordination shells around Ni 

atoms in Co-N-C_800 with the pyrrolic model (OH)2CoN4C12 consisting of a Co atom binding two OH groups 

in the axial positions and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon plane: 

degeneracy of the scattering path (N), interatomic distance from the fit (R) and from the model (Reff), and 

Debye-Waller factor (σ2). The goodness-of-fit parameter is indicated by the R-factor 0.026. The amplitude 

reduction factor S0
2 was defined to 0.70 in the R-range of 1.15-3.6 Å and k-range of 2.9-5.9 Å. The rbkg-value 

was set to 1.1. 

 

scattering path N R (Å) Reff(Å) σ2 (Å2) 
 

Co-O 2 1.86 1.86 0.01143 single-scattering 

Co-N 4 1.98 1.98 0.01143 single-scattering 

Co-H 2 2.33 2.33 0.01143 single-scattering 

Co-C 7 3.00 3.00 0.01143 single-scattering 

Co-C 1 3.02 3.03 0.01143 single-scattering 

 

 

Table S6. Structural information obtained from EXAFS by fitting the nearest coordination shells around Ni 

atoms in Co-N-C_1000 with the pyrrolic model (OH)2CoN4C12 consisting of a Co atom binding two OH 

groups in the axial positions and coordinated to four pyrrolic nitrogen atoms embedded in a planar carbon 

plane: degeneracy of the scattering path (N), interatomic distance from the fit (R) and from the model (Reff), 

and Debye-Waller factor (σ2). The goodness-of-fit parameter is indicated by the R-factor 0.0080. The 

amplitude reduction factor S0
2 was 0.71  0.3 in the R-range of 1-3.3 Å and k-range of 1.5-7.5 Å 

scattering path N R (Å) Reff(Å) σ2 (Å2) 
 

Co-O 2 1.83 1.86 0.00947 single-scattering 

Co-N 4 1.95 1.98 0.00947 single-scattering 

Co-H 2 2.30 2.33 0.00947 single-scattering 

Co-C 7 2.74 3.00 0.05547 single-scattering 

Co-C 1 2.77 3.03 0.05547 single-scattering 

Co-N-C 16 3.14 3.17 0.00947 triangle-scattering 

 

  



 

Figure S8: Linear sweep voltammograms (LSV) of (a) Mg-N-C_800, (b) Ni-N-C_800, (c) Ni-N-C_1000, (d) 

Co-N-C_800 and (e) Co-N-C_1000 catalysts measured under N2 and CO2 saturation condition in 0.1 M 

KHCO3 electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
-20

-15

-10

-5

0

 

Ni-N-C_800

 CO2 measurements

 N2 measurements

J
 /
 m

A
 c

m
-2

Potential / VIR corr. vs RHE

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
-20

-15

-10

-5

0

 

 CO2 measurements

 N2 measurements

J
 /
 m

A
 c

m
-2

Potential / VIR corr. vs RHE

Mg-N-C_800

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
-20

-15

-10

-5

0

 

Co-N-C_1000

 CO2 measurements

 N2 measurements

J
 /
 m

A
 c

m
-2

Potential / VIR corr. vs RHE

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
-20

-15

-10

-5

0

 

Ni-N-C_1000

 CO2 measurements

 N2 measurements

J
 /
 m

A
 c

m
-2

Potential / VIR corr. vs RHE

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

-20

-15

-10

-5

0

 

 

 
J
 /
 m

A
 c

m
-2

Potential/ V
IR corr.

 vs RHE

 CO2 saturated solution 

 N2 saturated solution

Co-N-C_800

(a) (b) (c)

(d) (e)



 

Figure S9: H2 and CO faradaic efficiencies of (a) Ni-N-C_800, (b) Ni-N-C_1000, (c) Co-N-C_800 and (d) 

Co-N-C_1000 catalysts over entire applied potential range. 

 

 

 

 

 

 

 

 

 

 

 

 

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
0

20

40

60

80

100
 CO

 H2

 

 

F
a

ra
d

ia
c

 e
ff

ic
ie

n
c

y
 /

 %

Potential / VIR-corr. vs RHE

Ni-N-C_1000

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
0

20

40

60

80

100

Co-N-C_1000

 CO

 H2

 

 

F
a
ra

d
ia

c
 e

ff
ic

ie
n

c
y
 /
 %

Potential / VIR-corr. vs RHE

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
0

20

40

60

80

100

Co-N-C_800

 CO

 H2

 

 

F
a
ra

d
ia

c
 e

ff
ic

ie
n

c
y
 /
 %

Potential / VIR-corr. vs RHE

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
0

20

40

60

80

100

 CO

 H2

 

 

F
a
ra

d
ia

c
 e

ff
ic

ie
n

c
y
 /
 %

Potential / VIR-corr. vs RHE

Ni-N-C_800

(a)
(b)

(c) (d)



 

Figure S10: CO and H2 current densities of (a) Ni-N-C_800, (b) Ni-N-C_1000, (c) Co-N-C_800 and (d) Co-

N-C_1000 catalysts. 
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Figure S11: Comparison of CO and H2 faradaic efficiencies of Ni and Co catalysts at -0.65 VRHE. 
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Table S7: Activity comparison of recently reported high performance single atom catalysts in H-Type 

electrochemical cell for CO2 reduction reaction. 

 

Catalyst 

KHCO3 

electrolyte 

conc. 

(M) 

Catalyst 

loading 

(mg cm-2) 

Maximum 

CO 

faradic 

efficiency 

( %) 

CO 

Current 

density at 

0.80 

VRHE 

(mA cm-

2) 

Mass 

activity at 

0.65 VRHE 

(A g-1) 

Mass 

activity at 

0.80 VRHE 

(A g-1) 

Ref. 

Ni-N-C_1000 0.1 0.25 95.7 5.8 13.0 23.0 
This 

Work 

Co-N-C_1000 0.1 0.25 67.0 1.8 6.4 7.2 
This 

Work 

Ni-N-C 0.1 0.76 85.0 11.0 2.5 14 Ref S16 

Co-N-C 0.1 0.76 20.0 3.0 2.6 4.5 Ref S16 

Fe-N-C 0.1 0.76 65.0 3.7 6.9 5.6 Ref S16 

Ni-N-C 0.1 0.75 85.0 10.6 4.0 14.1 Ref S17 

Fe-N-C 0.1 0.6 93.0 9.0 8.0 15.0 Ref S 18 

Co-N-C 0.1 0.6 45.0 3.0 1.5 5.0 Ref S 18 

NiN-GS 0.1 0.2 93.2 4.14 2.5 20.7 Ref S19 

CoPc 0.5 2.0 99.0 8.0 1.5 4.0 Ref S20 

4-1-0.25-100 0.5 0.5 83.0 2.0 9.0 4.0 Ref S21 

Ni2-CPDpy973 0.1 0.055 87 0.55 N/A 10 Ref S22 

Ni SAs/NC 0.5 0.185 71.9 3.0 N/A 16.2 Ref S23 

Ni-NC_ATPA@C 

0.5 

(in RDE 

setup) 

1.4 93.7 13.2 3.9 9.4 Ref S24 

 

 

 

 

 

 

 

 



 

Figure S12: Free energy diagram for the reductive adsorption of K+ ions on tetrapyrrolic (green) and 

tetrapyridinic (blue) NiN4 sites calculated with B3LYP-D3(BJ)/def2-TZVP and COSMO solvation model. 

Vibrational frequencies for the enthalpic and entropic contributions were obtained with B3LYP-D3(BJ)/def2-

SVP without solvation.  The adsorption energies for CoN4 differ by less than 0.1 eV. The structures of the K-

adsorbed NiN4 are shown with Ni (green), N (blue), C (grey) and K (purple).  

 

 

 

 

 

Figure S13: Free energy diagrams for CO2RR and HER tetrapyridinic MN4 and K1MN4 sites calculated with 

B3LYP-D3(BJ)/def2-TZVP and COSMO solvation model. Vibrational frequencies for the enthalpic and 

entropic contributions were obtained with B3LYP-D3(BJ)/def2-SVP without solvation.   

 

 



 

Figure S14: Structures of *COOH and *H adsorbed on tetrapyrrolic (a) pristine NiN4, (b) K1NiN4, (c) K2NiN4 

on the same face and (d) K2NiN4 on the opposite face. Geometries are obtained with B3LYP-D3(BJ)/def2-

SVP with COSMO solvation model.  

  



 

 

 

Figure S15: LSVs of (a) Ni-N-C_1000 and (b) Co-N-C_1000 catalysts before and after 100 h stability test 

measured under nitrogen and CO2 saturation condition in 0.1 M KHCO3 electrolyte. 
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A Copper Single-Atom Cascade Bionanocatalyst for Treating
Multidrug-Resistant Bacterial Diabetic Ulcer

Xin Fan, Yang Gao, Fan Yang, Jian Liang Low, Lei Wang, Beate Paulus, Yi Wang,
Andrej Trampuz,* Chong Cheng,* and Rainer Haag*

Diabetic ulcers induced by multidrug-resistant (MDR) bacteria have severely
endangered diabetic populations. These ulcers are very challenging to treat
because the local high glucose concentration can both promote bacterial
growth and limit the immune system’s bactericidal action. Herein, a glucose
oxidase-peroxidase (GOx-POD) dual-enzyme mimetic (DEM) bionanocatalyst,
Au@CuBCats is synthesized to simultaneously control glucose concentration
and bacteria in diabetic ulcers. Specifically, the AuNPs can serve as GOx
mimics and catalyze the oxidation of glucose for the formation of H2O2; the
H2O2 can then be further catalytically converted into OH via the
POD-mimetic copper single atoms. Notably, the unique copper single atoms
coordinated by one oxygen and two nitrogen atoms (CuN2O1) exhibit better
POD catalytic performance than natural peroxidase. Further DFT calculations
are conducted to study the catalytic mechanism and reveal the advantage of
this CuN2O1 structure as compared to other copper single-atom sites. Both in
vitro and in vivo experiments confirm the outstanding antibacterial
therapeutic efficacy of the DEM bionanocatalyst. This new bionanocatalyst
will provide essential insights for the next generation of antibiotic-free
strategies for combating MDR bacterial diabetic ulcers, and also offer
inspiration for designing bionanocatalytic cascading medicines.
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1. Introduction

Diabetes and its complications have
emerged as one of the major threats to
human health, causing a large number
of deaths annually.[1,2] Especially, a di-
abetic ulcer is one of the most serious
chronic complications, featured with slow-
healing wounds that are very sensitive
to bacterial infections.[3] An important
factor responsible for this complication
is the overabundance of glucose in the
wound area, which promotes the pro-
liferation of bacteria and prevents the
immune system from killing them, re-
sulting in long-term bacterial colonization
and an extremely hard-to-cure lesion.[4]

To make matters worse, the emergence of
multidrug-resistant (MDR) bacteria, which
vitiate antibiotics’ bactericidal effects, has
now aggravated the situation, further
endangering diabetic ulcer patients. It
is therefore important to develop new
strategies not only for combating MDR
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bacterial infections but also for controlling the glucose levels
in diabetic ulcers.

Glucose oxidase (GOx) is a natural enzyme originally gener-
ated by fungi and insects.[5] Recently, it has been explored as
a good candidate for treating bacterial diabetic ulcers, since it
shows the ability to catalyze the glucose oxidation to generate
hydrogen peroxide (H2O2), which is toxic to bacteria. Moreover,
since glucose is one of the major nutrition sources for bacterial
growth, its consumption can also lead to bacterial starvation.[6]

Until now, GOx has been encapsulated in diverse matrices like
hydrogel,[7–8] metal-organic frameworks,[9–11] covalent organic
frameworks,[12–13] and porous silica[14] to fabricate therapeutic
platforms. However, to achieve effective antibacterial efficacy, the
dosage or concentration of H2O2 must be very high, which causes
inevitable toxicity and inflammation. Recent studies have innova-
tively combined GOx and peroxidase (POD) in a single system in
which the generated H2O2 can be further catalyzed into more effi-
cient bactericidal hydroxyl radicals (•OH), thus achieving a better
therapeutic effect with higher biosafety.[15–16] Nevertheless, these
natural-enzyme-based therapies still face challenges due to their
high synthesis cost, poor stability, and limited mass production.

Inspired by the natural POD with multiple transition metal-
lic active sites coordinated by nitrogen and oxygen, transition-
metal-based composites have been constructed and applied for
diverse scenarios that require the mass generation of OH. For ex-
ample, [FeIII(OH)(tpena)]+ complex was synthesized and proven
to activate H2O2 with the formation of OH under pH 8,[17] Co3O4
nanoplates were synthesized as POD mimics for detecting glu-
cose in the presence of GOx,[18] and copper-based nanozymes
were designed for phenol degradation.[19] These results confirm
that the transition metallic sites serve as high-performance POD
mimics. However, their bioapplications are still very limited be-
cause of the potential toxicity from ion leaching. This limita-
tion prompted us to develop bionanocatalytic medicines with sin-
gle metallic atom catalytic centers; here we can not only take
maximum advantage of metal, but also minimize the danger of
ion leaching, since the overall dosage of metal is significantly
reduced and these metallic atoms are fixed by heteroatoms in
the matrix. In addition, recent studies have revealed that small
gold nanoparticles (AuNPs, approved by the US Food and Drug
Administration)[20] of ≈5 nm in diameter can oxidize glucose to
generate gluconic acid and H2O2, just as GOx does.[21] Due to
their high biosafety and easy synthesis, we consider AuNPs an ex-
cellent building block for constructing abiotic GOx-POD mimetic
cascade catalytic platforms. To the best of our knowledge, such a
rational design of dual-enzyme mimetic AuNPs/single metallic
atomic bionanocatalysts for treating multidrug-resistant bacterial
diabetic ulcer has not been reported until now.

In this work, we synthesized an AuNP-anchored copper single
atomic bionanocatalyst (Au@CuBCats) as a novel GOx-POD dual
enzyme mimetic treatment platform for bacterial diabetic ulcers.
Specifically, the AuNPs can serve as GOx mimics and catalyze
the oxidation of glucose for the formation of H2O2; the H2O2
can then be further catalytically converted into OH via POD-
mimetic copper single atoms without extra energy input. Thus,
upon the treatment with Au@CuBCats, both glucose concentra-
tion and bacterial infection in diabetic ulcers can be effectively
controlled. Notably, the unique copper single atoms coordinated
by one oxygen and two nitrogen atoms (CuN2O1) exhibit better

POD catalytic performance than natural horseradish peroxidase
(HRP). Further density functional theory (DFT) calculations were
conducted to facilitate a fundamental understanding of the cat-
alytic activity and reveal the advantage of the CuN2O1 structure
compared to other copper single-atom sites. In vitro antibacterial
results demonstrate that bionanocatalysts can induce a signifi-
cant bacteria-killing effect against both gram-positive and gram-
negative strains. In vivo study of bacterial diabetic ulcers in a rab-
bit ear model confirms the outstanding therapeutic efficacy and
biosafety of the bionanocatalyst. Therefore, we believe that this
novel bionanocatalyst will provide essential perspectives to the
next generation of antibiotic-free strategies for combating MDR
bacterial infection of diabetic ulcers, and that it will also yield in-
spiration for designing bionanocatalytic cascading medicines.

2. Results and Discussion

The synthesis of the Au@CuBCats started with the coordina-
tion reaction of copper ions and chloranilic acid (CA), and the
obtained precursors were termed as CuCA. Then, CuCA was
subjected to a dicyandiamide (DCD)-assisted pyrolysis step fol-
lowed by an acid etching step, producing the bionanocatalysts
with abundant single-atomic copper, termed as CuBCats. Finally,
the gold nanoparticles were reduced in situ on CuBCats’ surface
to obtain the final product, Au@CuBCats, as illustrated in Fig-
ure 1a. We then systematically studied the chemical and physi-
cal structures of Au@CuBCats by scanning electron microscopy
(SEM), scanning transmission electron microscopy (STEM), X-
ray powder diffraction (XRD), X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS). Both STEM im-
ages (Figure 1b; Figure S1, Supporting Information) and SEM
images (Figure S2, Supporting Information) confirmed that the
bionanocatalysts had 2D structures before-and-after AuNPs load-
ing. Meanwhile, we observed from the aberration-corrected high-
angle annular dark-field scanning transmission electron mi-
croscopy images with atomic resolution (Figure 1c; Figure S3a,
Supporting Information) that the isolated copper atoms were
well-dispersed on the carbon matrix, where no apparent cop-
per particle or cluster was found. Energy dispersive spectroscopy
(EDS) mapping (Figure 1d; Figure S3b, Supporting Information)
suggested that various elements were uniformly distributed in
the bionanocatalysts. Also, the XRD pattern (Figure S4, Support-
ing Information) showed no copper crystal peaks; instead, the
typical peaks for the (111), (200), (220), and (311) facets of AuNPs
appeared, confirming the successful synthesis of Au@CuBCats.

The XPS survey scanning of CuCA-C (CuCA-C is the CuB-
Cats without acid etching), CuBCats, and Au@CuBCats shows a
clear N peak, whereas no apparent N signal was noticed for CuCA
precursors, suggesting that the DCD-assisted pyrolysis facilitates
N-doping (Figure S5, Supporting Information). Meanwhile, the
atomic ratio of each sample has been summarized based on
XPS results in Table S1 (Supporting Information). Based on the
atomic ratio, the AuNPs loading rate was calculated to be 21 wt%.
To understand the nitrogen atoms’ bonding environment, the
high-resolution XPS N1s spectra were fitted (Figure S6, Sup-
porting Information). Here we found the highest percentage of
pyridinic-N (36.17%), which plays an important role in anchor-
ing atomic metals according to previous studies,[22–24] suggesting
the formation of Cu–Nx sites. To further study the oxidation state
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Figure 1. Synthesis and structural characterizations of Au@CuBCats. a) Schematic illustration of the synthesis of Au@CuBCats. b,c) STEM images of
Au@CuBCats, on which the copper single-atoms are highlighted by yellow circles. Insert: Fast Fourier transform (FFT) pattern of gold nanoparticle. d)
EDS mapping of Au@CuBCats. e,f) XANES and EXAFS spectra at Cu K-edge of Au@CuBCats. g) Wavelet transform of Cu foil, CuO, and Au@CuBCats.
h,i) EXAFS fitting result of Au@CuBCats at k and R space, respectively.

of the Cu single atoms in Au@CuBCats, we measured X-ray ab-
sorption energy near-edge structure (XANES) of Cu foil, Cu2O,
CuO, and Au@CuBCats (Figure 1e). The results confirmed that
the XANES of Au@CuBCats were located between those of Cu2O
and CuO, suggesting the valency of copper single-atoms was be-
tween +1 and +2. Subsequently, the extended X-ray absorption
fine structure (EXAFS) was investigated to analyze the coordina-

tion configurations of the Cu sites. As shown in Figure 1f, the first
coordination shell is located at 1.5 Å, suggesting Cu–N or/and
Cu–O coordination. Meanwhile, no obvious Cu–Cu scattering at
2.2 Å was noticed in Au@CuBCats. Moreover, wavelet transform
based on the EXAFS results was conducted to distinguish the
backscattering atoms (Figure 1g). We observed the maximum in-
tensity of Cu foil and CuO at 9.7 and 11.5 Å−1, respectively, which

Adv. Funct. Mater. 2023, 33, 2301986 2301986 (3 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Catalytic performance of Au@CuBCats and CuBCats. a) Fluorescence spectroscopy in the presence of TA for measuring the OH genera-
tion property of CuBCats in the presence of H2O2, b) UV–Vis spectroscopy in the presence of TMB for characterizing peroxidase-like property, and c)
Michaelis–Menten fitting curve of initial oxi-TMB generation velocities against H2O2 concentrations. d) Glucose percentage after 2 h incubation. e) The
change of pH value with the increasing incubation time. f) H2O2 generation after 2 h incubation. n.d. represents non-detectable. g) OH generation prop-
erty of Au@CuBCats in the presence of glucose. h) GSH consumption caused by Au@CuBCats and CuBCats. i) Schematic illustration of Au@CuBCats
as a dual-enzyme-mimetic platform for initiating cascade catalysis and GSH depletion.

can be assigned to the Cu–Cu configuration. In comparison, the
Au@CuBCats showed the maximum intensity at 5.2 Å−1, which
is assigned to Cu–N or/and Cu–O configuration. Although the
copper was pre-anchored by oxygen in CuCA precursors, the co-
ordinated O species also reacted with carbon and escaped under
high temperatures.[25] Meanwhile, the N species generated from
dicyandiamide would take over the vacancies during pyrolysis,
thus assisting with anchoring the atomic Cu. Based on the syn-
thesis procedures mentioned above, we speculate that both Cu–N
and Cu–O exist in this structure. From the fitting result, we deter-
mined the coordination number (CN) of Cu–N(O) to be very close
to three. Nevertheless, further unveiling the respective coordina-
tion number of N and O could be challenging due to the similar
bond lengths of Cu–N and Cu–O. Therefore, in accordance with
a previous study,[24] the back-scattering paths of N and O were si-
multaneously applied to obtain the best-fitting result; the fittings

with fixed CN of N and O were also compared (Table S2 and Ta-
ble S3, Supporting Information). Upon fitting the EXAFS spectra
to various structural models optimized with DFT, we confirmed
that the best fit was obtained when the Cu center coordinated
with one O atom and two N atoms (Figure 1 h,e). Therefore, the
atomic Cu structure model of Au@CuBCats can be deduced; it is
shown in the inset of Figure 1i.

Next, to study the OH generation property of bionanocata-
lysts, terephthalic acid (TA) was used as a probe since it can be
oxidized by OH to generate the fluorescent compound TAOH,
which can be easily detected by fluorescence spectroscopy un-
der excitation at 315 nm. The significant TAOH signal at 430 nm
confirms that CuBCats can catalyze H2O2 to generate abundant
OH (Figure 2a). This OH generation can be attributed to the in-
trinsic POD-like activity of the atomic metal center.[26,27] Thus, a
POD substrate, 3,3´,5,5´-tetramethylbenzidine (TMB) was used
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to study the POD-like property and steady-state catalytic kinetics.
After 5 min of incubation, the TMB + H2O2 + CuBCats group be-
came blue, with remarkable absorption peaks reflecting oxidized
TMB at both 370 and 652 nm (Figure 2b). Then, we calculated the
Michaelis–Menten constant (KM) and the maximum initial veloc-
ity (Vmax) to assess the catalytic efficacy of CuBCats (Figure 2c).
The KM value of the CuBCats was 1.789 mm for H2O2 substrate,
indicating the higher affinity of CuBCats for H2O2 than that of
HRP (3.70 mm for the H2O2 substrate).[28] Meanwhile, the Vmax
value of CuBCats showed around a 10-fold increase compared to
HRP (Vmax of HRP against H2O2 substrate is 8.71 × 10−8 m s−1),
suggesting the advanced POD-like performance of atomic copper
sites.

After anchoring the AuNPs on CuBCats’ surface, glucose
was used to initiate the GOx-POD cascade catalytic process
of Au@CuBCats. As shown in Figure 2d, a large amount
of glucose consumption was noticed after a 2 h incubation
with Au@CuBCats, almost equivalent to that of GOx, reveal-
ing the comparable glucose oxidative activity of Au@CuBCats
(50 μg mL−1) and GOx (2 U mL−1). The downstream products-
gluconic acid, H2O2, and OH were also examined by real-time
pH meter, H2O2 assay kit, and TA measurement, respectively.
We noticed a significant decrease in pH value over the incu-
bation period (Figure 2e), revealing the generation of gluconic
acid. Subsequently, we confirmed the generation of H2O2 in the
Au@CuBCats + glucose group by H2O2 assay kit (Figure 2f).
In agreement with TA measurements of CuBCats, we further
demonstrated that Au@CuBCats can not only continuously cat-
alyze the in situ-generated H2O2 to OH (Figure 2g), but also
lead to the oxidation of TMB in the presence of glucose (Fig-
ure S7, Supporting Information). We did not notice a significant
difference of DEM catalytic property of Au@CuBCats after ex-
posing to air at room temperature over one month (Figure S8,
Supporting Information). Moreover, glutathione (GSH), a com-
mon reducing agent in bacteria, was used as a model compound
to test the intrinsic oxidative property of the catalysts. It was ob-
served that the depletion rates of GSH were up to 94.66% and
91.11% at 60 min for CuBCats and Au@CuBCats, respectively,
suggesting that these catalysts with single atomic copper sites
have great power in weakening the bacterial antioxidant system
and inducing oxidative stress. All of the above data confirm that
the Au@CuBCats can catalyze the decomposition of glucose to
OH via a dual-enzyme-mimetic cascade catalysis, and also further
improve ROS treatment efficacy by depleting bacterial alternative
oxidase (AOX).

The mechanism of how AuNPs catalyzes the oxidation of
glucose to H2O2 has been studied both experimentally and
theoretically.[21,29] For the further mechanistic understanding of
the entire reaction, we performed DFT studies on the subsequent
generation of OH from H2O2. Based on geometric fitting to our
XAS data, we built a model of CuN2O1 embedded in graphene,
as shown in Figure 1i. Upon characterizing the first-shell coor-
dination geometry around Cu, we further considered that the N-
containing precursor DCD exhibits the N–C–N–C–N connectiv-
ity (Figure S9, Supporting Information), prompting us to include
an additional nitrogen dopant two atoms away from the coordi-
nation N. In fact, among the three possible arrangements of the
CuN2O1 motifs, the motif shown is most stable only with the ad-

ditional nitrogen dopant (Figure S10, Supporting Information).
It is thus likely that this particular CuN2O1 arrangement, which
fits best to the EXAFS data, is a result of bidentate coordination of
DCD onto Cu during pyrolysis, while the remaining O originates
from the initial coordination to CA. In addition to CuN2O1, other
kinds of atomic copper sites were also calculated for comparison.

A proposed scheme of the reaction is shown in Figure 3a.
The reaction starts from the adsorption of an H2O2 molecule. In
the absence of solvent molecules, the geometry optimization of
the H2O2-adsorbed led to the dissociation of H2O2 to form 2OH
bound to CuN2O1. Although this already highlights the high cat-
alytic activity of the Cu center, it cannot explain how OH radicals
could be generated, since OH bound to Cu is unlikely to disso-
ciate as radicals. Nevertheless, this contradiction is resolved by
adding a single H2O molecule to the calculations, upon which
dissociation still occurs but the OH can be stabilized by H2O in
the *OH–H2O–OH intermediate. With the assistance of H2O, the
OH is able to diffuse away from the reaction center instead of
binding to Cu. For comparison of the dissociation kinetics, we
further obtained the transition state for the dissociative step. In
this mechanism, the OH that remains bound to the CuN2O1 site
is unlikely to spontaneously desorb on its own as OH because
of its strong binding (Figure S11, Supporting Information). In-
stead, the catalyst can be regenerated via protonation-reduction
of *OH to form H2O that finally desorbs. Since the evolution of
O2 was generated during the reaction (Figure S12, Supporting In-
formation), we assumed the electrons originate from other H2O2
molecules and simulated the final reductive step at the standard
reduction potential U = E0(O2/H2O2) = 0.70 V. Based on both ex-
perimental and theoretical results we mentioned above, the pos-
sible reaction mechanism of the cascading catalysis of was pro-
posed as Equations (1) and (2):

A combined free energy diagram, shown in Figure 3b, con-
firms that the reaction on the CuN2O1 site has a significantly
lower energy barrier (0.44 eV) than that of CuN4 (Figure 3b) and
is thus more suitable for the H2O2 decomposition. In contrast,
the dissociation of H2O2 on CuN3 could be considered barrier-
free, as the dissociation already occurs upon geometry optimiza-
tion of the H2O2(H2O) intermediate. However, the instability of
CuN3 is reflected in the final reductive step, where the release
of *OH would be inhibited. Therefore, in contrast to the other
two motifs, CuN2O1 exhibits the ideal reactivity, one that is favor-
able for both the dissociation and desorption steps. Bader charge
analysis showed the CuN2O1 center to be positively charged at
+0.72 e, a value between those of CuN4 (+1.11 e) and CuN3
(+0.68 e). Generally, a more positively charged center implies
a higher oxidation state of Cu and a lower tendency for releas-
ing *OH,[22] consistent with the result for the OH-releasing step
in the free energy diagram: the free energy for releasing *OH:
CuN4 > CuN2O1> CuN3. From the above results, we can con-
clude that the POD-like reaction pathway of atomic copper cen-
ters can be much improved by adjusting the copper coordination
microenvironment.

Adv. Funct. Mater. 2023, 33, 2301986 2301986 (5 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Mechanism of POD-like activity on CuN2O1 site. a) Scheme of the proposed reaction mechanism on CuN2O1 site. b) Free energy diagram for
the reaction process on CuN2O1, CuN4, and CuN3 sites. c) Charge density difference plot and Bader charge of Cu in CuN2O1, CuN4, and CuN3 sites.

Encouraged by the above experimental and theoretical stud-
ies, we expect that the Au@CuBCats can serve as an ideal bacte-
ricidal agent in the presence of glucose via DEM cascade cataly-
sis. To prove this concept, methicillin-resistant Staphylococcus au-
reus (MRSA, Gram-positive multidrug-resistant strain) and clin-
ically isolated extended-spectrum 𝛽-lactamases producing E. coli
(ESLP E. coli, a gram-negative MDR strain) were selected as pre-
sentative bacteria for the in vitro antibacterial study. As shown in
Figure 4a, the bacterial colonies of both strains after treatment
with Au@CuBCats were significantly smaller than those treated
by PBS, glucose, glucose+GOx and glucose+CuBCats. Impor-
tantly, we noticed a significant difference (P < 0.0001) between
glucose+GOx and glucose+Au@CuBCats groups (Figure 4c), at-
tributable to the OH, generated by the cascade catalysis, further
improving bactericidal performance.

Furthermore, we used SEM and confocal laser scanning mi-
croscope (CLSM) to investigate the antibacterial mechanism of
Au@CuBCats from morphology and intracellular ROS level as-
pects, respectively. From SEM images (Figure 4b), we observed
that the MRSA and ESLP E. coli exposed to the PBS, glucose
and glucose+CuBCats maintained their original plump struc-
tures with intact outer membranes. After being treated with
glucose+GOx, we noticed some distorted bacterial structures
owing to the oxidative damage from H2O2. By contrast, in the
group treated with glucose+Au@CuBCats, most of the bacte-
ria suffered significant morphological deformations like collapse,
distortion and breakage (highlighted by red arrows), indicat-
ing the highest bactericidal efficacy. Apart from the planktonic
bacterial model, we also tested the antibiofilm performance.
As shown in Figure S13 (Supporting Information), significant

Adv. Funct. Mater. 2023, 33, 2301986 2301986 (6 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. In vitro bacterial killing profile of Au@CuBCats. a) Bacterial colonies after different treatments. b) SEM and CLSM images for bacterial cells
after different treatments. Before confocal observation, the bacteria were dye-labelled by 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) assay kit,
which revealed the intracellular ROS level of bacteria. White scale bar: 25 μm. Black scale bar: 2 μm. c) Bacterial viability calculated from agar plates. The
data are normalized to the PBS-treated group as 100% and presented as mean ± SD, n = 3. d) Semiquantitative statistics of intercellular ROS level of
bacteria. The data are estimated from six fluorescent images by ImageJ. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by multiple t-tests for data
in (c) and (d).

biofilm biomass reduction can be noticed for all Au@CuBCats
treated groups. When the concentration was 800 μg mL−1,
Au@CuBCats were able to reduce 84.6% of biofilm, suggest-
ing the robust antibiofilm effect. We then applied a fluorescent
probe, namely DCF-DA, to further determine the intracellular
ROS level of bacteria. Consistently, we found the highest intra-
cellular ROS level for both strains in the glucose+Au@CuBCats
treatment group (Figure 4b,d), suggesting that the highest oxida-
tive stress was induced by OH. Interestingly, we also noticed that

the Au@CuBCats were able to effectively reduce the intracellu-
lar GSH level of MRSA (Figure S14, Supporting Information),
leading to the oxidative stress.

Before conducting animal experiments, we first evaluated
the biosafety of Au@CuBCats in both cellular and blood level.
From CCK-8 results, we noticed the cell viability could fully re-
cover to≈100% at day 3 after treatment by Au@CuBCats be-
low 200 μg mL−1 (Figure S15, Supporting Information). Also,
the Au@CuBCats exhibited no hemolytic effect even under high

Adv. Funct. Mater. 2023, 33, 2301986 2301986 (7 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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concentration of 800 μg mL−1 (Figure S16, Supporting Infor-
mation). Therefore, we are confident to further investigate the
Au@CuBCats’ ability for healing infected diabetic ulcers (Fig-
ure 5a). Wounds (6 mm in diameter) were inflicted on the ear
of the diabetic rabbits and subsequently infected by MRSA to
become ulcers. The formed diabetic ulcers were then randomly
divided into four groups (n = 6 for each group) based on the
following treatments: i) PBS; ii) CuBCats; iii) Vancomycin; iv)
Au@CuBCats. To monitor the ulcer healing process, we pho-
tographed the ulcers every 4 days and the ulcer area was calcu-
lated from these images. As shown in Figure 5b and Figure S17
(Supporting Information), the vancomycin and Au@CuBCats
groups recovered significantly faster and achieved 100% ulcer
closure at day 11, when swollen ulcers were still observed in the
PBS and CuBCats groups. Also, we found no viable MRSA colony
for the vancomycin and Au@CuBCats groups (Figure 5c; Fig-
ure S18, Supporting Information). Consistent with these results,
the bacterial number (BN) in the epidermis was calculated from
the Giemsa staining (Figure 5d,e). Almost no bacterial cells were
found in the epidermis for the vancomycin and Au@CuBCats
groups, revealing that Au@CuBCats’ bactericidal efficacy is as
robust as that of vancomycin.

To further investigate the epidermis recovery and potential tox-
icity of Au@CuBCats at the tissue level after treatment, we col-
lected the ulcer area and conducted systematic histological stud-
ies (Figure 5d,e). In order to determine inflammation levels in
the ulcers after the different treatments, we applied hematoxylin
and eosin (H&E) staining and immunofluorescence staining of
proinflammatory cytokines including interleukin-1 beta (IL-1𝛽)
and tumor necrosis factor-alpha (TNF-𝛼).[30] From H&E staining,
we analyzed the inflammatory infiltration area (IIA) in ulcer tis-
sues. Notably, the tissues of the Au@CuBCats and vancomycin
groups exhibited well-ordered collagen structures and no appar-
ent inflammation, properties similar to healthy tissues (Figure
S19, Supporting Information). The absence of visible lesions
demonstrates the good biosafety of Au@CuBCats treatment. By
contrast, a great number of neutrophils and large IIA were ob-
served for the tissues in the PBS and CuBCats groups, suggesting
severe tissue inflammation originating from the surviving bacte-
rial colonies. Compared to the PBS group, the vancomycin and
Au@CuBCats groups showed very limited IL-1𝛽 expressions of
14.31% and 10.12%, respectively. In addition, significantly less
TNF-𝛼 was found in the vancomycin (5.95%) and Au@CuBCats
(6.59%) groups than in the PBS group. Besides, we did not find
any lesion in major organs’ H&E staining images (Figure S20,
Supporting Information). These data confirmed the highly effi-
cient therapeutic effect and good biosafety of the Au@CuBCats
treatment.

The rebirth of collagen and vessels is an important indicator
of tissue recovery.[31,32] Therefore, we used Masson’s trichrome
staining and cluster of differentiation 31 (CD31) immunofluo-
rescence staining, respectively, to study the ulcer healing sta-
tus via collagen deposition and neovascularization. The group
treated with Au@CuBCats showed the highest collagen deposi-
tion area (CDA), suggesting the best collagen recovery. The CD31
expressions in the PBS and CuBCats groups were apparently lim-
ited as compared to the Au@CuBCats and vancomycin groups,
with tissues still unrecovered from bacterial infection. Mean-
while, the Au@CuBCats and vancomycin groups had more than

twice as many new vessels as the PBS group, confirming accel-
erated tissue healing. Taken together, these results demonstrate
that Au@CuBCats can effectively cure bacterial diabetic ulcers
in vivo and achieve accelerated regenerative ulcer healing. Also,
as a ROS-based antibacterial therapy, the proposed Au@CuBCats
have advantages like less possibility to arouse bacterial resistance,
higher stability, and wider antibacterial spectrum as comparing
to vancomycin. Therefore, we believe the Au@CuBCats show the
potential as an antibiotic alternative for treating diabetic bacterial
ulcers.

3. Conclusion

In conclusion, we synthesized a GOx-POD DEM bionanocatalyst
Au@CuBCats. Via the DEM cascading catalysis by AuNPs and
copper single atoms, the glucose can be catalyzed in situ to gen-
erate OH without extra energy input. Notably, the unique copper
single atoms coordinated by one oxygen and two nitrogen atoms
(CuN2O1) exhibit better POD catalytic performance than natural
HRP. Further DFT calculations were performed to understand
the catalytic mechanism and reveal the advantage of the CuN2O1
structure over other copper single-atom sites as both the dissoci-
ation of H2O2 and desorption of *OH are kinetically accessible.
In vitro antibacterial results demonstrated that bionanocatalysts
could induce significant bacterial reduction against the MDR bac-
terial strains MRSA and ESLP E. coli. In our in vivo study of bacte-
rial diabetic ulcers in a rabbit ear model, the Au@CuBCats group
exhibited rapid 100% recovery of the ulcer without any remaining
inflammation lesion, suggesting the bionanocatalyst’s outstand-
ing therapeutic efficacy and biosafety. This work provides a proof
of concept of a multi-enzyme mimetic bionanocatalyst serving as
an MDR bacterial diabetic ulcer treatment. We also believe that
this work will offer inspirations for designing the antibiotic-free
bactericidal system and bionanocatalytic cascading medicines.

4. Experimental Section
Reagents: The chemical reagents including the cell culture materials

were provided by commercial sources. All the reagents were of analytical
grade and were used without further purification. ESLP E. coli was clinically
isolated from patients in Charité and MRSA (ATCC 43 300) was purchased
from American Type Culture Collection. Ultrapure water (18.2 MΩ; Milli-
pore Co., USA) was applied in all experiments.

Instruments: STEM and EDX Mapping images were recorded by
a JEOL JEM-ARM 200F scanning transmission electron microscope
equipped with a cold field emission electron source, a DCOR probe correc-
tor (CEOS GmbH), a 100 mm2 JEOL Centurio EDX detector microscope.
SEM images were obtained by using SU8030 scanning electron micro-
scope (Hitachi). XAS spectra at the copper K-edge were collected at the
BESSY synchrotron (Berlin, Germany) at beamlines KMC-3. The UV ab-
sorption spectra were recorded by M200 P Infinite PRO microplate reader
(Tecan). The fluorescent spectra were measured by Fluorescence Spec-
trometer FP-6500 (Jasco). The fluorescence images were taken with Leica
TCS SP8 CARS fluorescence confocal microscope.

Synthesis of CuBCats: Typically, 145 mg of copper nitrate hydrate and
1.044 g of chloranilic acid were separately dissolved in 50 mL methanol to
get metal and ligand solution, respectively. Then, the metal solution was
fast poured into the ligand solution under a high-speed magnetic stirring.
The reaction was kept overnight. The products (CuCA precursors) were
then washed with ethanol for three times by centrifugation and dried in
an oven at 65 °C. Afterwards, the CuCA precursors were mixed with the

Adv. Funct. Mater. 2023, 33, 2301986 2301986 (8 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. In vivo diabetic ulcer treatment with Au@CuBCats. a) Schematic illustration of the experimental flow. b) Ulcer size ratios with different treat-
ments at days 0, 3, 7, and 11. c) Viable MRSA CFU on ulcer after 11 days of treatment. d) Immunohistochemical studies, and e) corresponding statistical
analysis (normalized to PBS group) of diabetic ulcer collected from rabbit at day 11. Scale bar: 100 μm. f) Overall performance of PBS, CuBCats, van-
comycin, and Au@CuBCats in the in vivo diabetic ulcer treatment. The data are estimated from six fluorescent images by ImageJ. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001 by multiple t test for data in (c) and (e), ns represents no significant difference.

Adv. Funct. Mater. 2023, 33, 2301986 2301986 (9 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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same mass amount of DCD in corundum boat and then subjected to a
900 °C-pyrolysis step for 3 h in a tube furnace, followed by an acid etch-
ing step using 1 m HCl under 90 °C overnight. Finally, the products were
washed with water for three times by centrifugation and dried in an oven
at 65 °C. We selected 900 °C as the carbonization temperature in order
to local adjusting the copper single-atom structures. According to previ-
ous studies, when choosing 800 °C or a lower temperature for pyrolysis,
metal-N4 single-atom sites could be easily obtained. While a 900 °C car-
bonization temperature can facilitate the formation of unsaturated metal-
lic single-atom sites, which possessed higher catalytic activities comparing
to the symmetric metal-N4 single-atom sites.[33–35]

Synthesis of Au@CuBCats: Typically, 1 mg of CuBCats were homoge-
neously dispersed in 1 mL of chloroauric acid (HAuCl4) aqueous solution
(2 mm) under the assistance of sonication. The oxygen-containing group
within CuBCats could coordinate with Au ions via static interaction. Then,
62.5 μL of fresh prepared sodium borohydride aqueous solution (100 mM)
was introduced to the above CuBCats-HAuCl4 solution under vigorous
magnetic stirring. The coordinated Au ions could then be in situ reduced
on the CuBCats. After three times of water washing and drying, the final
products, Au@CuBCats were obtained.

Computational Details: Spin-polarized DFT calculations were per-
formed with the Vienna ab initio Simulation Package (VASP) in the frame-
work of the projector-augmented wave (PAW) method with energy cutoff
Ecut = 600 eV.[36,37] Geometry optimizations (including transition states)
and frequency analyses were performed with the PBE functional, followed
by single-point calculations with the PBE0 functional.[38] Grimme D3(BJ)
dispersion correction with Becke-Johnson damping was applied to ac-
count for Van der Waals interactions.[39]

The RMM-DIIS algorithm was applied for electronic relaxation during
geometry optimization while the conjugate gradient algorithm was ap-
plied, starting from the PBE wave function, for the single point calcula-
tion. The electronic convergence criterion was set to 10−5 eV. The Gaussian
smearing approach with smearing width 𝜎 = 0.05 eV was applied. K-points
were sampled using a 3 × 3 × 1 Γ-centered mesh grid. Ionic relaxation
steps were performed with the conjugate gradient algorithm with force
convergence of 10−2 eV Å−1. During geometry optimization, all atomic
positions and the unit cell shape were optimized at constant unit cell vol-
ume (ISIF = 4). Transition states were obtained using the climbing image
nudged elastic band (CI-NEB) method using nine images.[40]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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XAFS measurements and simulations. X-ray absorption spectroscopy (XAS) at the Cu K-edge were 

performed at beamline KMC-3 at the BESSY-II synchrotron (Helmholtz Center Berlin, Germany) 

using a set-up including a Si[111] double-crystal monochromator, a 13-element energy-resolving Si-

drift detector (RaySpec) for X-ray fluorescence monitoring, and DXP-XMAP pulse-processing 

electronics (XIA). Samples were held at 20 K in a liquid-helium cryostat (Oxford). The energy axis of 

the monochromator was calibrated (accuracy ±0.1 eV) using the K-edge spectrum of copper foil (fitted 

reference energy of 8979eV in the first derivative spectrum). The spot size on the samples was ca. 1.5 

x 2.0 mm (vertical x horizontal) as set by a focusing mirror and slits. X-ray fluorescence spectra were 

collected using a continuous scan mode of the monochromator (scan duration ~10 min). 3 scans were 

averaged (1-2 scans per sample spot) for signal-to-noise ratio improvement. XAS data were processed 

(dead-time correction, background subtraction, normalization, self-absorption correction) to yield 

XANES and Cu-EXAFS spectra using our earlier described procedures and in-house software.[1] k3-

weighted EXAFS spectra were simulated with in-house software and phase functions from FEFF9. 

The range of the fits was 2.3-10.3 Å, and the amplitude reduction factor (S0
2) was 0.89. The errors 

represent the 68% confidence interval of the respective fit parameter in all EXAFS fit tables. The 

obtained Rf value of the fits are given for the distance range of interest (1-5 Å of reduced distance). 

GOx-mimetic activity of Au@CuBCats. To evaluate the GOx-mimetic activity of Au@CuBCats, we 

tested the glucose consumption, the pH changing and the H2O2 generation after certain time of 

incubation. 



For the glucose consumption experiment, typically, 100 μL of Au@CuBCats aqueous dispersion (1 

mg/mL) was mixed with 100 μL of glucose solution (1 mg/mL), and 3,5-dinitrosalicylic acid (DNS) 

method was used to evaluate the glucose concentration. In brief, after a 2.5-hour incubation, 0.6 mL 

of DNS reagent was added to above solution, which was then heated at 100 ℃ for 5 minutes and 

quickly transferred to cool water for 20 minutes. The free GOx (2U/mL) and DI water groups served 

as comparison. 

For pH changing monitoring, Au@CuBCats aqueous dispersion was added into glucose solution, 

which was dissolved in PBS (0.5 mM, initial pH=7.2). The final concentrations of Au@CuBCats and 

glucose were 50 μg/mL and 100 mM, respectively. pH value was recorded with a real-time pH meter. 

For H2O2 generation experiment, a H2O2 assay kit (Pierce™) was employed, which is based on the 

oxidation of ferrous ions (Fe2+) to ferric ions (Fe3+) by peroxides and the Fe3+ then combine a xylenol 

orange to form a purple-colored complex with the maximum absorbance at 560 nm. In brief, the 

reaction solution was centrifuged at 14,800 r.p.m. for 5 min and the supernatants were collected. Finally, 

the supernatants and detection solution were mixed for 30 min at room temperature and then measured 

using a microplate reader. The level of H2O2 in products was calculated according to a standard 

concentration curve with triplicate experiments. 

•OH generation activity of the bionanocatalysts. Terephthalic acid (TA) was used as a fluorescent 

probe that easily reacts with •OH to form a highly fluorescent product, 2-hydroxy terephthalic acid 

(HA). In a typical procedure, 150 μg of the bionanocatalyts were dispersed in 1.5 mL of PBS (0.5 mM, 

pH~7.2). Then, the dispersions were mixed with 1.5 mL of 6 mM TA solution containing 200 μM H2O2 

(or 2 mM glucose) for 12 h in the dark, and finally, the changes in the 435 nm fluorescence emission 

peak were recorded using a Fluorescence Spectrometer.  

Peroxidase-mimetic activity. To monitor the peroxidase-like property of the bionanocatalysts, the 

3,3,5,5-tetramethylbenzidine (TMB) molecular probe was utilized, and reactions were carried out in 

0.1 mL acetate buffer solution (0.1 M, pH = 4.0), and the final concentrations of TMB, H2O2, and 

CuBCats were 1 mM, 100 μM, and 50 μg/mL, respectively. After 5 min reaction time, photos were 

taken, and the UV-vis absorption spectra were measured by a microplate reader.  

For the measurement of Au@CuBCats with dual-enzyme mimetic cascading catalytic performance, 

the Au@CuBCats were dispersed in PBS (0.5 mM, initial pH=7.2) that containing glucose. Then, the 

TMB was firstly dissolved in DMSO and then diluted to Au@CuBCats-PBS solution. The final 



concentrations for Au@CuBCats, glucose and TMB were fixed to 50 μg/mL, 1 mM and 0.1 mM, 

respectively. Finally, the absorption at 652 nm was measured by a microplate reader at different 

incubation times. 

The steady-state kinetic assay was performed at room temperature. For kinetic parameters, the 

experiments were carried out in 100 μL NaAc buffer containing 50 μg/mL CuBCats, 832 μM TMB, 

and a series of concentrations of H2O2 ranging from 0 to 1000 mM. The absorbances of all reactions 

were monitored in a time-scan mode at 652 nm through a microplate reader, and the Michaelis–Menten 

constant was calculated according to the Michaelis–Menten saturation curve by GraphPad Prism 7.0 

(GraphPad Software). 

GSH depletion test. The consumption of GSH was detected with a 5,5'-Dithiobis-(2-nitrobenzoic acid) 

(DTNB) probe by UV–vis spectroscopy. The bionanocatalysts were mixed with GSH and DTNB in 

PBS (pH 7.2) at room temperature in the cuvette. The final concentrations of bionanocatalysts, GSH 

and DTNB were fixed to 50 μg/mL, 0.1 mM and 0.1 mM, respectively. At different points, the 

absorbance at 410 nm of the mixed solution was recorded by UV–vis spectrophotometer. In this 

experiment, PBS served as negative control and H2O2 served as the positive control and the 

consumption of GSH was calculated as the following equation, where A(t), A(Pos), and A(Neg) 

represent the absorbance at 410 nm of bionanocatalysts group, positive control group and negative 

control group at time t, respectively. 

𝐿𝑜𝑠𝑠 𝑜𝑓 𝐺𝑆𝐻(%) = (1 −
𝐴(𝑡)−𝐴(𝑃𝑜𝑠)

𝐴(𝑁𝑒𝑔)−𝐴(𝑃𝑜𝑠)
) • 100% 

For the intracellular GSH consumption, we used an assay kit (ab112132, abcam) to evaluate the 

intracellular GSH levels. Briefly, we diluted the overnight MRSA culture by PBS to 107 CFU/mL. Then, 

we introduced the Au@CuBCats with a final concentration of 50 μg/mL to the bacterial solution and 

incubated them in a 37 oC oven for 4 h. Afterwards, we strictly followed the instructions of the assay 

kit to label the bacterial cell by a thiol-dye. The bacterial solution without dye-labeling served as a 

negative control and the bacterial solution without materials served as positive control. Finally, a flow 

cytometer was used to evaluate the fluorescence intensity of bacterial solution.  

 

In vitro planktonic bacterial killing tests. Typically, the Au@CuBCats were firstly dispersed in LB 

media. Then, 100 μL of sample dispersions with a series of dilution times and glucose with the final 



concentration of 1 mg/mL were introduced into 100 μL of ~105 CFU/mL bacterial suspensions. The 

suspensions were incubated at 37 oC for 4 h. The experimental groups of PBS, glucose, glucose + GOx 

(2U/mL as a final concentration), and glucose + CuBCats served as a comparison. At last, the 

bactericidal ratio for the samples under different conditions was studied via agar plate counting. The 

bacterial suspensions were diluted and cultured on agar plates for 12 h to count the bacterial colonies. 

Meanwhile, SEM was utilized to observe the morphologies of bacteria after different treatment. 

In vitro antibiofilm tests. Typically, we introduced 200 μL of MRSA solution (106 CFU/mL) to each 

well in 96-well plate and cultured them in 37oC oven for 48 hours to obtain biofilms attaching on the 

bottoms of well. Afterwards, for each well, 100 μL of Au@CuBCats-PBS solution with different 

concentrations and glucose with final concentration of 1 mg/mL were placed and incubated in 37oC 

oven overnight. The biofilms without Au@CuBCats were considered as control group. Next, to 

remove the Au@CuBCats, the biofilms were gently washed 3 times by PBS and stained by 0.1% 

crystal violet for 15 minutes in room temperature. Again, the biofilms were gently washed by RO 

water to remove the excess dye. After drying in room temperature, the crystal violet in the bottom of 

each well was redissolved by 100 μL of ethanol, and finally the optical density of each well at 595 nm 

was analyzed by microplate reader. 

Bacterial intracellular ROS level. We used 2′,7′-Dichlorofluorescein diacetate (DCF-DA, Sigma-

Aldrich) to study the bacterial intracellular ROS level induced by bionanocatalysts. The bacterial cells 

with final concentration of 108 CFU/mL were treated with different groups for 4 h. Afterwards, the 

treated bacterial cells were washed with PBS for 3 times by centrifugation, followed by being stained 

with 10 μM of DCF-DA for 30 min in the dark. The fluorescent bacterial cells were observed with 

confocal microscope and the fluorescent intensity was quantified by the Image J software. 

Hemolytic experiment. Typically, the PBS-diluted red blood cells (RBCs) were mixed with different 

concentrations of Au@CuBCats in centrifuge tubes. 1% Triton X-100-treated RBCs were considered 

as the positive control, and PBS-dispersed RBCs were considered as the negative control. All the 

experimental groups were incubated at 37 oC with shaking for 3 h and then centrifuged at 6000 rpm 

for 5 min. The absorbance of supernatant was measured at 545 nm by microplate reader. 

Cytotoxicity test. Human skin keratinocyte cell line HaCaT was chosen as model cell line to 

investigate the cells toxicity of the bionanocatalysts. HaCaT cells were grown in Eagle's minimal 

essential medium (DMEM) supplemented with 10% fetal bovine serum, 4.5 g/L glucose, 2 mM L-



glutamine, 100 mg/ml streptomycin, and 100 units/ml penicillin) in a 96-well plate at 37 °C and 5% 

CO2. The cytotoxicity was then measured via CCK-8 assay according to the manufacturer’s instruction. 

Briefly, we seeded the cells in 96-well plates (~ 104 cells/well) and cultured them for 24 hours in oven. 

Then, different concentrations of Au@CuBCats diluted by DMEM were introduced to wells and 

cultured with cells for 24 hours in oven. Afterwards, we gently washed the cells by PBS for 2 times to 

remove the Au@CuBCats and refilled the wells by 100 μL of DMEM. Next, 10 μL of CCK-8 reagent 

was introduced to each well and the cells were cultured for 2 hours before their optical density being 

measured by a microplate reader at OD 460 nm. Also, the cell regrowth after exposing to materials for 

the next two days was recorded by same CCK-8 assay. The cells without adding materials at day 1 

were considered as control. 

In vivo rabbit’s ear bacterial diabetic ulcer model. To assess the therapeutic effects of the 

bionanocatalysts, we established a diabetic ulcer model. All the studies on these animals were 

performed by following the animal ethical standard from Animal Ethics Committee in West China 

Hospital, Sichuan University, Chengdu, China with approval number 2021024A. Male New Zealand 

white rabbits (3.5-4 kg) were used in the study. The animals were 3-4 months of age. Rabbits were 

housed in individual cages, with a 12-h light/dark cycle and controlled temperature and humidity. 

Rabbits were fed a standard chow and water ad libitum. Typically, to establish the diabetic rabbit 

model, the rabbits were firstly anesthetized after adaptive feeding, and hair was shaved off the back of 

the ears. Then, Alloxan (150 mg/kg) (Sigma-Aldrich) was made up in 30 mL of saline and administered 

via an ear vein using an intravenous cannula at a rate of 1.5 mL/min. After treatment, water containing 

glucose was provided for 24 h to prevent hypoglycemia. Blood glucose levels were measured daily 

with a glucose strip after the injection and were considered diabetes when blood glucose levels 

stabilized above 300 mg/dL (16.67 mol/L). Insulin therapy was administered if the animal lost weight 

and had “high” (> 33 mmol/L) glucose readings using insulin glargine.  

To create bacterial diabetic ulcer, the diabetic rabbits were anesthetized after 4 weeks of hyperglycemia. 

Three wounds were then created on each ear using sterile, disposable 6 mm punch biopsies. The 

wounds were created and the dermis was exposed to bare cartilage. Then 0.5 mL MRSA bacterial 

suspension (1×108 CFU/mL) was dropped on the wounds. After being infected for 1 day, the ulcers 

formed with festering.  

The typical treatment procedure was as follows: 100 μL of Au@CuBCats (10 mg/mL) was added to 



the ulcers. PBS and vancomycin (16 μg/mL) were also used as a contrast. After 11 days of treatment, 

the ulcers were cut off and fixed with 10% formaldehyde solution for histological analysis including 

H&E, Masson, Giemsa, TNF-α, IL-1β, and CD31 staining. Fluorescence images were observed by 

automatic microscope (Olympus, IX83).  

 

 

Figure S1. STEM images of CuBCats and Au@CuBCats. 



 

Figure S2. SEM images of CuBCats and Au@CuBCats. 



 

Figure S3. (a) High-resolution STEM image of CuBCats with highlighted copper single atoms and 

corresponding intensity profiles. (b) EDS mapping of CuBCats. 



 

Figure S4. XRD patterns of CuCA, CuCA-C, CuBCats, and Au@CuBCats. CuCA-C is the CuBCats 

without acid etching. 



 

Figure S5. XPS survey of CuCA, CuCA-C, CuBCats and Au@CuBCats. 

 



 

Figure S6. High-resolution XPS N1s spectra of Au@CuBCats. 

 



 

Figure S7. Time-dependent absorbance changes at 652 nm as a result of the catalyzed oxidation of 

TMB. 

 

Figure S8. Relative catalytic activities of fresh prepared Au@CuBCats, 14-day-aged and 38-day-aged 



room-temperature stored Au@CuBCats. The activities were determined by the absorbance at 652 nm 

(oxidized TMB peak) with the presence of Au@CuBCats and glucose. The final concentrations of 

Au@CuBCats, TMB, and glucose were fixed to 50 μg/mL, 0.1 mM and 1 mM, respectively. ns 

represents no significant difference. 

 

 

Figure S9. Schematic illustration of how DCD may play a role in facilitating the formation of N-C-N-

C-N structure. 

 

  

Figure S10. Possible arrangements of CuN2O1 motifs derived from a hexagonal 4x4 supercell of 

graphene with addition N dopant (bottom) and without (top). The conformational free energy of each 



motif Gconf. is shown with reference to the respective most stable structure. 

 

 

Figure S11. Scheme of alternative reaction mechanisms involving the unfeasible desorption of OH 

radical from the Cu center. The proposed mechanism differs from the mechanism on the right in the 

final desorption step of OH. 

 

 

Figure S12. (a) The variation of dissolved oxygen concentrations of H2O2, CuBCats + H2O2 and 

Au@CuBCats + H2O2 in NaAC/HAc buffer. The final concentration of H2O2, CuBCats and 

Au@CuBCats were fixed to 100 mM, 50 μg/mL and 50 μg/mL, respectively. (b) The typical images 

of oxygen generation of Au@CuBCats + H2O2 group over 300 seconds.  



 

Figure S13. Biofilm biomass after treatment of different concentrations of Au@CuBCats in the 

presence of glucose with the final concentration of 1 mg/mL. *P < 0.05; ****P < 0.0001 by multiple t 

tests for data. 



 

Figure S14. MRSA’s intracellular GSH changes before-and-after being treated by Au@CuBCats. 

Samples were analyzed by flow cytometer at Ex/Em=490/520 nm (FL-1 Channel). The final 

concentration of Au@CuBCats was fixed to 50 μg/mL. 

 

Figure S15. CCK-8 assay to reveal the HaCaT cells viability after being treated by different 

concentrations of Au@CuBCats. The cells without adding materials at 1 day were considered as 

control. 

As a result, the decreases of cell viability were noticed after incubation with Au@CuBCats for 1 day, 

attributable to ROS generation from Au@CuBCats under the high glucose concentration (~4.5 g/L) in 

DMEM that we used. While after the Au@CuBCats being washed away, the significant cell regrowth 



was noticed at day 2 and day 3, providing the evidence that the cells could recover soon after treatment. 

The full recovery (~100% cell viability) can be noticed when the materials’ concentration below 200 

μg/mL at day 3. 

  

Figure S16. Hemolysis effect of Au@CuBCats under different concentrations. Triton X-100-treated 

red blood cells (RBCs) served as positive control and PBS-treated RBCs served as negative control. 

 



 

Figure S17. (a) Typical ulcer photos and (b) wound size curves at different day after treatment. The 

data are presented as mean ± SD, n=6. *P < 0.05; **P < 0.01; ***P< 0.001; ****P < 0.0001 by multiple 

t tests. 

 



 

Figure S18. Typical agar plate photos for the remaining MRSA colonies in the ulcer after different 

treatment on day 11. 

 

 

Figure S19. Histological staining of healthy rabbit ear’s tissue. Scale bar: 100 μm. 



 

Figure S20. Typical H&E staining images of major organs for healthy rabbits and Au@CuBCats 

treated rabbits. Scale bar: 100 μm. 

Table S1. Atomic ratio of samples 

Sample 
Atomic ratio (%) 

Carbon Nitrogen Oxygen Copper Chlorine Gold 

CuCA 56.45 - 25.65 4.57 11.76 - 



CuCA-C 83.55 10.36 4.71 1.38 - - 

CuBCats 82.73 10.96 5.44 0.87 - - 

Au@CuBCats 82.48 10.41 4.60 0.83 - 1.68 

 

Table S2. Best EXAFS fitting parameters at the Cu K-edge. 

Sample path CN R(Å) σ2(Å2) ΔE0 (eV) Rf 

Au@CuBCats 
Cu-N 2.07 1.889 0.004 

9.4 23.9 
Cu-O 0.91 1.908 0.004 

CN: coordination numbers; R: bond distance; σ2: Debye-Waller factors; ΔE0: the inner potential 

correction; Rf: goodness of fit. 

 

Table S3. EXAFS fitting data with fixed coordination number of Cu-N and Cu-O at the Cu K-edge. 

Structure path CN R(Å) σ2(Å2) ΔE0 (eV) Rf 

CuN1O2 
Cu-N 1* 1.802 0.010 

9.1 41.8 
Cu-O 2* 1.928 0.010 

CuN3 Cu-N 3* 1.923 0.009 11.0 26.5 

CuO3 Cu-O 3* 1.901 0.009 9.5 26.2 

CN: coordination numbers; R: bond distance; σ2: Debye-Waller factors; ΔE0: the inner potential 

correction; Rf: goodness of fit. * The coordination number is fixed during the fitting.  

Compared to the best-fitting result (Table S1), CuN1O2, CuN3 and CuO3 model fits not that well with 

experimental spectrum of Au@CuBCats (judging from Rf). 
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4 Summary

”The greatest enemy of knowledge is not ignorance, it is the illusion of knowledge.”
-Stephen Hawking

In this chapter, I summarize the key computational findings of the publica-
tions and explain their relevance in the broader context of M-N-C catalysis.
The publications covered multiple aspects of M-N-Cs, including their synthesis,
(electro)catalytic applications and degradation. A very brief description of my
contributions for each paper was given in Chapter 3, which will be explained in
greater detail in this chapter.

4.1 Modeling of MN4 Sites

Owing to their inherent structural disorder, the modeling of M-N-Cs demands
careful calibration in order to determine specific influences that could arise from
the structure and the size of the carbon host. For computational studies of the
MN4 sites, the most popular choice of model is the periodic model containing the
pyridinic MN4 site (Figure 2.5a), possibly due to its relative ease of construction
from graphene. However, the majority of the computational results in the main
publications were obtained using molecular DFT methods instead of periodic
DFT. The justification for using the molecular model was made in Paper M2,
where the binding energy

�b = �MN4 − �M − �N4 (4.1)

and the atomic structure at the MN4 site were compared among various cluster
and periodic models illustrated in Figure 4.1. In general, it could be shown
that models with similar local atomic structure at the MN4 site exhibit similar
binding characteristics. For example, as the carbon lattice in the pyrrolic-1
cluster (Figure 4.1) is already planar, its binding energy (�b,Fe = −9.6 eV) did not
change significantly when the carbon backbone was extended to the pyrrolic-1L
cluster (�b,Fe = −9.9 eV) or the pyrrolic-UC1 periodic model (�b,Fe = −9.9 eV). In
contrast, the alternative pyrrolic-2 cluster, which differs in the arrangement of the
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Figure 4.1: From Paper M2: (a) Structural models used for the DFT calculations. The
isomeric pyrrolic-1 and pyridinic-1 cluster models were used for the templating studies
in Paper M1 and Paper M2. The larger pyrrolic-1L and pyridinic-1L models were used
for reaction studies in Paper M3, Paper M4 and Paper M5. The pyrrolic-UC1 periodic
model was used for the Fermi-level calculations in Paper M3.
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outermost carbon ring compared to pyrrolic-1, possesses a saddle-like curvature,
leading significant differences in the binding energy (�b,Fe = −8.5 eV) compared
to the planar models. However, extending its carbon lattice to the pyrrolic-
2L cluster resulted in an increased planarity, recovering a significant portion
of the difference in binding energy (�b,Fe = −9.5 eV). A similar comparison
among the pyridinic models led to the same conclusion that the binding is mainly
determined by the local atomic structure at the MN4 site, suggesting that both
the molecular and the periodic DFT could describe the chemistry of the planar
pyrrolicMN4 motif equally well, despite their inherent methodological differences
(Section 2.1.5). A slight exception to this is the pyridinic ZnN4 coordination,
for which a Jahn-Teller distortion [164] was predicted for the pyridinic-1 and
pyridinic-1L clusters (3Zn−N = 1.96, 1.99 Å; �b,Zn = −4.1 eV), leading to higher
stability compared to the pyridinic-UC periodic model without the distortion
(3Zn−N = 1.96 Å; �b,Zn = −3.8 eV). This behavior not only highlighted the poor
geometric affinity of Zn towards the smaller pyridinic N4 site, which will be
further discussed in the following section, but also illustrated how geometric
constraints like the periodic boundary conditions can influence the chemical
properties at the active sites. Notably, Di Liberto et al. previously reported that
sub-optimal or unrelaxed lattice parameters could lead to exaggerated reactivity
of the MN4 sites [134]. Switching to the molecular DFT not only simplified the
construction and relaxation of the geometric models without artificial constraints,
especially for the structurally irregular pyrrolic MN4 motifs, but also dramatically
reduced the computational cost of hybrid DFT functionals which are necessary
for handling the self-interaction errors in TMs (Section 2.1.6) [133, 134].

4.2 Templating-transmetallation Synthesis

The overarching motivation behind all the main publications was the templating-
transmetallation strategy for the synthesis of M-N-Cs, originally proposed by
the group of Dr. Tim-Patrick Fellinger [25, 30] and subsequently refined in later
publications [8, 24], including Paper M1 and Paper M5. In brief, the synthesis
involves using a sacrificial metal ion such as Zn2+ (PaperM1, PaperM3) or Mg2+

(Paper M5) for templating the MN4 site, followed by a heat-assisted transmetalla-
tion with the desired catalytically active TM. Despite being more labor-intensive,
this strategy holds several advantages in comparison to conventional synthesis
approaches involving a direct pyrolysis. In Paper M1, it could be experimentally
shown that using Zn in place of Fe prevented the carbothermal reduction of the
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Figure 4.2: From Paper M2: (a) Plot of energy difference between the isomeric pyrrolic-
1 and pyridinic-1 clusters against the average NBO charge of metal. (b) Plot of M-N
bond length against the NBO charge for the pyrrolic-1 and pyridinic-1 clusters. The
dotted lines represent the longest bond length in a planar structure. From Paper M1: (c)
XPS spectrum of the N1s for as prepared Zn-N-C (blue) and after acid-washing (black).
(d-e) Fourier transformed magnitude of the EXAFS profile for the Zn-N-C and Fe-N-C
after transmetallation, fitted to the pyrrolic Cl−ZnN4 and (O2)2−FeN4 models (insets)
respectively.

catalytic material during pyrolysis, suppressing the formation of undesirable
side phases such as iron-nanoparticles, iron carbides and iron nitrides [27–29]
while simultaneously increasing the dopant concentration. In addition, M-N-Cs
obtained upon transmetallation from the same pyrolyzed material exhibited very
similar morphological properties as well as active site geometries and concentra-
tions [20], allowing for a fair comparison of intrinsic activity among single atom
metal sites as illustrated in Paper M3 and Paper M5.
In Paper M1, Paper M3 and Paper M5, the fitting of DFT-optimized MN4

geometries to experimentally measured extended X-ray absorption fine structure
(EXAFS) profiles facilitated the identification of the pyrrolic MN4 coordination
motif as well as the type and quantity of additional ligands at the metal sites. For
example, in Paper M1, the EXAFS profiles (Figure 4.2d,e) exhibited excellent
fitting to the DFT-optimized pyrrolic-1 cluster even beyond the first nitrogen
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coordination shell, leading to the confirmation of the pyrrolic Cl−ZnN4C12 and
(O2)2−FeN4C12 local structures for the corresponding materials (insets of Fig-
ure 4.2d,e). Analogously, the EXAFS profiles of materials transmetallated from
Zn-N-Cs and Mg-N-Cs in Paper M3 and Paper M5, respectively, could be fitted
to the local atomic structure at the pyrrolic-1L MN4 clusters. A further experi-
mental proof of the pyrrolic MN4 coordination was given by the N1s XPS data
shown in Figure 4.2c, where the demetallation of Zn-N-C through acid leaching
led to an increase in the intensity for the (metal-free) pyrrolic nitrogen signal.
Since the metals used for templating (M = Zn, Mg) almost exclusively formed
the pyrrolic MN4 sites, we conducted a DFT study on their relative affinity to-
wards the pyrrolic motifs in comparison to catalytically active TMs like Fe. This
was illustrated in Paper M1 and Paper M2, featuring energetic, electronic and
structural comparisons among isomeric pyrrolic-1 and pyridinic-1 models (Fig-
ure 4.2) with a common chemical formula of MN4C52H20. The models were first
introduced in Paper M1, where Zn was shown to exhibit a higher affinity to the
pyrrolic motif than Fe, and later extended to other TMs in Paper M2.

Drawing insights from the NBO charge population of each metal M in the
MN4 site, we derived and compared the ionic/covalent nature of the chemical
bonds at the respective MN4 sites and determined how they could influence the
templating of the MN4 site, specifically the binding of metals within the N4 site
(Equation 4.1) and their affinity towards either the pyrrolic or pyridinic MN4
motifs, defined by

J�isomer = �pyrrolic−1 − �pyridinic−1 (4.2)

where �pyrrolic−1 and �pyridinic−1 are the electronic energies (DFT) of the respec-
tive clusters. The J�isomer values served as a descriptor for the metals’ relative
affinity towards either motif, and could be correlated to the NBO charges of
the metals and the M-N bond lengths (Figure 4.2a,b). Notably, all J�isomer were
positive, confirming the thermodynamic stability of the pyridinic site. However,
it will be illustrated later that this is not necessarily an advantage for M-N-C
synthesis. Focusing on metals used in the templating procedures, Zn and Mg
generally exhibited highly positive NBO charges (&Zn = +1.6, &Mg = +1.8),
close to the expected charge reflecting their +II oxidation states. The highly posi-
tive charges are indicative of significant ionic contributions in the binding, and
correlate to lower J�isomer values in Figure 4.2a, and longer M-N bond lengths
in Figure 4.2b. In fact, the Zn-N and Mg-N bond lengths tend to approach the

287



Chapter 4 Summary

respective planarity limits for both the pyrrolic and pyridinic motifs (dotted lines
in Figure 4.2b), above which the metal could no longer be bound in plane with
the nitrogen atoms, thereby illustrating their common tendency to maximize
the space provided by the N4 cavity. In contrast to these metals, catalytically
active TMs (M = Fe, Co, Ni) generally exhibited more positive J�isomer values,
correlating to a higher preference towards the pyridinic motifs. This behavior
is a result of the covalent contributions arising from c-d orbital hybridization,
based on frontier molecular orbital analysis in Paper M2, leading to smaller
NBO charges and shorter M-N bond lengths (Figure 4.2a,b). Coincidentally, these
metals, especially Fe, are often responsible for the graphitization of the material
during pyrolysis [26], leading to their expulsion from the carbon lattice in the
form of metal nanoparticles, metal carbides and metal nitrides [27–29]. Based on
the pyrrolic vs pyridinic affinity studies in Paper M1 and Paper M2, it could
be deduced that the graphitization behaviors of these TMs could be linked to
their higher tendency to form the pyridinic motif, which also explained why Zn
and Mg with a lower preference to the pyridinic motif could achieve relatively
high dopant concentrations [8]. Rather ironically, the structural resemblance
between the pyridinic MN4 site and graphene/graphite, which was believed to
confer thermodynamic stability, could in fact be the stimulant for its premature
degradation at the pyrolysis stage.

Upon elucidation of the templating effects of the metal ions, we further studied
the subsequent transmetallation aspect of the synthesis based on the binding
energies of the metals at the pyrrolic MN4 sites in Paper M1 and Paper M2.
In Paper M1 where the PBE functional was used, it could be shown that the
binding of Zn was relatively weak (�b,Zn = −6.1 eV) compared to Fe (�b,Zn =

−9.7 eV). Admittedly, the difference was overestimated due to the use of the
GGA-type PBE functional in Paper M1. The difference became partially reduced
upon switching to the hybrid PBE0 functional in Paper M2 (�b,Zn = −7.2 eV,
�b,Fe = −9.1 eV), showcasing the effects of the self-interaction error which favors
covalent delocalization. However, the difference in �b was still significant enough
that the conclusions in Paper M1 remained solid. In fact, the binding of Zn was
determined to be the weakest among the first row TMs in PaperM2, making it an
ideal starting material for transmetallation. The exceptionally weak binding of Zn
could be attributed to the occupation of the energetically high anti-bonding dx2−y2
orbital in a square planar complex (Section 2.1.6) as well as its inability to accept
c-electrons with fully occupied d-orbitals. In Paper M1, we further determined a
small activation barrier of 0.4 eV for Zn-Fe ion exchange at the MN4 site, implying
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that the elevated temperature during transmetallation was only necessary to
facilitate the diffusion of Fe-ions towards the ZnN4 sites. As a result of its
exceptionally weak binding in the N4 site, Zn is probably the best candidate as
the sacrificial ion, illustrated by the success of several templating-transmetallation
strategies involving sacrificial Zn [8, 24, 25, 31]. In comparison, the stronger
binding of Mg (�b,Mg = −9.1 eV) is rather close to those of the catalytically
active TMs (�b,Fe = −9.1 eV, �b,Co = −9.6 eV), potentially complicating the
transmetallation procedure in reference [30] as well as in Paper M5.

4.3 Electrochemical Mechanisms

Following the successful identification of the pyrrolic MN4 coordination motifs,
we proceeded to study the electrocatalytic mechanisms of ORR (Paper M3 and
Paper M4) and CO2RR (Paper M5) at these active sites. Some of the most signif-
icant conclusions in these papers were inspired by initial contradictions between
theory and experiment. However, our approach for resolving the contradictions
was rather unconventional, mainly because the site-retaining nature of the trans-
metallation step confined our analysis to the pyrrolic MN4 motifs. As a result,
instead of identifying and sampling various possibilities for the MNx active sites,
our focus shifted towards deriving novel mechanistic insights pertaining to the
Faradaic and non-Faradaic processes that could occur at each part of the electric
double layer (Section 2.2.5).

4.3.1 Oxygen Reduction Reaction

The design of M-N-Cs for ORR, especially Fe-N-Cs and Co-N-Cs, is possibly the
most widely studied among other electrocatalytic applications. Computational
studies based on DFT typically involved the pyridinic MN4 motifs in a periodic
setup, often with the use of GGA functionals. As discussed in Section 4.1, each
of these methodological choices can artificially enhance the reactivity, making
it advantageous to switch to a cluster model and apply the hybrid functionals
instead, especially for the structurally irregular pyrrolic MN4 motifs.

Applying the CHE method in Paper M4, we first investigated the commonly
proposed inner-sphere mechanism of ORR at the pyrrolic MN4 clusters (selected
examples in Figure 4.3d), in relation to the oxidation states of the TMs deduced
with a NBO population analysis (Figure 4.3e). Consistent with the chemistry of
natural porphyrin complexes, the majority of the TMs exhibited the +II oxidation
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Figure 4.3: From Paper M3: (a) Tafel plot of Zn-N-C (green), Fe-N-C after Zn-Fe trans-
metallation (blue), NDC after acid leaching of Zn-N-C (orange) and partially demetallated
Fe-N-C after acid leaching (pink). (b) Plot of �HOMO on the pyrrolic FeN4, ZnN4, and
H2N4 (red lines) in the pyrrolic-1L clusters and corresponding OH-bound/deprotonated
clusters (purple lines). (c) Contour plot of the HOMO for the OH−FeN4 motif. From
Paper M4: (d) Reaction energy diagram for the inner-sphere ORR at the MN4 for various
metals simulated at* = 0.7 VRHE with the CHE method (Equation 2.99). (e) Plot of spin
population and corresponding metal-centered d-orbital occupations. (f) Plot of �HOMO

of MN4 (red) and OH−MN4 (purple).

state at the pristine MN4 site, except for the less electronegative early TMs (Sc, Ti,
V) and Mn with the +III oxidation states (Figure 4.3e). The exception of Mn was
particularly surprising since both the Cr and Fe atoms exhibited the +II oxidation
state. Nevertheless, the anomaly could be explained by the stability of the high
spin d4 configuration in a square planar ligand field (Section 2.1.6), corresponding
to the half-filling of d-orbitals except the unstable dx2−y2 orbital. Surprisingly,
the deviation towards the high spin d4 configuration was also exhibited by the
penta-coordinated OH−FeN4 motif, resulting in relatively high charge and spin
populations and possibly suggesting a +IV oxidation state for Fe (Figure 4.3e).
Among all the metals studied, only Fe and Cr displayed potential for inner-sphere
ORR activity at the pyrrolic MN4 site (Figure 4.3d), with relatively low ∗OOH
free energies of +0.29 eV and +0.13 eV respectively, relative to the initial state
at * = +0.7 VRHE. In contrast to Fe and Cr, late TMs from Co to Zn generally
exhibited poor inner-sphere activities at the MN4 site, with highly unstable

∗OOH
intermediates of about +1.2 eV at the same potential. At this point, the reader may
have noticed that I have already contradicted myself, as I previously mentioned
that Co-N-Cs are widely popular for (alkaline) ORR. Before attempting to resolve
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this contradiction, I will introduce a theory-experiment collaborative study to
derive a crucial mechanistic insight for the alkaline ORR.

Paper M3 featured a comparison of the intrinsic alkaline ORR activities and se-
lectivities among the isomorphic Zn-N-C, Fe-N-C (transmetallated from Zn-N-C)
and metal-free nitrogen-doped carbon (NDC, acid-leached Zn-N-C) (Figure 4.3a).
In the alkaline medium, all three materials exhibited the same Tafel slope de-
spite differing ORR selectivities, suggesting a common rate-determining step
(RDS) based on Butler-Volmer kinetics (Section 2.2.4) which was independent
of the selectivity (i.e. within the transfer of the first two electrons in O2 →
H2O2). In addition, the potential offsets in the parallel Tafel plots, equivalent
to the differences in exchange current density 8eq (Equation 2.130), quantified
the influence of the metals (or lack thereof) on this common RDS. Relative to
the Fe-N-C, the Tafel plots for Zn-N-C and NDC were shifted by ca. 0.13 V and
0.10 V respectively. However, if we were to assume a common RDS derived from
the inner-sphere mechanism, the ZnN4 site would theoretically require a much
higher overpotential by 0.90 V compared to FeN4, based on the ∗OOH energies
in Figure 4.3d. In principle, the adsorption of any intermediates should be even
more challenging on the metal free NDC, inconsistent with its observed higher
activity than Zn-N-C for alkaline ORR. Therefore, we had to conclude that the
common RDS, characterized by Tafel analysis, could not possibly be derived from
the inner-sphere mechanism.

Since the inner-sphere mechanism failed to reproduce the trends for alkaline
ORR, we further considered an alternative mechanism involving the outer-sphere
electron transfer, inspired by previous studies on metal-based catalysts and
NDCs [47, 49]. In Paper M3, we studied the influence of metal dopants on the
valence electronic properties of the carbon host, exploiting the HOMO energies
�HOMO of the cluster models and the Fermi levels �f of the periodic models
as descriptors for electron transfers. Notably, both the trends in the �HOMO

and the �f could be correlated to the potential offsets for alkaline ORR (Fe-
N-C > NDC > Zn-N-C), especially with the alkaline environment taken into
consideration. The cluster model employing the hybrid PBE0 functional was
slightly more successful (Figure 4.3b), as the difference in �HOMO between the
OH−MN4 motifs could be correlated almost quantitatively to the shift in the Tafel
plots between Fe-N-C (�HOMO = −4.90 eV) and Zn-N-C (�HOMO = −5.04 eV)
in alkaline ORR, indicating that the common RDS should involve a one-electron
transfer from the HOMO of the OH−MN4 motif. For the metal free NDC, a
HOMO energy of �HOMO ≈ −5.00 eV would be expected based on the potential
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shifts in the Tafel plots, intermediate to that of HN4 (�HOMO = −4.96 eV) and N4
(�HOMO = −5.03 eV), suggesting that the original H2N4 sites were deprotonated
to various extents in the alkaline medium, consistent with the acidity observed
in porphyrin complexes [165, 166].

Inspired by the conclusions of Paper M3, we extended the study of �HOMO

to other first-row TMs in Paper M4 (Figure 4.3f). Interestingly, just as in the
inner-sphere mechanism, the oxidation state of the metal (Figure 4.3e) could also
be correlated to the trends in �HOMO (Figure 4.3f). In general, relatively high
�HOMO values could be determined for metals that exhibit the oxidation states
of +II oxidation state in MN4 and +III/+IV in OH−MN4. Cr, Fe and Co are the
most noteworthy candidates, having relatively high �HOMO in both cases due to
the formal oxidation of the metal upon OH-binding. Therefore, we concluded
in Paper M4 that the high ORR activity of Co-N-Cs was likely a result of the
outer-sphere electron transfer, consistent with its excellent 2e-ORR selectivities
which will be discussed Section 4.3.2. In Paper M3 and Paper M4, it was further
determined that, despite the metals’ delicate influence on the �HOMO, the HOMOs
(e.g. of OH−FeN4 in Figure 4.3c) did not contain significant contributions from
the metal’s atomic orbitals, thus explaining the Fe-N-Cs’ ability to retain its
alkaline ORR activity even in the presence of poisoning ligands [50].

4.3.2 Hydrogen Peroxide Reduction and Fenton Reaction

Although the identification of the outer-sphere RDS in Paper M1 could explain
the activity differences among various M-N-Cs, it raised further questions per-
taining to the ORR selectivity. Since the outer-sphere electron transfer inherently
did not involve the specific adsorption of ORR intermediates, the formation of
mobile H2O2 intermediates should be inevitable during alkaline ORR. In Paper
M3, the in-situ measurements of the H2O2 (in alkaline HO−

2 ) yield using the
RRDE technique elucidated significant differences in ORR selectivities, ranging
from a negligible H2O2 yield for the Fe-N-C to about 30% in the metal free N-C
(Figure 4.4a). While an outer-sphere electron transfer to the H2O2 intermediate
could in principle occur, especially for the metal-free NDC, a fully outer-sphere
mechanism could not explain the differences in selectivity. The most obvious
contradiction was depicted in Figure 4.4a, with the Zn-N-C producing a lower
yield of HO−

2 than the metal-free NDC despite having poorer outer-sphere activ-
ity (Figure 4.3a,b). These observations indicated the existence of a mechanistic
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pathway that promotes the inner-sphere reduction of H2O2 at the MN4 sites,
likely in parallel to the outer-sphere processes.

In Paper M4, we studied the specific interactions between the MN4 sites
and H2O2, based on the relative stability among three isomeric intermediates
∗H2O2,

∗(OH)2 and
∗O(H2O) (Figure 4.4b). It should be noted that any of the 3

intermediates could in principle lead to the subsequent reduction to ∗OH and
finally to water, already illustrating the advantage of M-N-Cs (including Zn-N-C
in Paper M3) in promoting inner-sphere H2O2RR compared to metal-free NDCs.
However, a further examination of the relative stability of the ∗(OH)2 intermediate
could shed light on the intrinsic selectivity differences among metals in the MN4
site. Consistent with the trends in inner-sphere activity (Section 4.3.1), the
dissociation of ∗H2O2 into the

∗(OH)2 intermediate was predicted to be exergonic
for the mid TMs (M = Cr, Mn, Fe), but endergonic or reversible for the late
TMs and Mg (Figure 4.4b). The distinction in the dissociation behavior of H2O2
coincided with generally reported selectivity differences, with mid TMs like Fe
generally exhibiting overall 4e-selectivity [3, 7, 52–55] and late TMs like Co
favoring the 2e-ORR [55, 56], providing further support for the 2e+2e-ORR in the
former. However, although the strong dissociation tendency of H2O2 on mid TMs
would be favorable for the overall current production, it could also come at the
cost of long-term stability. Materials that interact strongly with H2O2, especially
Fe-N-Cs, were frequently reported to promote the Fenton reaction, producing
reactive oxygen species (ROS) like ·OH radicals that would gradually destroy the
catalyst [18, 59–61, 167] and the membrane [168, 169].

Paper S1 featured a side study of the Fenton reaction for biomedical applica-
tions, utilizing a dual-component catalyst containing Au-nanoparticles (AuNPs)
embedded on a Cu-N-C for breaking down glucose into ROS. Our DFT investi-
gation focused on the role of the single atom Cu-site for catalyzing the Fenton
reaction. Consistent with the behavior of pyrrolic CuN4 in Figure 4.4b, the pyri-
dinic CuN4 site was also determined to be inert towards H2O2 in Figure 4.4c.
However, the EXAFS profile of the material indicated a coordination number
of 3 for the Cu atom, fitting best to the DFT-optimized T-shaped CuN2O motif
(compared to CuN4, trigonal pyramidal CuNxO3-x and other T-shaped CuNxO3-x
motifs). The T-shaped motifs were derived upon the removal of a N atom from
a pyridinic CuN4 site. During the initial testing of the Fenton mechanism, a
geometry optimization was performed with a ∗H2O2 intermediate at the CuN2O
site, which resulted in the barrier-free dissociation of H2O2 to form the ∗(OH)2
intermediate, similar to the one shown in Figure 4.4b. Due to the strength of
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Figure 4.4: From Paper M1: (a) Yield of HO−
2 measured with RRDE for (a) Tafel plot of

Zn-N-C (green), Fe-N-C after Zn-Fe transmetallation (blue), metal-free N-C after acid
leaching of Zn-N-C (orange) and partially demetallated Fe-N-C after acid leaching (pink).
From Paper M4: (b) Free energy plot and structures (inset) of the ∗(OH)2 (red) and
∗O(H2O) (blue) relative to

∗H2O2. From Paper S1: (c) Simulated reaction mechanism for
the Fenton r eaction on a trivalent T-shaped CuN2O1 (top) and the corresponding free
energy profile for the reaction (bottom).

the Cu-OH bond, the metal-bound OH would be highly unlikely to desorb as a
·OH radical (J�des > 2 eV), making the Fenton reaction theoretically unfeasible
starting from a ∗(OH)2 motif. However, a closer inspection of the optimization
trajectory indicated that the H2O2 dissociation initially occurred with only one
OH bound to Cu, followed by a rearrangement of the second OH to form a bond
with Cu. With this in mind, I proceeded to determine whether the rearrangement
could be intercepted by a solvent molecule (water). As shown in the reaction
mechanism in Figure 4.4c, the explicit water molecule was indeed able to sep-
arate the second OH from the Cu-site, introducing a small dissociation barrier
of �a = 0.44 eV for the CuN2O motif determined with the NEB method. As the
∗OH−H2O−OH intermediate featured an ·OH that was not bound to the metal,
the latter could potentially diffuse away from the catalyst, for example towards
bacterial cells for the diabetic ulcer treatment in Paper S1. In the final step
of the mechanism in Figure 4.4c, the regeneration of the free active site was
thermodynamically feasible only with a reductive protonation of the ∗OH inter-
mediate using the CHE method [143]. In this case, the reaction was simulated at
the potential of * = �0(O2/H2O2) = +0.70 V, inspired by the experimentally
observed oxygen evolution during the reaction.

294



Electrochemical Mechanisms
Section
4.3

Although Paper S1 did not strictly involve an electrochemical cell, the mecha-
nistic insights for the Fenton reaction are expected to be relevant to ORR catalysis,
especially since both the pyrrolic FeN4 motif in Paper M4 and the T-shaped
CuN2O motif in Paper S1 are highly reactive towards dissociating H2O2. In ad-
dition to providing mechanistic insights on the Fenton reaction, particularly the
influence of the aqueous environment in altering the dissociation pathway, Paper
S1 aptly demonstrated the chemical equivalent of the German saying ”Des einen
Freud, des anderen Leid11”, showcasing the utilization of the electrochemically
catastrophic Fenton reaction for an entirely different realm of applications.

4.3.3 Carbon Dioxide Reduction Reaction

The last part of this chapter is dedicated to a discussion on the electrochemical
CO2RR, an energy-consuming process that converts the greenhouse gas CO2
into valuable chemical products. Due to its negative standard reduction potential
�0(CO2/CO) = −0.10 VRHE, the CO2RR is typically plagued by the competing
HER defined by the RHE potential of �0(H+/H2) = 0 V. In fact, the scale is tilted
even further towards HER if we account for the huge abundance of hydrogen
(H+ or H2O) in the aqueous medium and the electrochemical interface compared
to CO2. As a result, a high CO2RR selectivity is in principle only feasible in the
low overpotential (kinetic) region, away from mass-transport limitations, and
would further require an electrocatalyst that could invert the thermodynamic
selectivity towards HER.

Paper M5 featured a study of the intrinsic CO2RR behavior on the isomorphic
Co-N-C and Ni-N-C, each transmetallated from Mg-N-C which was pyrolyzed
at either 800 ℃ or 1000 ℃. Consistent with previous studies, the Ni-N-Cs were
generally much more selective towards CO2RR than the corresponding Co-N-
Cs [9, 78–80], with the former achieving CO Faradaic efficiencies of FECO > 96%

at the potential* ≈ −0.65 VRHE (Figure 4.5a). However, the high activity and
selectivity of the former posed amajor dilemma in its quantum chemical modeling.
Figure 4.5c displays the free energy profiles for the CO2RR and the competingHER,
based on the energies of the ∗COOH and ∗H intermediates which are necessary
to form CO or H2 respectively. At both the pyrrolic NiN4 and CoN4 sites, the
∗H intermediates were 0.2 – 0.3 eV more stable than the ∗COOH intermediates,
reflecting the thermodynamic selectivity and the thermodynamic-kinetic relations
of the Bell-Evans-Polanyi principle [170, 171], but contradicting the experimental

11 One man’s joy is another man’s sorrow
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Figure 4.5: From Paper M5: (a) CO Faradaic efficiency for Ni-N-Cs and Co-N-Cs, each
obtained upon transmetallation from Mg-N-Cs. The numbers in the names (800, 1000)
refer to the pyrolysis temperatures for the synthesis of Mg-N-C. (b) Free energy diagram
for the potential-dependent adsorption of K+ ions, simulated at * = −0.65 VRHE with
the modified CHE method (Equation 2.104). (c-f) Free energies diagrams for CO2RR and
HER on pyrrolic NiN4 and CoN4 (c) without K

+, (d) with 1 K+, (e) with 2 K+ on the same
face and (f) opposite side face of the intermediates, simulated at * = −0.65 VRHE with
the CHE method (Equation 2.99).

observations in Figure 4.5a. Even more puzzling was the apparent reactivity
of the Ni-N-C, since both intermediates were determined to be highly unstable
(J�∗COOH = 1.30 eV, J�∗H = 1.09 eV) at * = −0.65 VRHE (Figure 4.5c). The
inertness of the NiN4 site even has solid theoretical justification, as all d-orbitals
except the anti-bonding dx2−y2 are fully occupied in a square planar low spin d8

complex (Figure 4.3e), a common behavior among group 10 (d8) transition metals.
In fact, from a recent study by Hursán et al., the NiN4 site was so stable that it
was the only metal (among Fe, Sn, Cu, Co, Ni and Zn) whose M-N-C did not form
metallic clusters during CO2RR [172]. The CO2RR activity and selectivity of the
Ni-N-C was high despite the absence of metallic clusters, further confirming the
NiN4 site as the active site for the reaction.

While excellent numbers for CO2RR activities and selectivities on Ni-N-Cs
were reported in Paper M5, the true novelty of the publication lies in the fact that
the materials were obtained via transmetallation and thus isomorphic, allowing
for a fair comparison of intrinsic CO2RR properties. Conventionally, the puzzling
reactivity of Ni-N-Cswas explainedwith alternative NiNx sites instead of theNiN4
sites, such as the unsaturated NiNxC4-x [84, 85] or the trivalent NiN3 sites [81,
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82]. However, as mentioned repeatedly, the transmetallation step generally
retained the atomic structure of the active site, making it questionable to introduce
modified active sites to our simulations. Recent studies of CO2RR elucidated the
role of cations in enabling the reaction on noble metals like Cu and Au [93–97],
prompting a similar investigation for Ni-N-Cs. However, these studies typically
applied the computationally demanding AIMD calculations. With the large unit
cell size required for the pyrrolic MN4 motif (e.g. pyrrolic-UC1 in Figure 4.2) and
the complexity of TMs’ chemistry (Section 2.1.6), an AIMD simulation would
not be feasible without major sacrifices in accuracy. Therefore, we proposed a
simpler approach in Paper M5, based on standard DFT with a modification of the
CHE (Equation 2.104), in order to study the potential-dependent involvement of
cations at the active site. Comparing the thermodynamics for the K+ adsorption
in Figure 4.5b, it became evident that the pyrrolic MN4 sites were inherently better
at adsorbing the cations than the pyridinic ones. At the simulated potential of* =

−0.65VRHE, the adsorption of the first twoK+ ionswere predicted to be exergonic,
while the adsorption of a single K+ was already slightly endergonic at the pyridinic
site. It should be mentioned that similar energy profiles were obtained with the
CoN4 sites or the Na

+ ions. Considering the exergonic adsorption of cations at
the pyrrolic MN4 sites, we extended the study of CO2RR and HER in Figure 4.5c
to the pyrrolic NiN4 motifs with the adsorbed K+ ion(s) (Figure 4.5d-f).

For the K1MN4 motif in Figure 4.5d, we observed that a single K+ had a slight
influence in the intermediates’ energies. For both metals, the ∗COOH intermedi-
ate was stabilized by up to 0.2 eV, while the ∗H intermediate was destabilized by
up to 0.1 eV. The stabilizing and destabilizing influences could be explained by
electrostatic interactions between the adsorbates and the K+ ions, with the COOH
adopting a combined NBO charge of -0.64 e while the H atom in ∗H remained
neutral at +0.02 e on K1NiN4. As a result of these interactions, the K1NiN4 site
already exhibited a reversal in the selectivity, although the electrochemical barri-
ers were still high (J�∗COOH = 1.07 eV, J�∗H = 1.15 eV). Fortunately, upon the
introduction of the second K+ ions in Figure 4.5e, this barrier became significantly
smaller (J�∗COOH = 0.58 eV, J�∗H = 0.70 eV), making the reactions finally
feasible, and still CO2RR-selective, at the originally inert NiN4 site. Based on
the Arrhenius relation [146], a Faradaic efficiency of FECO= 98.8 % could be
predicted, very close to the observed 96 %.

In order to elucidate the chemistry behind the enhanced stability of the in-
termediates on K2NiN4, we conducted an additional reaction study at the same
K2NiN4 site, but with the intermediates adsorbing on the opposite face of the
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MN4 site instead (Figure 4.5f). In this case, the K+ ions did not have a significant
influence on the reactivity, recovering the reaction profile of the cation-free site
shown Figure 4.5c. With this, we were able to exclude electronic effects due to
electron donation from K to the MN4 clusters. However, it is acknowledged that
the reduction of the Ni(II) to Ni(I) reported in some studies [76, 80] could still
be relevant for further decreasing the electrochemical barriers, requiring excited
state simulations for theoretical justification which lies beyond the scope of my
work. Amusingly, the computational results of Paper M5 resolved the initial
contradiction in the reactivity of the NiN4 site by introducing an irony to the elec-
trochemical mechanism. The inertness of the original NiN4 site ultimately proved
to be beneficial to the CO2RR selectivity, as no (HER-selective) reaction would
occur in the absence of cations on the same face of the reactants. In contrast,
although the pyrrolic CoN4 site could also favor CO2RR with 2 cations on the
same face, the site is still reactive and HER-selective otherwise, correlating to its
diminished CO-selectivity (FECO< 60 %) in Paper M5. Notably, the involvement
of 2 cations in the CO2RR mechanism on Au, arguably the most noble among the
noble metals, was also reported in recent studies by Qin et al. [95–97], although
the cations were mainly transient in the simulations due to their unfavorable
adsorption on the Au surface. Thus, the computational results in Paper M5 not
only extended the possibility of the cations’ participation in CO2RR to M-N-Cs,
but also showcased the commonly neglected role of the neighboring heteroatoms
in localizing them for the reaction.

4.4 Conclusions and Outlook

In brief, my work harnessed the strengths of DFT to close some knowledge gaps
regarding the synthesis of M-N-Cs (Section 4.1 and Section 4.2) and their electro-
chemical applications (Section 4.3), allowing for a more targeted optimization of
these materials in the future. It should be emphasized that most, if not all, of the
conclusions drawn in these works are results of synergistic collaborative efforts
between computational and experimental groups, illustrating the significance of
interdisciplinary research for the understanding of catalytic mechanisms and the
knowledge-based optimization of catalysts. The interdisciplinary research proved
to be especially fruitful when contradictions between theory and experiment were
identified and scrutinized, leading to the derivation of novel, sometimes ironical,
insights that could advance our understanding on M-N-Cs and electrocatalytic
mechanisms.
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Conclusions and Outlook
Section
4.4

In the first part ofmywork, I performed computational studies on the templating-
transmetallation strategy for the synthesis of M-N-Cs with dense active sites and
comparable morphological properties. The combined efforts from both theoretical
simulations and experimental measurements provided abundant evidence for the
nature-inspired pyrrolic MN4 structures, either directly through the spectroscopic
techniques and templating studies in Paper M1 and Paper M2 (Figure 4.2) or
indirectly from mechanistic studies in Paper M3 (Figure 4.3a,b) and Paper M5
(Figure 4.5b). The templating-transmetallation strategy opens up the possibility
of introducing other metals or even non-metals into the M-N-C, including but not
limited to those studied in Paper M2 and Paper M4. For example, in addition to
CrN4 sites which was shown to behave similarly to FeN4 sites for ORR (Paper
M4), those containing the post-transition metals may also be significant for ORR
(Paper M4) and HCOOH-selective CO2RR electrocatalysis [77].

Focusing on the elucidation of electrochemical mechanisms, the second part
of my work universally emphasized the active role of deceptively inconspicuous
species at the interface for the respective reactions. These include hydroxides for
the alkaline ORR (Paper M3, Paper M4), water for the Fenton reaction (Paper
S1), and cations for the CO2RR (Paper M5). The results collectively illustrated
the need to consider environmental influences in order to bridge computational
simulations to the physical reality, especially at the species-diverse electrochemi-
cal interface. From the ORR studies in PaperM3 and PaperM4, the outer-sphere
electron transfer mechanism could be identified to have a significant influence
on the rate-determining step, especially in the alkaline medium, potentially moti-
vating the development and refinement of electron dynamic methodologies and
in-situ spectroscopic techniques to support the discovery and development of
materials that promote these long-range electron transfers. With the inevitable
production of H2O2 through the outer-sphere mechanism, the study of its disso-
ciation behaviors at the MN4 sites in Paper M4 provided a distinguishing factor,
namely the stability of the ∗(OH)2 motif, for comparing the overall ORR selectivity
and stability among the M-N-Cs. The ability of H2O2 to produce the ·OH radicals
at inner-sphere-active sites was further supported by the mechanistic study of
the Fenton reaction in Paper S1, which elucidated the involvement of water in
intercepting the binding of the dissociated ·OH to the active site. Therefore, for
electrochemical applications, it would be necessary to find ways to prevent the
Fenton reaction, or at least reduce its impact on the catalytic stability, possibly
requiring a precise control on the inner- and outer-sphere activity of the active
sites.
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For the mechanistic study of the CO2RR, the results of Paper M5 illustrated
that up to two cations could be adsorbed at the pyrrolic N atoms of the seemingly
inert NiN4 site, subsequently playing a crucial role in tuning the activity and
selectivity for CO2RR. Considering that most CO2RR catalysts are chemically
noble, much like the NiN4 site, the conclusions drawn in Paper M5 are probably
not exclusive to M-N-Cs. With the possibility of modeling the MN4 site with both
the molecular and periodic DFT (Paper M2), the study of potential-dependent
cation adsorption and its subsequent influence on CO2RR could be extended to
periodic DFT calculations in order to calibrate the method for heterogeneous
catalysts in general. In particular, for the noble metal catalysts, the existence
of oxide phases during CO2RR have been reported to enhance CO2RR selectiv-
ity [173–176], prompting the need to investigate the possibility of the cations’
adsorption on surface O-atoms for CO2RR.
Overall, the significance of my work lies in challenging several common as-

sumptions in the modeling of active sites in M-N-Cs and their respective elec-
trocatalytic mechanisms. Since my computational studies were heavily inspired
by experimental data and observations, the collaboratively derived results are
expected to be relevant for future theoretical and experimental work, illustrating
the value of a theory-experiment synergy in the knowledge-based development
of an inherently disordered material.
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