
RESEARCH ARTICLE
www.advenergymat.de

The Tetrapyrollic Motif in Nitrogen Doped Carbons and
M-N-C Electrocatalysts as Active Site in the Outer-Sphere
Mechanism of the Alkaline Oxygen Reduction Reaction

Davide Menga, Jian Liang Low, Ana Guilherme Buzanich, Beate Paulus,
and Tim-Patrick Fellinger*

Development and fundamental understanding of precious-group-metal-free
electrocatalysts is hampered by limitations in the quantification of the intrinsic
activity of different catalytic sites and understanding the different reaction
mechanisms. Comparing isomorphic nitrogen-doped carbons, Zn-N-Cs and
Fe-N-Cs with the common tetrapyrrolic motif, a catalyst-independent
outer-sphere rate-determining step in the alkaline oxygen reduction reaction is
observed. Density functional theory (DFT) simulations on tetrapyrrolic model
structures indicate the highest occupied molecular orbital (HOMO) level as a
good descriptor for the catalytic activity. Contour plots suggest that the
electron transfer occurs directly from the tetrapyrrolic coordination site, rather
than from the metal center. Metal-free tetrapyrrolic N4 sites are discovered to
be highly active oxygen reduction reaction (ORR) active sites in alkaline that
reach turnover frequencies (TOF) of 0.33 and 1.84 s−1 at 0.80 and 0.75 VRHE

in the order of magnitude of tetrapyrrolic Fe–N4 sites in the acidic ORR. While
Zn-coordination lowers the HOMO level and therefore the catalytic activity,
Fe-coordination lifts the HOMO level resulting in TOF values of 0.4 and 4 s−1

for tetrapyrrolic Fe–N4 sites at 0.90 and 0.85 VRHE, respectively. At higher
mass activities, the peroxide reduction becomes rate-limiting, where highest
peroxide production rates are observed for the nitrogen-doped carbon.

1. Introduction

Carbon-based precious-group metal (PGM)-free electrocatalysts
are materials that are intensively studied due to their low cost
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and application in a wide range of rel-
evant electrochemical reactions.[1] Es-
pecially regarding the oxygen reduc-
tion reaction (ORR) in proton exchange
membrane fuel cells (PEMFCs), they
have reached promising initial activ-
ity, comparable to state-of-the-art Pt-
based electrocatalysts.[2] Even though
they are approaching system-relevant sta-
bility, they still lack the requirements
to meet wide-spread practical applica-
tion in the technologically more ma-
ture acid based PEMFCs.[3] On the other
hand, they show exceptional activity and
stability in anion exchange membrane
fuel cells (AEMFCs), even better com-
pared 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 al-
kaline electrolyte and there has been
controversial debate on mechanism and
the nature of active sites for decades.[5]

Generally, there are several differences
in the ORR mechanism when the pH increases.[6] In acidic
medium, an inner-sphere-mechanism model is generally em-
ployed to explain the reduction of O2 to H2O2 or H2O,
with the initial oxidative addition of O2 to the active metal
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center (generally accompanied by a concerted H+ transfer to the
oxygen molecule) proposed as the rate determining step (RDS)
for low polarizations.[7] In alkaline environment, in contrast, it
has been proposed that both inner- and outer-sphere mecha-
nisms can occur, independently or in parallel.[6b,7c,8] The RDS is
generally attributed to the first electron transfer to O2

[9] or the
first proton transfer to *O2

− to form *OOH (* indicates that the
intermediate is adsorbed on the active site).[7a,10] Moreover, ki-
netic isotope effect studies suggest the occurrence of two parallel
pathways, one of which has a proton independent RDS.[7c] When
an inner-sphere mechanism is taken into account, the possible
available adsorption sites in M-N-C are not only the metal centers,
but the C atoms close to nitrogen dopants as well. This considera-
tion arises from DFT calculations of the O2 adsorption on metal-
free NDCs (in the Japanese community also referred to as “car-
bon alloys”) completely free from metal sites.[11] While NDCs of-
ten show high activity in alkaline medium, high activity in acid is
less common for this materials class, sometimes rising concerns
of metal impurities.[12] For Fe-N-Cs, Fe poisoning experiments
suppress the activity in acidic but not under alkaline conditions,
indicating a non-metal-centered active site in alkaline electrolyte,
i.e., that ORR might not necessarily happen at the Fe-site.[13] In al-
kaline 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,[8a] which may however depend on the cat-
alysts porosity influencing the likelihood for a subsequent reac-
tion, let it be inner-sphere or outer-sphere mechanism.[14] Gen-
erally, for an outer-sphere charge transfer process, the key factor
determining the catalytic activity would be the valence electronic
properties, particularly the Fermi energy for the description of
the M-N-C as a continuous solid-state catalyst or the energy of the
highest occupied molecular orbital (HOMO) for the description
of the M-N-Cs by molecular building blocks.[14,15] The relation-
ship between such properties and electrochemical kinetics (i.e.,
catalytic activity) has been intensively studied,[16] with the ma-
jority of related studies discussing them in the context of inner-
sphere processes.[17] In a recent DFT study on pyrrolic M-N4 clus-
ters, the influence of the bound metal species on the HOMO en-
ergies was compared among first-row transition metals, provid-
ing theoretical support towards the possibility of an outer-sphere
mechanism for ORR.[14b]

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,[18] the most established methods mostly
rely on probe molecules.[19] The use of probe molecules can limit
the applicability of the method to ex-situ measurements[19b] or
to a certain pH range[19a] and usually requires pre-treatments of
the catalytic surface and strict protocols in order to obtain repro-
ducible results.[19a–c] 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 influ-
ence the obtained values by interacting with the probe molecule
or by affecting the employed electrochemical method. In our pre-
vious work we showed that via an active-site imprinting strat-

egy followed by a transmetalation reaction, Mg-N-C and Zn-N-
C containing Mg–N4 and Zn–N4 sites respectively can be trans-
formed into active Fe-N-C electrocatalyst without common un-
favourable side phases like iron carbide or metallic iron.[20] More-
over, when Zn is employed, tetrapyrrolic metal-coordination sites
and hence very active and selective tetrapyrrolic Fe–N4 sites can
be prepared.[21] This synthetic strategy gives the opportunity to
obtain a platform to systematically investigate the intrinsic activ-
ity 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.[22]

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 electro-
catalysts 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 mea-
sured in a rotating ring disc electrode (RRDE) setup to gain in-
sights into the ORR mechanism and the intrinsic activity of dif-
ferent catalytic sites in alkaline medium.

2. Results and Discussion

The Zn-N-C electrocatalyst is prepared similarly to what was pre-
viously reported.[22,23] Briefly, Zn-N-C is prepared by carboniz-
ing 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,[24] the presence of the
Lewis-acidic Zn2+ ions facilitate the formation of tetrapyrrolic N4
moieties.[21] 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 (Fe-N-C-extr) is obtained from the
Fe-N-C using aqueous HCl washing, a nonoxidizing acid, and
elevated temperatures of 160 °C for 3 d. In order to completely
remove the Zn from Zn-N-C and obtain a tetrapyrrolic nitrogen-
doped carbon (NDC), the same procedure of aqueous HCl wash-
ing was repeated two times. The metal amount in the final cata-
lysts was determined by inductively coupled plasma-mass spec-
trometry (ICP-MS). Zn-N-C has a Zn content of 0.42 wt% and
Fe-N-C has an Fe content of 0.67 wt% before partial Fe extraction
and 0.16 wt% after extraction.

Extended X-ray absorption fine structure (EXAFS) measure-
ments 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 ex-
tracted Fe-N-C. No Zn signal was detected for NDC, further con-
firming the total extraction of Zn. Figure 1a–c shows the magni-
tude 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 struc-
tural parameters (Table S1, Supporting Information). Zn cations
in Zn-N-C are coordinated to four pyrrolic N at 2.04 Å. In
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Figure 1. Experimental (phase-corrected) Fourier transform and best fit EXAFS model of the Zn K-edge EXAFS spectra of a) Zn-N-C and Fe K-edge EXAFS
spectra of b) Fe-N-C as well as Fe K-edge spectra of c) Fe-N-C-extr to best fit of (b) for comparison. 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). d) Mössbauer spectrum of Fe-N-C measured at 4.2 K; FWHM refers to the line width of the indicated quadrupole doublet.

Fe-N-C, Fe cations are coordinated to four pyrrolic N at 2.05 Å
and ≈ 1 O atoms (from OH groups) at 1.84 Å. Fe-N-C-extr shows
similar Fe coordination, indicating the same Fe environment of
the remaining Fe atoms after extraction (Figure S1 and Table S1,
Supporting Information). Cryo-Mössbauer spectroscopy was em-
ployed on Fe-N-C to further confirm the environment around the
Fe atoms.[25] The spectrum measured at T = 4.2 K shows two
quadrupole doublets, herein abbreviated as D1 and D2, assigned
to atomically dispersed Fe-N4 sites (Figure 1d), confirming the
results obtained via EXAFS analysis. The first doublet, with an
isomer shift (IS) of 0.22 mm s−1 and a quadrupole splitting (QS)
of 1.7 mm s−1 is assigned to Fe3+ and therefore points to OH/O2
coordinated Fe-N4 sites. The second doublet (herein referred to as
D2) with an IS of 0.74 mm s−1 and a QS of 3.71 mm s−1 suggests
high-spin Fe2+, as in a bare tetrapyrrolic Fe-N4 site.[26,27]

Notably, D1 and D2 have a very narrow line width of 0.90 mm
s−1 and 0.55 mm s−1 respectively, which points to a high homo-
geneity of the Fe-N4 environment.[22] The Fe content in Fe-N-C-
extr is too little to allow for a meaningful deconvolution of the
Mössbauer spectrum (Figure S2, Supporting Information).

RRDE measurements were employed to measure the ORR ac-
tivity of the four isomorphic catalysts in O2-saturated 0.1 m NaOH
electrolyte. For all the measured catalyst a relatively low load-
ing of 0.145 mg cm−2 was employed to minimize the chance
for artifacts.[28] Figure 2a,b shows 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+ coordi-
nated to tetrapyrrolic N4 sites and is in agreement with our previ-
ous study by Petek et al.[29] Interestingly, the NDC clearly shows
an increased peroxide detection in the ring current at lower po-
tentials at a loading of 0.145 mg cm−2, reaching a maximum of
35% at 0.6 VRHE which is more than double of Zn-N-C (15%)
(Figure 2b). This will be further discussed later in the manuscript.
Since removal of Zn ions from Zn-N-C exposes tetrapyrrolic N4
sites without changing morphological properties of the material,
the change in kinetic current of the two samples related to the
reduced Zn content, allows for the determination of the intrinsic
activity of tetrapyrrolic N4 sites in alkaline electrolyte. In our re-
cent work,[22] we suggested that it is possible to calculate the TOF
without quantification of the total utilizable SD with the help of
a controlled extraction step. Since the extracted amount of metal
accounts for removed utilizable active sites (ΔSD), it can be re-
lated to the loss in catalytic activity (Δikin) in Equation (1), giving
the TOF value.

TOF
(
s−1

)
=

Δikin

(
A g−1

)

F (A s mol−1) × ΔSD
(
mol g−1

) (1)

where Δikin represents the difference in the kinetic current be-
tween the pristine sample and the extracted sample and ΔSD
is the corresponding difference in active-site density, calculated
from the amount of extracted metal. To calculate the TOF value
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Figure 2. Tafel plots displaying the kinetic mass activity corrected for a) mass-transport limitation. HO2
− yield obtained via RRDE experiments for b) the

four isomorphic catalysts. Measurements were performed at room temperature in O2-saturated 0.1 m NaOH at 1600 rpm, 10 mV s−1 (anodic scans).

for tetrapyrrolic N4 sites within the NDC catalyst, the ΔSD is
calculated from the Zn content of Zn-N-C compared to the Zn-
extracted NDC (Table S2, Supporting Information). Noticeable,
TOF values of 0.33 s−1 and 1.84 s−1 are herein calculated for
the ORR activity of tetrapyrrolic N4 sites in alkaline media at
0.80 VRHE and 0.75 VRHE, respectively. The TOF values of tetrapy-
rollic N4-sites in alkaline medium are therefore in the same
order of magnitude (even slightly larger) than TOF values of
tetrapyrrolic Fe-N4 sites in the acidic medium.[22]

Moving to the Fe-containing samples, 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.[19b,30] The cat-
alyst has a TOF of 0.4 s−1 and 4 s−1 at 0.90 VRHE and 0.85 VRHE,
respectively, which are among the highest values reported for
Fe-N-C electrocatalysts in alkaline medium.[18b,19b,c] These val-
ues are also in line with reported values obtained with well-
established methods,[19b] supporting the validity of the described
procedure. Although the removal of Fe in Fe-N-C-extr results
in a decreased activity compared to Fe-N-C, both catalysts pro-
duce a negligible amount of HO2

− (<3%) at this catalyst loading
(Figure 2b), pointing to a 4 e− reduction (either direct or appar-
ent) of the O2 for the Fe-N-Cs. This is clearly different compared
to Zn-N-C and NDC, which both produce significant amounts

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

of HO2
−. Apparently, for both catalysts the 2 e− reduction has a

strong contribution on the ORR activity, curiously even more for
the NDC, despite the generally higher activity compared to the
Zn-N-C.[9,31]

Intriguingly, all tetrapyrrolic catalysts show an identical Tafel
slope of TS ≈ 50 mV dec−1 between 1 and 10 A g−1 (Figure 2a),
pointing to an identical rate-determining step in the ORR mech-
anism for the different active-sites. The observed order of activity
is Fe-N-C > Fe-N-C-extr >> NDC > Zn-N-C. This is in stark con-
trast to the acidic medium, where the Tafel slopes are very differ-
ent from each other in this current range and the order of activ-
ity is Fe-N-C > Fe-N-C-extr >> Zn-N-C > NDC (Figure S3a and
Table S3, Supporting Information). The independence of the rate-
determining step on the presence and nature of metal-ion sites
for otherwise isomorphic catalysts in alkaline electrolyte suggests
an outer-sphere mechanism, in which electrons are transmitted
over long-range without the need for oxygen adsorption. Rather,
the electronic properties of the catalysts must be considered. It
has been shown that for outer-sphere electron transfers, the po-
sition and electronic structure of the Fermi level and the den-
sity of states around it relates to the catalytic activity.[16c,e] In the
case of NDCs, the nitrogen doping causes the material to be-
have as a semiconductor and materials with higher carrier con-
centration and flat band potential were shown to require lower
overpotential to start the ORR.[16c] To explain the observed ac-
tivity trend, we therefore simulated the electronic properties of
NDC, Zn-N-C and Fe-N-C for both periodic and cluster mod-
els, representing the description of the catalysts as continuous
solid-state materials or by their molecular building blocks (Table
S4, Supporting Information).[14a] We performed DFT calculation
employing models featuring different pyrrolic-type N4 coordina-
tion sites,[32] namely the metal free H2N4, the Zn- and Fe- co-
ordinated M-N4, resembling NDC, Zn-N-C and Fe-N-C respec-
tively (Figures S4 and S5, Supporting Information). Due to the
high pH in alkaline electrolyte, an important role of OH− ad-
sorption, causing a strong double layer effect and adsorption to
metal centers may contribute.[6b] Therefore, we considered the
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Figure 3. a) HOMO energies of pristine FeN4, ZnN4 and H2N4 and corresponding OH-bound/deprotonated structures to account for the alkaline
environment. b) Frontier molecular orbital diagram OH-FeN4, OH-ZnN4 and doubly deprotonated N4 and the isocontour plot of the corresponding
HOMO(s). 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.

electronic structures of the OH-adsorbed M-N4 and deprotonated
H2N4 for the study as well. For the molecular systems, an ana-
logue to the energy of 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 Fe-N4, Zn-N4
and H2N4 already qualitatively follow the measured reactivity
trend in Figure 2a. The trend is retained when the alkaline en-
vironment 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 between the tetrapyrrolic active sites and the
oxygen molecules over relatively long-range without the necessity
for oxygen adsorption. For the periodic models shown in Figure
S5 (Supporting Information), a similar but less quantitative trend
is observed among the Fermi levels Ef of OH-FeN4, OH-ZnN4
and HN4. For the NDC, the description is complicated by the de-
gree of deprotonation of the H2N4 site in the alkaline medium.
Studies on molecular porphyrin compounds determined the av-
erage pKa of the H2N4 to be significantly lower than that of wa-
ter and could even be doubly deprotonated by weaker bases than
hydroxides.[33] 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 ob-
served 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 and the element-specific elec-
tronic distribution of the HOMO (Table S4, Supporting Informa-
tion) further suggests that the metal in the M-N4 site is not likely
to be directly involved in the outer-sphere electron transfer, but
only influences the reactivity by shifting the HOMO energy, pos-

sibly explaining why Fe-N-Cs are able to resist poisoning experi-
ments in alkaline ORR. The absence of the chemical interaction
between catalyst and substrate in the RDS at higher potentials
in alkaline electrolyte suggests that the coordination site geom-
etry has a substantial impact on the catalyst activity by defining
its electronic properties. The well-defined tetrapyrrolic active site
structure in pyrolytic Zn2+ template-ion reaction derived electro-
catalysts allow for a comprehensive electrochemical and theoret-
ical description of the ORR process in alkaline electrolyte.

The abovementioned good fit quality of the XAS analysis and
the low line width of the Mössbauer spectra indicate a homo-
geneous active site geometry. Further, the good quantitative fit
between experimental and theoretical results indicate that the
tetrapyrrolic coordination site (in contrast to the metal ion) is in-
deed the active motif from which electrons are emitted, which
may explain the very high activity of the Fe-N-C with a high lo-
cal density of states at the Fermi level. Similarly, the high TOF
value for the tetrapyrrolic N4-site explains the high ORR activity
of the NDC. This site has previously not been considered as ac-
tive site for nitrogen-doped carbons and may explain the activity
of previously reported catalysts involving “ORR-inactive” metals.

While similar Tafel slopes are observed for all catalysts in the
upper potential range, the Tafel slopes for NDC and Zn-N-C in-
crease to above TS ≈ 120 mV at lower potentials (Figure S3b,
Supporting Information). For NDC this is observed at ≈0.77 V
and for Zn-N-C at around ≈0.75 V versus RHE. Those poten-
tials represent the onset potentials of the previously mentioned
HO2

− formation. The trend of the peroxide formation is Fe-N-
C ≈ Fe-N-C-extr << Zn-N-C << NDC, the inverse of the trend
of the ORR activity in acidic electrolyte. Trend and Tafel slopes
indicate that here an inner-sphere HO2

− reduction mechanism
becomes rate-determining first for the NDC, then for the Zn-N-
C, while the tetrapyrrolic Fe-N-C remains to have a high peroxide
reduction activity. The results suggest that the peroxide reduction
may occur via inner-sphere mechanism.[14] This picture matches
very well with the activity of NDC, which produces high amounts
of HO2

−, since the initial outer-sphere oxygen reduction mech-
anism will promote mostly the 2 e− reduction.[8a] When a metal
ion is coordinated to the tetrapyrrolic N4 site, a lower HO2

− yield
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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 fa-
vored and that any peroxide intermediate formed during ORR
is immediately reduced further to OH−.[8a]

3. Conclusion

In conclusion, the intrinsic ORR activities of tetrapyrrolic NDCs
and the respective Zn- and Fe-coordinated isomorphic Zn-N-C
and Fe-N-C electrocatalysts were evaluated in alkaline electrolyte
using an RRDE setup in combination with a novel extraction
method. Metal-free tetrapyrrolic N4-sites were found to be highly
active, with TOF values in alkaline comparable to TOF values of
tetrapyrrolic Fe-N4 sites in acidic electrolyte.

Independent of the catalysts, a general outer-sphere rate-
determining step in the reaction mechanism at mass activities be-
tween 1 and 10 A g−1 was observed. The experimentally found ac-
tivity trend of Fe-N-C>NDC>Zn-N-C is matching the calculated
electronic properties of tetrapyrrolic model structures. An earlier
onset of reaction quantitatively relates well to higher HOMO en-
ergy levels, dictated by the state of coordination in the order Fe-
N4 > N4 >Zn-N4. Contour plots of all tetrapyrrolic clusters how-
ever suggest that the electron transfer occurs directly from the
tetrapyrrolic coordination site, rather than from the metal center.
The active sites therefore seem to be the same in all investigated
catalysts, the activity however depends on their electronic state,
dictated by the type of coordination. Noncoordinated tetrapyrrolic
N4 sites reach turnover frequency values of 0.33 s−1 and 1.84 s−1

at 0.80 VRHE and 0.75 VRHE. While Zn-coordination lowers the
HOMO level and therefore the catalytic activity, Fe-coordination
lifts the HOMO level resulting in TOF values of 0.4 s−1 and 4
s−1 for tetrapyrrolic Fe-N4 sites at 0.90 VRHE and 0.85 VRHE, re-
spectively. The high TOF translates into high mass activity of the
Fe-N-C, 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 re-
ported so far in alkaline electrolyte. Because of the independence
of the Tafel slope from the metal coordinated to the tetrapyrrolic
N4 sites (including the metal free NDC), the RDS at high poten-
tials is to be found in the first 2 e− reduction. At higher mass
activity the tetrapyrrolic NDC shows selectivity for the 2 e− re-
duction of O2 to HO2

−, while the coordination of both, Fe or Zn
to the tetrapyrrolic N4 coordination site reduces the peroxide for-
mation. This is likely due to inner-sphere HO2

− adsorption to the
M sites and further reduction to OH− (for a total of 4 e−) in the
case of M-N-Cs.

4. Experimental Section
Preparation of Zn-N-C: The catalyst was prepared similarly to what

previously reported.[22] 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 cru-
cible 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 h, employing a heating rate of 2.5 °C min−1. 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,[21,22] 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 h,
the sample was let to cool down to room temperature, opened to air and
washed with deionized water to remove the salt mixture. Afterward, it was
stirred in 0.1 m HCl for several hours, filtered, washed with deionized wa-
ter 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 min, 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 d 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.

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 d 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) mea-
surements at the Zn K-edge and at the Fe K-edge were carried out at
the BAMline[34] 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 flu-
orescence mode. XANES data evaluation and treatment was performed
by using ATHENA program from Demeter package.[35] The further evalu-
ation of the pre-peak analysis was done in Origin, with the Peak Analyser
tool, allowing to remove a spline baseline to the pre-peak, and further in-
tegrating the resulting area, as shown in Figure S1b (Supporting Informa-
tion). Phase-corrected (see Supporting Information) EXAFS curves were
obtained by convoluting a Hanning-type window to the k-space curves
between 1.5 and 10 Å, with a dk = 1. EXAFS curves were Fourier trans-
formed and fitted with a DFT-optimized model adapted from the previous
publications[21,22,32] 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. The scattering paths
to fit both Fe-N-C and Fe-N-C-extr are displayed in Table S1 (Supporting In-
formation). In both cases, an R-range between 1 and 4.5 Å was fitted over,
entailing scattering paths until 3.5 Å, and in the latter scattering paths
until 3.2 Å. 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 mono-
hydrate NaOH pellets and deionized ultrapure water. Saturated Ag/AgCl
was employed as reference electrode and a Pt wire as counter. Measure-
ments 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 resis-
tance was determined by electrochemical impedance spectroscopy and
the reported potentials were corrected accordingly. The ORR polariza-
tion 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 elec-
trode and dried under an infrared heater for 60 min. For each curve at
least two separate measurements were averaged to give the shown po-
larization curve, and the standard deviation is illustrated with error bars.
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Kinetic currents were calculated based on limiting current correction as in
reference.[34]

Density Functional Theory (DFT) Calculations: Cluster calculations
were performed using the program package TURBOMOLE.[35] The ac-
tive sites were modeled with the finite-sized MN4C96H24 clusters (M =
Fe, Zn, H2) as shown in Figure S4 (Supporting Information). The hy-
brid PBE0 functional[36] with Grimme dispersion correction with Becke
Johnson damping function D3(BJ) was applied.[37] Geometry optimiza-
tion was performed with def2-SVP basis while a larger def2-TZVP basis
was applied for single-point calculations.[38,39] The conductor-like screen-
ing model (COSMO) was applied to describe solvation effects in aqueous
environment.[40,41] Electronic steps were converged to 10−7 a.u. in the to-
tal 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 analyzed. Molecu-
lar orbitals were visualized with Molden.[42]

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.[43] The PBE functional was used with Grimme D3(BJ) dispersion
correction with Becke-Johnson damping.[39,44] Hubbard correction for Fe
was applied to account for delocalization error associated with the d-
electrons (U = 4 eV, J = 1 eV).[45] 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 re-
laxation steps were performed with the conjugate gradient algorithm with
force convergence of 10−2 eV Å−1. K-points were sampled using a 3 × 3 × 1
Γ-centered mesh grid ssduring optimization, and a 6 × 6 × 1 grid for single
point calculations. The pyrrolic model as depicted in Figure S5 (Supporting
Information) 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.[21,32]
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the author.
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