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talytic water oxidation by MnOx

through the incorporation of abundant metal
cations†

Jens Melder, ‡*a Stefan Mebs,*b Florian Lessing, a Holger Dau b

and Philipp Kurz a

Layeredmanganese oxides which were deposited on carbon fibre paper (MnOx/CFP) via a redox-deposition

process show promising activities and stabilities for the OER over a very wide pH range. In the study

presented here, the influence of the incorporation of metal cations (Mn+, M = Ca, Co, Ni, Fe) into MnOx

layers on the OER performance at different pH values (2.5/7.0/14.0) is explored. Spectroscopic analyses

of MyMnOx/CFP reveal that doping with other metal cations does not alter the basic birnessite-type

MnOx structure. However, the average manganese oxidation state can be tuned and is found to depend

on the incorporated metal cations. Furthermore, a clear dependence of the catalytic activity and stability

on the incorporated metal ion is observed and especially Ni- and Co-doping lead to a significant

performance boost under alkaline (Ni and Co) and neutral conditions (Co). A comparison to other state-

of-the-art metal oxide catalysts (also deposited on CFP for comparison) shows that the metal-doped

MyMnOx/CFP anodes are able to compete with the most active materials known so far.
1 Introduction

The need for a sustainable energy supply that is not based on
fossil fuels like crude oil or natural gas is urgent not only
because their resources are nite but also because their
combustion produces CO2. The conversion of solar energy, the
most ubiquitous energy source, into storable fuels like H2 by
catalytic processes has recently attracted much attention. For
this, the splitting of water to H2 and O2 might play a central
technological role.1–3

The energy (DG = 237 kJ mol(H2)
−1)4 required to power this

highly endothermic reaction can be provided by several
renewable sources, one of which is electricity from wind or solar
energy (e.g. by photovoltaics or wind turbines). The electro-
chemical splitting of water can be divided into two half-cell
reactions, the hydrogen evolving reaction (HER) and the
oxygen evolving reaction (OER).

From these two reactions, the OER is kinetically more
demanding due to the combined release of four electrons and
four protons from two water molecules during the production of
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a single oxygen molecule. In an ideal system, O2 and H2 can be
evolved when the potential difference between the cathode and
the anode exceeds 1.23 V vs. the reversible hydrogen electrode
(RHE).5 However, oen high overpotentials h need to be applied
to achieve reasonable current densities j. Earth-abundant,
cheap, scalable, non-toxic, stable and rst and foremost effi-
cient catalysts are urgently needed in order to make the
production of hydrogen from water splitting energetically more
efficient and at the same time industrially feasible.

Great efforts have been made over the last few years in
nding such earth abundant catalysts for the OER. The
most promising candidates are based on Co,6 Ni,7,8 Fe9,10 or
Mn,11–15 which are able to reach benchmark current densities of
j = 10 mA cm−2 at overpotentials as low as h < 300 mV in
alkaline or h ∼ 550 mV in neutral media.15–21 Unfortunately,
most of the before mentioned catalysts suffer from corrosion
when used under more acidic pH conditions22–25 and thus, acid-
stable, well-performing catalysts from non-critical sources are
still scarce. Currently, the only convincing materials for OER
catalysis at pH < 7 are based on Ir and Ru, two of the rarest
metals on earth, with a global Ir production of less than 9 tons
per year.26,27

On the other hand, OER catalysis in the acidic pH regime is
of great interest due to its possible application in proton
exchange membrane (PEM) electrolyzers, photoelectrochemical
(PEC) cells or other electrochemical devices, which have to be
operated at pH < 7 (e.g. some microbial electrosynthesis
cells).28–31 PEM electrolyzers can be operated at high current
densities, are able to respond quickly to the power input due to
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d2se01401g&domain=pdf&date_stamp=2022-12-15
http://orcid.org/0000-0002-8071-1069
http://orcid.org/0000-0003-3337-2823
http://orcid.org/0000-0001-6482-7494
http://orcid.org/0000-0002-6362-1774
https://doi.org/10.1039/d2se01401g
https://doi.org/10.1039/d2se01401g
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE007001


Paper Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 1
7 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

8/
20

24
 1

2:
40

:3
0 

PM
. 

View Article Online
the fast proton conduction across the membrane and show
a compact cell design.4 Hence, they are especially applicable for
highly dynamic operations, one of the main requirements if
power from renewable sources is to be used. Furthermore, PEM
electrolyzers are widely seen as the most promising water elec-
trolysis systems.32,33

Manganese oxides (MnOx) have extensively been investigated
as OER catalysts. With the oxygen evolving complex (OEC), the
Mn4CaO5(H2O)x cluster of photosystem II, biology provides
a template for a catalyst able to efficiently accelerate the OER
under near-neutral conditions.34–36 Inspired by this, the water
oxidation catalysis (WOC) activities of many MnOx polymorphs
have been investigated. In comparative studies, amorphous
layered or tunneled phases oen showed the best
performance13–15,37–44 with birnessites and phyllomanganates
consisting of edge-sharing [MnO6] octahedra with layer-to-layer
distances of ∼7 Å, as prominent examples. The average oxida-
tion states of the manganese ions in these oxides are very ex-
ible ranging typically from +3.3 to +3.9.38,45

We recently developed a method to deposit birnessite-type
MnOx on high surface area graphitic carbon ber papers by
an easily scalable in situ redox deposition approach and ob-
tained promising WOC electrodes.13 In this process, the carbon
itself acts as a reducing agent to permanganate ions and (unlike
many other electrode preparation routes) no further binders
(e.g. polyethylene oxide, PEO) or additional polymers (e.g.
Naon®) are needed to attach MnOx to the support material. In
a consecutive study, we showed that MnOx/CFP is a nano-
structured volume catalyst exhibiting good WOC activities and
stabilities over nearly the entire pH range from 1–14.14 For all
pH values of this range, current densities > 1 mA cm−2 could be
achieved at overpotentials h of 350–500 mV, which are very good
values for electrodes containing only earth-abundant elements
(Mn, O, K and C). Especially the very substantial performance of
MnOx/CFP in the mildly acidic pH regime (pH 2–6) has to be
highlighted.14 The good stability of manganese oxide catalysts
under acidic pH conditions was also found by other groups. For
example, Li et al. showed that g-MnO2 is stable for over 8000 h at
10 mA cm−2 and pH 2.46

Birnessites can be modied by incorporating a wide range of
different cations into their layered structure. The physical and
chemical properties of layered MnOx are greatly inuenced by
the type, amount and location of the dopants.47–51 This has been
used for the selective removal of toxic metals from wastewater,
the optimization of MnOx-based capacitors, and also for MnOx

catalysis e.g. amine–imine transformations,51 alcohol oxida-
tion,52 alkene oxidation,53 and water oxidation.48–50,54–57 Co
doped MnOx are particularly noteworthy in the latter case. It
has already been shown that the incorporation of Co into the
MnOx framework can have a positive effect on its OER
activity.55–57 Moreover, Nakamura and co-workers demonstrated
that the OER stability under acidic pH of cobalt spinel oxide can
be signicantly enhanced by the selective incorporation of
manganese.58 However, no study comparing the effect on the
electrocatalytic activity and stability in a wide pH range of the
incorporation of different OER active transition metal cations
into birnessite electrocatalysts has been reported.
This journal is © The Royal Society of Chemistry 2023
Here, we present the results of an extensive investigation of
the inuence of the incorporation of abundant metal ions (Ni,
Fe, Co and Ca) into MnOx/CFP electrodes by means of ion
exchange. The choice fell on these metals, either because their
oxides are themselves among the most active OER catalysts (in
the cases of Ni, Fe and Co) or because they are part of the bio-
logical OEC (Ca). The prime motivation was to nd out whether
the already good performance of MnOx/CFP can be further
enhanced by metal doping. Therefore, the electrochemical
activities and stabilities of ion-exchanged MyMnOx/CFP elec-
trodes were tested at three different pH values either in potas-
sium phosphate buffer (pH 2.5/7.0) or in a potassium hydroxide
electrolyte (pH 14.0). The inuence of the incorporation of these
foreign ions on the oxide's structure, composition and
morphology both before and aer electrocatalysis was also
probed by means of infra-red spectroscopy (IR), powder X-ray
diffraction (XRD), scanning electron microscopy (SEM) and X-
ray absorption spectroscopy (XAS). The elemental composition
was determined by ame atomic absorption spectroscopy (fAAS)
and energy dispersive X-ray (EDX) spectroscopy. Finally, the
activities of the MyMnOx/CFP anodes were compared to those of
common state-of-the-art OER electrocatalysts.

2 Results and discussion
2.1 Electrode preparation, ion-exchange properties and
characterization

MnOx/CFP electrodes were prepared by the direct redox reaction
of potassium permanganate solutions with carbon ber
papers.13 This process leads to carbon bers uniformly covered
by a birnessite-type MnOx coating with an average Mn oxidation
state of +3.7.14 The manganese oxide coating additionally
contains potassium ions with an atomic K : Mn ratio of 0.1 : 1.0
as well as water. Starting from the K0.1MnOx/CFP electrodes, the
metal doped electrodes were obtained by an ion-exchange
reaction from solutions of M2+/3+(NO3)2/3 (M = Ni2+, Fe3+,
Co2+, Ca2+) (Fig. 1). Electrodes with different molar M2+/3+ : Mn
ratios were synthesized by varying the time for which the elec-
trodes were exposed to the metal nitrate solutions. Aer the ion-
exchange reactions, the electrodes were thoroughly washed with
water and aerwards sintered at 400 °C for 1 h in air, which was
known from former studies to be essential for activation.14 To
determine the elemental composition of the electrodes, the
oxide layers were dissolved in acid and the resulting solutions
were analyzed by fAAS (see Fig. S1 in the ESI†).

The ion-exchange reactions with Ni2+/Fe3+/Ca2+ were found
to be slow reaching a steady state only aer ∼8 h. A good
correlation between the decrease of K+ ions and the increase of
Ni2+/Fe3+/Ca2+ as a function of time can be observed. Never-
theless, even aer 24 h only maximum molar ratios of M2+/3+ :
Mn ∼ 0.1 : 1 were found suggesting that other species, most
likely H+, must also be involved in the ion-exchange reaction to
keep the overall charge neutral. A dissolution of Mn ions during
the ion-exchange process can be excluded as no loss of Mn from
the electrodes was found by fAAS.

For Co, the ion-exchange reaction is much faster and could
therefore be carried out using a 0.1 M Co2+ nitrate solution.
Sustainable Energy Fuels, 2023, 7, 92–105 | 93
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Fig. 1 Schematic representation of the preparation of MyMnOx/CFP
by ion exchange from K0.1MnOx/CFP.
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Furthermore, many more Co ions can be incorporated into the
as-prepared K0.1MnOx/CFP electrode leading to maximum
molar ratios of Co : Mn ∼ 0.3 : 1 already aer 4 h. A faster and
higher uptake of Co-ions in comparison to Ni- and Fe-ions by
birnessites was several times observed before.59–61 The ion-
exchange reactions were conrmed by EDX analysis (Fig. S2 in
the ESI†), which showed similar M :Mn ratios.

In order to determine morphological and structural changes
induced by the incorporation of the metal ions during the ion
Fig. 2 (A) Scanning electron microscopy images, (B) powder XRD patt
catalyst are labeled with * and #, respectively) and (C) ATR-FTIR spectra
reaction before operation as anodes for water oxidation catalysis. Additi

94 | Sustainable Energy Fuels, 2023, 7, 92–105
exchange and the subsequent annealing steps, a number of
analytical measurements were carried out.

First, possible changes of the morphology were analyzed by
SEM (see Fig. 2 and S3†). The exposure of the as-prepared
electrodes to the metal nitrate solution has no impact on the
stability and the uniformity of the coverage of the carbon bers
byMnOx. No cracks or loss of metal oxide could be observed and
all metal oxide layers show very similar, sponge-like structures
typical of birnessites.11,13,14,37 Minor differences are visible for
the Ca0.1MnOx/CFP electrode where the porosity of the overall
structure appears less pronounced.

Interestingly, larger morphological deviations can be found
for the Co0.3MnOx/CFP electrode. Here, the disordered structure
is still present but the threads from which the basic structure is
built are wider and more structured on the surface. Despite the
different morphology, CoOx or MnOx phase separations can be
excluded as EDXmapping shows a uniform distribution of both
metals within the structure (see Fig. S4†).

The ndings from SEM/EDX could be supported by powder
XRD measurements, where no additional reexes are visible in
all MyMnOx/CFP patterns in comparison to K0.1MnOx/CFP (see
Fig. 2B), indicating that no additional crystalline phases/
islands, e.g. Co/Ni/Ca/Fe (oxy)hydroxides or oxides, are formed.

The intense reections visible at 2q ∼ 26° and ∼54° in all
XRD patterns stem from the graphitic carbon support and can
be attributed to the (002) and (004) planes of graphite.62 Much
less intense, very broad reections at 2q ∼ 12° (001) and ∼37°
(100) are characteristic of highly disordered birnessite. The
reection at ∼12° which is indicative for an ordered stacking of
the octahedral sheets is only well pronounced for the K0.1MnOx/
CFP electrode. Its disappearance is indicative of a further
amorphization introduced by the ion-exchange process by
erns (reflexes of the graphitic carbon support and the birnessite-like
of a K0.1MnOx/CFP electrode and electrodes after the ion-exchange

onal SEM images can be found in Fig. S3 in the ESI.†

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2se01401g


Paper Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 1
7 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

8/
20

24
 1

2:
40

:3
0 

PM
. 

View Article Online
increasing the stacking disorder of the [MnO6]-octahedral
sheets, most likely due to the incorporation of additional ions
into the interlayer space. Such a loss of crystallinity has already
been previously observed for Ca-, Ni- and Co-doped
birnessites.63–65 The reection at ∼37° which arises from
regular distances within the layers of edge-sharing [MnO6]
octahedra remains visible for all electrodes. Compared to the
reex for the parent K0.1MnOx/CFP electrode, which can be
found at 2q = 36.8°, a slight shi to higher values can be
observed for the ion-exchanged electrodes (between 2q = 37.4°
and 37.7°). This is an indication that the incorporated ions also
intercalate into the layers of the birnessite backbone.

The ATR-FTIR spectra of all electrodes are also typical of
birnessites and aer doping does not show new bands (Fig. 2).
The observed signals at 750–500 cm−1 are indicative of Mn–O
vibrations from the [MnO6] octahedra,13,37,66 while the absorp-
tions between 3600 and 3000 cm−1 and 1700–1600 cm−1 belong
to incorporated water molecules.67 For all MyMnOx/CFP elec-
trodes (except for Ca0.1MnOx/CFP and Ni0.1MnOx/CFP elec-
trodes), an absorption at ∼1460 cm−1 is visible, which can be
attributed to the vibrations of adsorbed hydroxides.67

Thus, the analytical methods used so far indicate that ion
exchange results in interlayer as well as intralayer incorpora-
tion. The formation of larger crystalline domains consisting of
Ni/Fe/Co oxide can be excluded and a uniform statistical
distribution of the ions can be assumed. To obtain comple-
mentary structural and electronic information, further charac-
terization was performed by X-ray absorption spectroscopy
(XAS) experiments. XAS is an element-specic method that can
be applied to almost any material under nearly any environ-
mental conditions and is not restricted to crystalline structures
(like XRD) or specic electronic states (like NMR and EPR). This
spectroscopic method has been successfully used for the anal-
yses of birnessites by our groups before.11,12,38,43,68 Accordingly,
Fig. 3 Average oxidation states of Mn (plum), Fe (blue), Ni (green) and
Co (purple) for MyMnOx/CFP electrodes. The oxidation states are
derived from a linear fit of the data extracted at a normalized X-ray
absorption intensity of 0.5 for reference compounds. See Fig. S19–S26
in the ESI† for more information. The error bars represent one standard
deviation.

This journal is © The Royal Society of Chemistry 2023
X-ray absorption near-edge structure (XANES) and extended X-
ray absorption ne structure (EXAFS, Fig. 4) spectra at the
Mn, Co, Ni and Fe K-edges were recorded for the as-prepared
MyMnOx/CFP electrodes in order to determine the average
oxidation states and local coordination environments of the
different metal ions. The XANES and EXAFS spectra of all metals
can be found in Fig. S19–S26 in the ESI.† In order to determine
the average oxidation states of Mn, Co, Ni and Fe, the X-ray
energy values at a normalized absorption of 0.5 of common
reference compounds were used (see ESI Fig. S19–S25†). The
mean oxidation states of the metals are visualized in Fig. 3,
where it can be seen that the mean manganese oxidation states
differ in a rather narrow range from +3.2 to +3.6.

Especially, the incorporation of Fe and Ni leads to a reduc-
tion of the Mn ions in comparison to K0.1MnOx/CFP, while the
Mn oxidation state of the Ca and Co doped samples is very
similar. On the other hand, an oxidation of Co and Ni occurs
relative to the M2+ ions resulting in relative average oxidation
states of +2.6 and +2.4, respectively, whereas Fe is always
present in the form of Fe3+. Thus, the number of Mn3+ ions in
the birnessite structure is increased by Ni, Co and Fe-doping.
This is an important nding, as Mn3+ sites are believed to be
an essential active site feature in OER catalysis by MnOx.69–72

Layered manganese oxides exhibit two different ion-
exchange sites: metals can be incorporated into the interlayer
space as well as into the layers themselves, while Co and Ni ions
are able to ll in-layer vacancies within the [MnO6] octahedra of
the sheets.60,61,73,74 The latter, i.e. the incorporation into the
oxide layer, was conrmed by Ni and Co EXAFS, as both spectra
show Co–Mn/Ni–Mn scattering at ∼2.9 Å. This distance is close
to the Mn–Mn distance (app. 2.85 Å) in the MnOx layer and
indicates that some Ni/Co ions are incorporated into the layers
of [MnO6] octahedra. Such a distance can also be found for Fe,
indicating that Fe ions can also become a part of the [MnO6]
layers.75 However, the doping of Ca2+ into the octahedral layers
is unlikely as the ion has a much larger radius (∼114 pm) than
Fe/Co/Ni/Mn cations (∼65–75 pm).76

Notably, a specic structural motif is obtained for Mn in the
Fe doped samples. For the Ca, Co, and Ni doped electrodes,
the local environment of the Mn ions is similar to two Mn–O
distances at 1.84 and 1.95 Å and two Mn–M distances at
roughly 2.9 and 3.4 Å, whereas three Mn–O shells at 1.84, 1.98
and 2.24 Å and two Mn–M shells at roughly 2.8 and 3.0 Å are
present in the case of Fe (Fig. 4, S23, S24 and Table S4†).
Moreover, the Mn–O or Mn–M shells sum up to populations
(coordination number as determined by EXAFS simulations,
Table S2†) of 4.8–5.1 (Mn–O) or 2.7–3.4 (Mn–M) for Ca, Co, and
Ni, but for Fe they increase to 6.0 (Mn–O) and decrease to 2.4
(Mn–Fe). This suggests a lower degree of connectivity of the
MnO6 octahedra in the case of Fe and is most likely an effect of
the lower Mn oxidation state.

The local environment of the doping ions, however, is
different for all of them. Fe and Ni both exhibit M–O shells at
circa 1.93 and 2.07 Å, but with quite different populations of
4.2/1.8 (Fe) or 2.1/3.4 (Ni). In contrast, Co has only one Co–O
shell at 1.91 Å and the smallest overall rst shell population of
4.6. The rst M–M shell distance increases in the order Co
Sustainable Energy Fuels, 2023, 7, 92–105 | 95
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Fig. 4 FT of Mn (A) and Fe, Co, Ni (B) K-edge EXAFS spectra for MyMnOx/CFP electrodes. EXAFS simulations (parameters are given in Tables S2–
S4 in the ESI†) are shown as black lines.
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(2.85 Å) < Ni (2.90 Å) < Fe (2.95 Å), whereas the second M–M
shell is very similar for all three (3.37–3.38 Å). The populations
of all M–M shells, however, vary considerably between 1.3 and
4.6. By far the highest degree of ordering is obtained for Co,
which, in addition to the highest M–M populations in the 3 Å
regime, show pronounced Co–M shells at 4.99 and 5.46 Å.
Accordingly, there is a tendency for higher ordering in the
local Mn environment of the Co doped samples compared to
Ca, Fe, and Ni. This higher order, which is also seen in the FT
of the Co K-edge EXAFS spectrum, is most likely due to
statistical reasons, as the number of [CoO6] octahedra is
increased due to stoichiometry. The local formation of (CoOx)n
or CoOxHy building blocks next to incorporated CoMnOxHy

clusters or even local phases of pure CoOx, however, can also
not be totally excluded by the EXAFS data. In sum, the char-
acterization methods used here indicate with a very high
probability that there is a uniform, statistical distribution of
Co ions in the birnessite backbone.

In conclusion, Ca/Fe/Co/Ni-doped MnOx/CFP electrodes can
be obtained via simple ion-exchange reactions, which is much
faster in the case of Co2+. All MyMnOx/CFP electrodes exhibit
a layered, birnessite-type MnOx structure. The doping of Fe/Ni
cations leads to a reduction of the Mn ions, while Co and Ni
are oxidized beyond the M2+ level. EXAFS revealed an incorpo-
ration of Fe/Co/Ni ions into the [MnO6] layers, whereas Ca2+

only occupies the interlayer space. Interestingly, the incorpo-
ration of Fe leads to a higher disorder within the MnOx back-
bone, whereas for Co the opposite can be said.
2.2 Electrochemical characterization of MyMnOx/CFP
electrodes

Next, we studied water oxidation electrocatalysis by MyMnOx/
CFP in order to evaluate the inuence of metal doping on the
catalytic activities and stabilities. Three different pHs were
chosen for this study: 1 M potassium phosphate buffer (pH 2.5
and 7.0, roughly corresponding to the rst two pKa values of
phosphoric acid) or 1 M KOH (pH ∼14.0).
96 | Sustainable Energy Fuels, 2023, 7, 92–105
All electrochemical measurements were manually corrected
for ohmic losses at 85%, for which the electrolyte resistance Ru

was determined by electrochemical impedance spectroscopy.
Potentials were converted to the reversible hydrogen electrode
(RHE) in order to obtain comparable values independent of the
solvent pH.

Fig. 5 shows cyclic voltammograms in the anodic potential
range from +1.0 to +1.8 V for MyMnOx/CFP electrodes operated
at the three different pHs and show two distinct regions, which
are typical of transition metal oxide electrodes immersed in
aqueous electrolytes:

(1) from around 1.0–1.6 V, broad, unresolved pseudo-
capacitive redox waves are discernible. As all electrodes are
mainly composed of manganese, these are most likely attrib-
utable to Mn3+ # Mn4+ transitions in combination with
insertion/removal of H+ or K+ ions into/from the electrolytes to
compensate for the differences in charge.11,14,77 Nevertheless,
a contribution of redox transitions from Co, Ni or Fe ions
cannot be excluded, although no additional redox peaks, e.g.
indicating a Ni3+ # Ni4+ transition typically observable in NiOx,
are present;78–81

(2) an irreversible oxidation feature with a steep slope above
potentials E of∼1.6 V for pH 2.5 and 7.0 and 1.5 V for pH 14.0 is
indicative of the beginning of the water oxidation catalysis. The
fact that this feature is visible for all electrodes at all tested pH
values demonstrates their ability to catalyze the OER over the
entire pH range. In general, earlier onset and higher current
densities can be found for the electrodes operated under alka-
line conditions. This is typical of rst-row transition metal
electrodes and has also been observed before.14,24

To further evaluate the electrochemical performances of
MyMnOx/CFP electrodes, Tafel analyses were conducted using
data generated from quasi-stationary stepwise chro-
noamperometry experiments as shown in Fig. S5.† In all cases,
a nearly ideal linear dependence of log(j) vs. h was found for the
current-density range from 0.1–10 mA cm−2, indicating that the
catalytic reaction is kinetically controlled under these condi-
tions (vs. mass-transport limitations).
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Cyclic voltammograms for MyMnOx/CFP electrodes in 1 M KPi-buffer at pH 2.5 (A) and pH 7.0 (B) and in 1 M KOH at pH 14.0 (C). In each
case the 2nd CV cycle is plotted; scan rate: 20 mV s−1. All shown traces are the average of at least three individual measurements.
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For a comparison of the electrode activities, the over-
potentials h needed to reach current densities of 1 and 5 mA
cm−2, extracted from the Tafel plots in Fig. S5,† are shown as
bar graphs in Fig. 6A and are additionally listed in Table 1. All
electrodes reached a benchmark current density of j = 1 mA
cm−2 at overpotentials from 450–480 mV (pH 2.5), 420–450 mV
(pH 7.0) and 310–360 mV (pH 14.0), respectively. Additionally,
the difference Dh between the overpotential needed by the
K0.1MnOx/CFP electrode to reach 1 mA cm−2 and that needed by
all other types of electrodes is shown in Fig. S6 in the ESI† (for
values see Table 1). At pH 2.5, a minor activity enhancement can
be found for the Co0.3MnOx/CFP electrode, while all other
electrodes are worse than K0.1MnOx/CFP. For pH 7.0, the results
are quite different: all tested electrodes show lower over-
potentials of up to 30 mV indicating that at this pH the activity
can be increased by metal doping. This is also the case at pH
14.0 for the Co- and Ni-doped electrodes, whereas Ca-doping
leads to a pronounced deactivation.

Tafel slopes, listed in Table 1, were obtained by linear
regression. For pH 2.5 and 7.0, the Tafel slopes are almost
This journal is © The Royal Society of Chemistry 2023
constant and close to 2× 59 = 118 mV dec−1, which is typical of
multi-step reactions, where the rst oxidation is turnover-
limiting.82,83 Nevertheless, some minor differences can be
discovered: slightly faster reaction kinetics are observed for
doped electrodes as lower slopes than for the K0.1MnOx/CFP
electrode are found.

One explanation for this behavior could be that the transfer
of electrons can be increased by the incorporation of metal ions
that increase the conductivity of the oxide backbone. Manga-
nese oxides have a lower conductivity compared to Ni or Co
oxides, a factor which has been shown in previous studies to
limit the catalytic activity.13–15 Nevertheless, a lowering of the
Tafel slope is not in all cases accompanied by an improvement
of the activity as shown by the hs needed to reach a distinct
reaction rate (see Table 1 and Fig. 6A).

For electrodes operated at pH 14.0, a change of the rate
determining step can be assumed which is indicated by
a pronounced decrease of the Tafel slope from ∼120 mV dec−1

to values as low as 40 mV dec−1, the latter being in line with
multi-step reactions where the second step is potential-
Sustainable Energy Fuels, 2023, 7, 92–105 | 97
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Fig. 6 (A) Overpotentials h needed to achieveWOC current-densities of 1 and 5 mA cm−2 at MyMnOx/CFP electrodes. Values are extracted from
Tafel plots (see Fig. 5) generated from quasi-stationary stepwise chronoamperometry data. (B) h needed to maintain a current density of 2 mA
cm−2 over a time of 22 h. All measurements were conducted in 1 M potassium phosphate buffer or 1 M potassium hydroxide solution at three
different pH values (pH 2.5/7.0/14.0). All shown traces are the average of at least three individual measurements. The error bars represent one
standard deviation.
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independent.82,84 Under alkaline conditions, the Ni- and Co-
doped electrodes show the fastest reaction kinetics. Overall,
the incorporation of Ni or Co has a positive effect on the activity
of MyMnOx/CFP, whereas the effect of Ca or Fe is only small. The
general trend described here for the Co-doped electrode Co0.3-
MnOx/CFP can also be observed for an electrode, where the
molar ratio of Mn : Co is only 1 : 0.1 (see Fig. S5†).

For a possible use as OER electrodes in technical applica-
tions, the long-term stabilities/activities of the anodes are of
great importance. Therefore, the MyMnOx/CFP electrodes were
also tested by chronopotentiometric measurements at
a constant current density of 2 mA cm−2 over 22 h under the
three pH conditions and the resulting h vs. t traces are shown in
Fig. 6B.
Table 1 Tafel slopes, overpotentials h @ 1 and 5 mA cm−2, difference Dh

cm−2 by themature electrode (K0.1MnOx/CFP) and that needed by the oth
cm−2 after 22 h of operation and redox active metal ions n(M)Q of MyMn

Tafel slopes [mV dec−1] h @ 1 (5) mA cm−2 [mV] Dh [

pH 2.5 pH 7.0 pH 14.0 pH 2.5 pH 7.0 pH 14.0 pH

K0.1MnOx 130 120 45 450 (540) 450 (540) 330 (360) 0
Ca0.1MnOx 115 120 60 470 (555) 450 (530) 360 (400) +20
Fe0.1MnOx 110 110 50 460 (535) 425 (500) 335 (365) +10
Ni0.1MnOx 110 105 40 480 (545) 435 (510) 310 (340) +30
Co0.3MnOx 100 105 45 450 (520) 405 (475) 315 (350) 0

98 | Sustainable Energy Fuels, 2023, 7, 92–105
For pH 2.5 the trend from the Tafel analyses is retained and
no improvement of the electrode activity can be found. The
behavior of Co0.3MnOx/CFP and Fe0.1MnOx/CFP is very similar
to that of K0.1MnOx/CFP, whereas the Ni- and Ca-doped bir-
nessites are less active. K, Ni, Co and Fe electrodes stay intact
over the whole experiment and only a slight increase of h can be
observed. In contrast, Ca-doping leads to an inactivation and
a doubling of the overpotential aer ∼10 h. Although such an
immense difference is only observable for pH 2.5, Ca0.1MnOx/
CFP generally exhibits the worst long-term activity and stability
of all tested electrodes at all pHs. This result was rather unex-
pected as Ca2+-doping has been proven to enhance the catalytic
activity of MnOx in experiments with Ce4+ (at pH ∼ 2) and also
thin-lmMnOx electrodes operated at neutral pH. Furthermore,
between the overpotential needed to reach a current density of 1 mA
er testedMyMnOx/CFP electrodes, overpotential needed to reach 2mA
Ox/CFP electrodes for pH 2.5, 7.0 and 14.0

mV]
h @ 2 mA cm−2 aer
22 h [mV] n(M)Q [nmol cm−2]

2.5 pH 7.0 pH 14.0 pH 2.5 pH 7.0 pH 14.0 pH 2.5 pH 7.0 pH 14.0

0 0 530 500 355 235 335 340
−5 +30 840 560 380 140 280 245

−30 +5 540 530 360 215 390 380
−20 −20 610 500 300 205 390 390
−50 −15 540 460 320 235 385 350

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Average oxidation states of Mn (plum), Fe (blue), Ni (green) and
Co (purple) for MyMnOx/CFP electrodes after electrochemical oper-
ation under different pH conditions. The oxidation states are derived
from a linear fit of the data extracted at a normalized X-ray absorption
intensity of 0.5 for reference compounds. See also Fig. S19–S26 in the
ESI† for more information. The error bars represent one standard
deviation.
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a Ca2+ cation is also an essential component of the OEC.44,65,85,86

For synthetic CaMnOx, the presence of Ca2+ leads to amorph-
ization, which is accompanied by an increase of the surface area
and assumed to be responsible for the higher catalytic activity.
However, in K0.1MnOx/CFP, this increase in disorder is already
achieved by the annealing step at 400 °C carried out in this
study for all electrodes.14 Furthermore, the additional Ca2+-
induced amorphization can have a destabilizing effect on the
layered birnessite structure as for example shown by Suib and
coworkers.47 They concluded that this is caused by the larger
ionic radius of Ca2+ causing stress on the Mn–O backbone
leading to an easier breakdown of the ordered stacking of the
layers. The combination of annealing and Ca2+ incorporation
may here account for the destabilization of the structure and for
the lower catalytic activity and stability of Ca0.1MnOx/CFP.

Under neutral conditions, Co-doping leads to a 40 mV
improvement of the overpotential compared to all other elec-
trodes, showing that the synergy of these metals, whose oxides
belong to the most active earth-abundant OER catalysts under
neutral conditions, is a promising approach.15,87,88 However, no
improvements can be found for Ni- and Fe-ion exchanged
electrodes at pH 7.0.

At pH 14.0, the Ni- and Co-doped electrodes are able to
catalyze the OER at overpotentials which are up to 60 mV lower
compared to K0.1MnOx/CFP. Again, both NiOx and CoOx are
themselves highly stable and active catalysts under alkaline
conditions.16–21 In the case of Ni0.1MnOx/CFP, an activation of
the catalyst most likely caused by the formation of an active
phase at the surface is observed during the experiment (see
Fig. 7). Such a behavior is well known for Ni oxides and has been
attributed to the incorporation of Fe impurities, which might
also be accounted for here.89

Recently, our groups found a correlation between the cata-
lytic activity and the number of manganese ions undergoing
redox reactions during the catalytic cycle.14 Such a correlation
has also been found for Co-based electrodes.90 In order to
determine the inuence of the cation doping on the molar
amount of redox active metal ions, the cathodic scan of CVs
recorded subsequent to the determination of the Tafel plots was
integrated. As a result, the reduction charge Q is obtained,
which divided by the Faraday constant F leads to the molar
amount of redox active metal ions n(M)Q (see Table 1). From the
n(M)Q data, it can be concluded that the number of redox active
metal ions can be inuenced by the incorporation of additional
OER-active cations into the manganese oxide backbone. The
previously observed activity trend is resembled here as the
Ca0.1MnOx/CFP-electrode show the smallest n(M)Q values. As
expected, a slight increase can be observed for pH 7.0 and pH
14.0, whereas a decrease for pH 2.5 is discernible for Fe-, Ni- and
Co-doped electrodes compared to K0.1MnOx/CFP. For pH 2.5,
the incorporated ions most likely do not participate in OER
catalysis. Furthermore, the decrease (pH 2.5) or increase (pH 7/
14) of the redox active sites for all doped electrodes additionally
indicates that an electronic interaction between the Mn and M
ions inuencing their activity occurs. Thus, the increase in
n(M)Q cannot be explained solely by the increased number of
redox-active metal sites due to ion exchange. However, the
This journal is © The Royal Society of Chemistry 2023
extent of this interaction and its inuence on the activity cannot
be determined. Hence, the determination of n(M)Q is a very
useful instrument to compare the activities of MnOx or other
metal oxide electrodes.

To further evaluate whether the higher activity, especially of
the Co-doped electrode, is only due to the higher loading of
OER-active cations, the long-term stability of a Co0.3MnOx/CFP
electrode during constant application of j = 2 mA cm−2 is
compared to that of a K0.1MnOx/CFP electrode exhibiting nearly
an identical number of Mn/M ions (n(Co + Mn)AAS = 3.9 mmol
cm−2 vs. n(Mn)AAS = 4.0 mmol cm−2, Fig. S9†). Interestingly, the
Co-doped electrode needed an app. 50 mV lower overpotential
aer 24 h of operation in 1 M KPi at pH 7.0. Consequently, the
higher activity of Co0.3MnOx/CFP electrodes cannot simply be
explained by the increase in the total number of OER active
metal sites. Thus, a synergistic effect between the incorporated
ions and manganese seems more likely.

In conclusion, the electrochemical activity and stability of
K0.1MnOx/CFP electrodes can be improved by the incorporation
of Fe, Ni, and Co cations by an ion-exchange reaction. The
incorporation has a positive inuence on the electrode kinetics,
the overall activities and the number of active redox sites.
However, the effect is not the same for all ions tested and
additionally depends on the pH at which the electrochemical
tests are carried out. Thus, large improvements are especially
found for Co under neutral and Co and Ni under strongly
alkaline conditions.
2.3 Post operando characterization of electrodes

In order to determine morphological or structural changes that
could explain the different WOC behavior of the MyMnOx/CFP
catalysts, ex situ post operando studies aer 22 h of continuous
Sustainable Energy Fuels, 2023, 7, 92–105 | 99
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operation were conducted at the same three pH values as
studied before.

First, possible changes of the surface morphologies due to
long-term electrochemical water oxidation were examined by
SEM (Fig. S8†). Only minor changes are visible for the electrodes
operated under different pH conditions, indicating that the
basic birnessite structure of the parent MyMnOx/CFP electrodes
is retained. Only for the electrodes operated at pH 2.5,
a broadening of the threads building a sponge-like structure
can be detected, which has also been observed before for
K0.1MnOx/CFP electrodes.14

To evaluate whether the electrochemical treatment led to
a leaching of the incorporated metal ions from the manganese
oxide backbone, the atomic ratios were determined by EDX.
From Fig. S10–S14,† it can be seen that even under acidic
conditions no leaching occurred. This points towards a reason-
able stabilization especially of Co and Ni ions by incorporation
into the birnessite backbone as these oxides normally dissolve
in the acid according to their Pourbaix diagrams.91 Additionally,
an incorporation of potassium (atomic ratio of K : Mn ∼ 0.1 : 1)
and phosphate (atomic ratio of P : Mn ∼ 0.1 : 1) ions from the
electrolyte can be observed.

Powder XRD patterns (Fig. S15†) show no additional reexes
compared to the electrodes aer preparation, which conrms
the SEM ndings and additionally shows that the carbon
support remains intact. ATR-IR-spectra reveal no additional
bands for the MyMnOx/CFP electrodes that have been exposed
to anodic potentials, except for electrodes operated in phos-
phate buffers (pH 2.5 and pH 7.0; Fig. S16†). Here, two broad
features between 1150 and 950 cm−1 can be observed, which
have been observed before and are most likely attributable to
the incorporated phosphate ions (HnPO

(3−n)−
4 ).14 Such features

are not visible for the electrodes operated in 1 M KOH, con-
rming the interpretation as interactions between the phos-
phate anions and the manganese oxide.

All results obtained by these mainly bulk sensitive
measurement techniques are typical of amorphous birnessites.
In order to reveal details on the chemical states and the local
atomic environment of the metal centers, synchrotron-based
XAS studies were again carried out.

The XAS-data based oxidation states for Mn, Fe, Ni and Co
are visualized in Fig. 7. The average manganese oxidation states
vary within a rather narrow range from +3.4 to +3.8 and are
generally higher compared to their pre operando values (see
Fig. 3). This conrms our interpretation of the CV that the Mn
ions are oxidized, a fact that was repeatedly observed before.11–14

However, the highest oxidation states for Mn are generally
found for the least active catalysts. This supports the impor-
tance of stable Mn3+ states within the mixed valent MnOx-based
OER catalysts proposed by several authors.46,69,70,92

No change of the average oxidation state of the Fe ions is
visible pointing to relatively high inertness of the +III state
within the manganese oxide framework. Nevertheless, only in
situ XAS or Mössbauer spectroscopy measurements could show
whether other oxidation states, e.g. Fe4+, are also present at
catalytic potentials, as these have recently been found for Ni–Fe
oxyhydroxides,10,93 and see also ref. 94.
100 | Sustainable Energy Fuels, 2023, 7, 92–105
The likely contribution of Ni to the higher activity under
neutral and especially under alkaline conditions can be recog-
nized by a lowering of the average oxidation state of the Ni ions
from∼2.6 (as-prepared, pH 2.5) via∼2.5 (pH 7.0) to∼2.2 for pH
14.0. This eventually leads to the assumption that Ni2+ is,
besides Mn, also an OER active species in Ni0.1MnOx/CFP under
alkaline conditions. In addition, the lowering of the Ni oxida-
tion state at pH 14.0 might be the reason for the lowering of h
(catalyst activation) in the rst minutes of the chro-
nopotentiometry measurements discussed above. A stabiliza-
tion of Ni in lower oxidation states than +IV (the usually
dominant Ni oxidation state in Ni-only oxides) has recently been
observed for Fe containing Ni oxides.81,95

For the incorporated Co ions, a slight oxidation aer oper-
ation in 1 M phosphate buffers of pH 2.5 and 7.0 can be
observed, whereas the average oxidation state is retained aer
operation at pH 14.0. Fractional oxidation states of ∼+2.6 have
also been found for phosphate containing cobalt oxide in its
resting state.96,97 Furthermore, Co oxide OER catalysts are highly
dynamic systems able to reversibly switch between the oxida-
tion states +2/+3/+4 during catalysis.96,97 A contribution of the
Co ions to the OER activity in Co0.3MnOx/CFP seems therefore
likely, but again has to be proven by in situ techniques.

A detailed look at the XAS data in Fig. S19–S26† reveals that
the M–O and M–M distances are well conserved for all metals
(Mn, Fe, Co, and Ni) under all conditions (as prepared, operated
at pH 2.5, 7.0, and 14.0). Only above 3 Å changes larger than
0.1 Å appear. Shell populations typically vary in the range of
roughly±0.3 for the rst ligand sphere,±0.5 for the second and
±0.7 for far distant shells. Considering this, a tendency for
higher M–M shell populations aer operation can be detected
for all metal types except Fe, suggesting a higher degree of
ordering in most cases.

In conclusion, no major structural changes of the basic bir-
nessite phase as well as the local coordination environments of
the tested metal-doped electrodes were uncovered by ATR-IR,
XRD, XAS, EDX and SEM measurements aer long-term WOC
operation at pH 2.5/7.0/14.0. Therefore, the studied anodes can
be characterized as stable and catalytically active OER anodes
over a wide pH range. EDX measurements revealed that no
leaching occurred during operation. Furthermore, it can be
concluded that the increase of the activity and stability, espe-
cially for Ni- and Co-doped electrodes, is due to a synergistic
effect between the manganese oxide backbone and the incor-
porated metal ions.
2.4 Comparison with other state-of-the-art OER catalysts

For a better comparison of the metal doped manganese oxide
catalysts, we immobilized IrOx, CoPi and FeNiOx on CFP
following well-established literature procedures.87,98–101 To
conrm the deposition, the SEM micrographs of the metal
oxide coated CFP can be found in Fig. S14† and again carbon
supports uniformly covered by the catalyst layers are visible.

As before for MyMnOx/CFP, the electrocatalytic OER activi-
ties and stabilities were evaluated by Tafel analyses (Fig. S17†)
and long-term chronopotentiometry measurements (Fig. S18†).
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Comparison of overpotentials h needed to reach 2 mA cm−2

after 22 h of operation at pH 2.5, 7.0 or 14.0 by different MOx/CFP
electrodes.
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The overpotentials needed aer 22 h of constant operation are
schematically presented in Fig. 8 in comparison to the results
obtained for the mixed metal oxide electrodes. Overpotentials,
Tafel slopes and long-term stability parameters are listed in
Table 2.

As predicted from the Pourbaix diagram, FeNiOx/CFP and
CoPi/CFP electrodes are unstable at pH 2.5, leading to
a complete dissolution of the catalyst layer from the carbon
support within minutes of operation.91 On the other hand, IrOx/
CFP exhibits good stability and overpotentials, which are more
than 200 mV lower compared to the best MyMnOx/CFP
Table 2 Tafel slopes, overpotentials h @ 1 and 5 mA cm−2 and overpote
electrodes for pH 2.5, 7.0 and 14.0. For all entries which are marked by
catalyst, leading to a too early termination of the electrochemical exper

Tafel slope [mV dec−1] h @ 1 (5) mA c

pH 2.5 pH 7.0 pH 14.0 pH 2.5

IrOx 80 70 60 260 (300)
CoPi * 120 60 *

NiFeOx * * 40 *

This journal is © The Royal Society of Chemistry 2023
electrodes in acidic media, highlighting the remarkable cata-
lytic abilities of iridium oxides at low pH.16,102 Nevertheless, the
manganese oxide-based electrodes are the only stable alterna-
tive among the tested electrodes under acidic conditions.
Furthermore, the activity of the MyMnOx/CFP electrodes is still
very good compared to other earth-abundant metal oxide cata-
lyst systems and ranks amongst the best that have so far been
reported.15,22,24,54,102–105

At pH 7.0, IrOx/CFP still exhibits the highest activity and
stability, whereas FeNi oxide remains unstable. The behavior of
CoPi/CFP, one of the most active earth-abundant catalysts
under neutral conditions, is quite similar to that of K0.1MnOx/
CFP, showing that both metal oxides are nearly equally active.
However, the mixture of Co and Mn reaches higher activities,
again indicating that the synergy of these two elements can be
a promising approach to yield even more active OER
electrocatalysts.

Interestingly, under alkaline conditions, IrOx behaves
contrary to the other transition metal oxides studied, as a fast
increase of h in the rst hours of the experiments was observed
as reported before.106–108 On the other hand, CoPi and FeNiOx

behave like MnOx and show higher stabilities and activities at
pH 14.0.14 The FeNiOx/CFP electrodes show remarkable activi-
ties similar to the Ni-doped MnOx electrode at pH 14.0, under
the tested catalyst systems. Hence, the MyMnOx/CFP electrodes
and especially the Ni0.1MnOx/CFP electrode can easily compete
with the CoPi and the IrOx electrode as well as with other Mn-
based catalysts.15,54,103,109 However, the exceptional activities of
FeNiOx at pH $ 13 and of that reported in the literature for
operation in strongly alkaline media are so far out of reach for
MnOx-based electrocatalysts.17,80,110,111

3 Conclusions

In this study, we presented the facile preparation of metal-
doped (Co, Ca, Ni, and Fe) layered manganese oxides coated
on carbon ber paper substrates for electrocatalytic water
oxidation. The preparation was based on a well-established,
easily scalable redox-deposition approach followed by an ion-
exchange reaction using metal nitrate solutions. The addi-
tional metal ions were incorporated in both the interlayer space
and the MnO6 sheets and had only a minor effect on the
morphology and the structure of the basic birnessite backbone.
XAS measurements, on the other hand, showed that the
oxidation states of manganese can be lowered by ion exchange,
leading to the introduction of a larger number of WOC-active
ntial needed to reach 2 mA cm−2 after 22 h of operation of MOx/CFP
* it was not possible to receive values due to a fast corrosion of the
iment under the used pH conditions

m−2 [mV] h @ 2 mA cm−2 aer 24 h [mV]

pH 7.0 pH 14.0 pH 2.5 pH 7.0 pH 14.0

230 (280) 250 (290) 290 320 450
420 (510) 310 (360) * 500 340
* 280 (310) * * 280

Sustainable Energy Fuels, 2023, 7, 92–105 | 101
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Mn3+ ions. Overall, Fe doped MnOx layers exhibited the lowest
average manganese oxidation state.

Electrochemical measurements revealed that MyMnOx/CFP
are efficient and stable anodes for electrocatalytic water oxidation
over nearly the entire aqueous pH regime (pH 2.5–14.0). Differ-
ences were especially found for Co- and Ni-doped electrodes,
whose WOC activities and stabilities were clearly improved
compared to the undoped K0.1MnOx/CFP electrode. The reasons
for these improvements might be due to a synergistic effect
between the OER-active metal centers, a higher electrical
conductivity and/or better charge transfer properties. The exact
causes have to be addressed in future studies, for example by in
situ XAS- or four-point probe resistivity measurements.

Ex situ post operando spectroscopy analysis conrmed the
stability of MyMnOx electrodes. Slight changes of the average
Mn, Co and Ni oxidation states were observed, indicating the
participation of these elements in the catalytic process.
However, a clear proof (for example by in situ XAS measure-
ments) has so far been missing, but will be tackled in subse-
quent studies.

Overall, (doped) manganese oxides stand out as WOC
materials over a wide pH range, especially due to their universal
applicability. In addition, under intermediate pH conditions,
together with cobalt oxides, they show one of the highest
activities of earth-abundant catalysts. They thus represent
a promising catalyst alternative at pHs below 7 with possible
applications like articial leaves or photoelectrochemical cells
(PECs), which are normally operated at intermediate pHs and at
relatively low current densities (j ∼ 10 mA cm−2).112,113 Similarly,
microbial electrosynthesis cells (MESCs) might be an alterna-
tive application for MnOx anodes.
4 Experimental section
4.1 Materials

Graphitized carbon bre paper (CFP, TGP-H-60) was purchased
from Toray Carbon Inc., cut into pieces of 1 × 2 cm2 and pre-
treated by sonication for 15 min each in 0.1 M HNO3, ethanol
and water, respectively. Please see the ESI† for further details
concerning the materials used for this study.
4.2 Preparation of MyMnOx/CFP electrodes

The preparation of K0.1MnOx/CFP electrodes using the in situ
redox reaction between permanganate and carbon has been
described in detail elsewhere.13,14 In short, 2.5 mL of HNO3 (69%)
was added to a beaker containing a KMnO4 solution (0.1 M, 100
mL) and the strongly acidic mixture (pH 0.4) was then heated to
70 °C. Subsequently, four pre-treated pieces of CFP were dipped
into the slowly stirred solution simultaneously for 90 min. To
ensure that only 1 cm2 of the carbon material was exposed to the
solution, the rest of the area was covered with adhesive tape
(tesalm®, “matt-unsichtbar”, thickness∼ 70 mm). The electrodes
were then taken out of the KMnO4 solution, washed thoroughly
with water and dried in air at 60 °C for 1 h. In order to obtain ion
exchanged MyMnOx/CFP electrodes, the parent K0.1MnOx/CFP
electrodes were then dipped into a beaker containing a solution of
102 | Sustainable Energy Fuels, 2023, 7, 92–105
1 M M2+/3+(NO3)2/3 (with M = Fe3+, Ni2+ or Ca2+) or 0.1 M
Co2+(NO3)2. Ion exchange was carried out for different times
(15 min to 24 h) in order to obtain various numbers of incorpo-
rated metal ions. Finally, the MyMnOx/CFP electrodes were
washed with water, dried in air at 60 °C for 1 h and calcined in
a muffle furnace in air at a temperature of 400 °C for 1 h.

4.3 Preparation of MOx/CFP electrodes

For a better comparison with current state-of-the-art OER
catalysts, IrOx, FeNiOx and CoPi were electrodeposited on CFP
following published procedures:

IrOx/CFP was prepared via a method developed by Petit
et al.:98 2 mM K3IrCl6 was dissolved in water and 15 mM oxalic
acid and 100 mM K2CO3 were added (pH 10.5). This solution
was then stirred for 10 days at room temperature until the color
turned from pale yellow to light blue. During the aging time, it
is assumed that an [Ir(C2O4)(OH)4]

2− complex is formed, which
can be anodically electrodeposited on CFP.99 The electrodepo-
sition was conducted in a typical three electrode setup (see
below) by applying a constant current density of 350 mA cm−2

until a charge Q= 5mC cm−2 had passed through the electrode.
FeNiOx/CFP was prepared following a synthesis route devel-

oped by Lu et al.:100 3 mM Fe3+(NO3)3$9H2O and 3 mM
Ni2+(NO3)2$6H2O were dissolved in water. This mixture was
then used to cathodically deposit mixed NiFeOx on CFP in
a typical three electrode setup (see below). The electrodeposi-
tion was carried out by applying a constant potential of −1.0 V
vs. Ag/AgCl for 300 s. It is assumed that the electrodeposition
occurs via the reduction of NO3

− at the electrode surface leading
to the generation of hydroxides, which then react with Fe3+ and
Ni2+ to form bimetallic hydroxide deposits on the surface.

CoPi/CFP was prepared following a well-established route
developed by Nocera and co-workers:87,101 0.5mMCo2+(NO3)2$6H2O
was dissolved in a 0.1 M potassium phosphate buffer (pH 7.0).
The electrodeposition of CoPi on CFP was conducted in a typical
three electrode setup by applying a constant potential of 1.71 V
vs. RHE until a charge Q = 40 C cm−2 passed through the WE.

In order to be able to compare the activities per geometric
electrode area of each type of catalyst, we tried to deposit
approximately the same mass loading on the conductive
substrate.

4.4 Instrumental methods

Details of the instrumentation and measurement conditions
used to record vibrational spectra (ATR-FT-IR), electron micro-
graphs (SEM), energy dispersive X-ray analyses (EDX), and X-ray
absorption spectra (XAS) and for the determination of metal ion
fractions by ame atomic absorption spectroscopy (fAAS) are
provided in the ESI.†

4.5 General electrochemical details

All electrochemical experiments were conducted in a typical
three-electrode setup using a BioLogic VSP potentiostat/
galvanostat with an integrated module for electrochemical
impedance spectroscopy (EIS). The electrochemical cell (volume
100 mL) typically consisted of an Ag/AgCl reference electrode
This journal is © The Royal Society of Chemistry 2023
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(Metrohm, 3 M KCl, +0.207 V vs. NHE at 25 °C), a Pt rod as the
counter electrode separated by a porous glass frit (Metrohm,
diameter ∼ 2 mm) and MyMnOx/CFP as the working electrodes
(WE). All measurements were conducted in 50 mL of the
respective air-saturated electrolyte (1 M potassium phosphate
buffer at pH 2.5/7.0 or 1 M KOH at pH 14.0) at ambient
temperature (∼23 °C). WE potentials were converted to the RHE
according to eqn (1).

ERHE = EAg/AgCl + 0.207 + 0.059pH (in V) (1)

To evaluate the electrocatalytic behaviour of the MyMnOx/
CFP anodes for water oxidation in different electrolytes, a multi-
step protocol consisting of the determination of the uncom-
pensated resistance Ru (by EIS) followed by “staircase” chro-
noamperometry measurements (CA, for the determination of
Tafel plots) and terminated by cyclic voltammetry sweeps (CV)
over a wide potential range was used (see the ESI for details†).
To minimize the possibility of mass transport limitations and
the formation of a pH gradient in the pores of the catalyst, the
solutions were stirred at a constant speed (600 rpm) during the
CA measurements. In staircase CA protocols, potentials were
held constant for 5 min at each step in order to exclude a large
contribution of the capacitive current to the overall current
density. The average current density over the last 30 s of each
step was then used for the Tafel analyses. To evaluate the long-
term stability of MyMnOx/CFP under different electrolyte
conditions, chronopotentiometry measurements (CP) at current
densities of 2 mA cm−2 were performed for a duration of 24 h.
All CA, CP and CV measurements were iR corrected at 85%.
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