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er coated by a layered manganese
oxide: a nano-structured electrocatalyst for
water-oxidation with high activity over a very wide
pH range†

Jens Melder, a Stefan Mebs, b Philipp A. Heizmann,a Rebekka Lang,a

Holger Dau *b and Philipp Kurz *a

Manganese oxide coated carbon fibre paper electrodes (MnOx/CFP), prepared via an easily scalable redox-

deposition route, have been reported as promising materials for electrochemical water oxidation catalysis

(WOC). In the study presented here, the catalyst mass-dependence of the activity of such nanostructured

WOC electrodes and their activity and stability in phosphate buffer electrolytes over nearly the entire pH

range (pH 1–14) was explored. For all pH values, current densities of >1 mA cm�2 at overpotentials h of

350–500 mV were observed, which are very good values for electrodes containing only earth-abundant

elements (Mn, O and C in this case). The very decent performance observed for the mildly acidic pH

regime (pH 2–6) was especially noteworthy. For the dependence of h on the pH, an ideal Nernstian

behaviour was detected for the pH window pH 1–10. Above pH 10, a pronounced deviation from the

expected trend was found, as most electro-kinetic parameters indicated even higher activities for the

strongly alkaline regime. Concerning anode stabilities, current-densities of 2 mA cm�2 could be

maintained at all studied pHs over at least 24 h of continuous operation. Pre- and post-operando

spectroscopic analyses (e.g. vibrational and X-ray absorption spectroscopy, scanning electron

microscopy) revealed only minor changes of the catalyst structure, composition, morphology or the

average Mn oxidation state induced by the electrocatalytic operation, which confirms the good stabilities

found in the electrochemical measurements. Thus, we report on an earth-abundant, easily-prepared

type of WOC electrode, which exhibits promising activities and stabilities for applications in alkaline,

neutral and even acidic electrolytes.
Introduction

The electrochemical splitting of water to hydrogen and oxygen
with earth-abundant, non-toxic catalysts (e.g. Mn or Fe) is
a promising pathway to efficient and durable solar energy
conversion and storage systems.1–4 Of the two half reactions for
water splitting, the oxygen evolution reaction (OER) can still be
seen as a major bottleneck for the overall process since the
reaction is kinetically very demanding due to the coupled
transfer of four protons and four electrons for the generation of
one oxygen molecule (eqn (1)).5–7
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The minimum potential necessary to drive this reaction is
+1.23 V vs. the reversible hydrogen electrode (RHE). However,
high overpotentials h (oen >400 mV for precious metal free
catalyst systems) need to be applied to achieve reasonable
current densities.

2H2O(l) / O2(g) + 4H+
(aq) + 4e� (1)

The OER overpotentials depend on several parameters, most
important amongst them the exact composition, modication
and morphology of the electrocatalyst, the support material
used to fabricate the anodes and also the electrolyte (pH, dis-
solved ions, concentrations etc.).8 In alkaline media, for
example, a plethora of precious and non-precious metal oxide
catalysts with high activities and corrosion stabilities are known
and used in commercial alkaline electrolysis cells for water
splitting up to the megawatt range.9–11 As an example for the
very good OER performance at high pH, some mixed Ni/Fe
oxides can reach j ¼ 10 mA cm�2 for h < 300 mV in 1 M
KOH.12–14 Signicant progress has also been made in the
J. Mater. Chem. A, 2019, 7, 25333–25346 | 25333
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development of water oxidation catalysis (WOC) at near neutral
conditions. This eld has received a boost in 2008, when Kanan
and Nocera reported on a self-healing, low-cost cobalt oxide
OER catalyst with promising WOC activity at pH 7 (j � 1
mA cm�2 for h < 450 mV).6 Since then, numerous other noble-
metal free OER catalysts have been developed, mainly based
on Co,15 Ni,16,17 Fe18,19 or Mn20–22 oxides and oen also operated
in neutral electrolytes. In comparison, the only convincing
materials for WOC in acidic media are based on the scarce and
therefore expensive and hardly scalable elements Ru and Ir,23,24

while especially Ni and Co based electrodes suffer from corro-
sion and show little activity.25,26

Thus, the development and optimization of earth abundant
OER electrocatalysts which are stable in neutral to acidic media
remains a challenge in order to e.g. further improve (photo-)
electrochemical devices such as articial leaves or polymer
electrolyte membrane (PEM) electrolysers, which are operated
at pH # 7 to avoid corrosion issues and/or due to performance
limitations of the applied membranes.27,28

The oxygen evolving complex (OEC) of the enzyme Photo-
system II is a Mn4CaO5(H2O)x-cluster, and with it biology
provides a template for a highly efficient water oxidation cata-
lyst in neutral media (TOF of about 300 O2 per s at h¼�300mV,
pH 5.5 (ref. 29)) that is composed only of earth-abundant
elements.30–33 Here, the accumulation of the four oxidation
equivalents needed for the OER according to eqn (1) is mainly
accomplished by Mn ions switching between the oxidation
states +III and +IV coupled to deprotonation steps of coordi-
nated water molecules or hydroxide ions.34,35 As a consequence,
many manganese oxide (MnOx) polymorphs have been synthe-
sized and screened for their WOC activity, with the result that
amorphous manganese oxides with layered or tunnelled struc-
tures oen show the best performances, especially in neutral to
acidic reaction media.36–43 Prominent examples for such
manganese oxide catalysts belong to the mineral family of bir-
nessites, which contain layers of edge-sharing [MnO6]-
octahedra with a layer to layer distance of approximately 7 Å.
Similar to many clay materials, the interlayer space is occupied
by varying amounts of water and additional cations (especially
of the alkali and alkaline earth metals), so that a nearly
unlimited variety of birnessite compositions is possible. Addi-
tionally, the average manganese oxidation state in birnessites is
also exible within a rather wide range between �+3.3 and
�+3.9.37,44

As manganese oxides generally possess only mediocre elec-
tric conductivities, it is necessary to deposit the prospective
MnOx catalysts on conductive supports in order to obtain
functional anodes for WOC. This can be achieved via several
methods including electrodeposition, screen-printing, spin-
coating or spray-coating.20,21,45–47 Recently, some of us devel-
oped a rather unusual synthetic procedure to directly coat
different carbon supports with birnessite-type MnOx using an in
situ redox deposition where the carbon itself acts as reducing
agent for KMnO4 in acidic aqueous solution.22 Unlike many
other methods, no additional macromolecular binders like
Naon or polyethylene oxide (PEO) are needed to achieve stable
oxide coatings. Electrochemical tests of four different types of
25334 | J. Mater. Chem. A, 2019, 7, 25333–25346
such “MnOx/C-electrodes” showed very promising OER activi-
ties and corrosion stabilities in a neutral, phosphate-buffered
electrolyte, especially when the catalyst layers where deposited
on sp2-rich, nanostructured carbon supports like carbon bre
paper (CFP). Aer some optimization steps, our best MnOx/CFP-
anodes reached current densities of 1 mA cm�2 at pH 7 and h �
450 mV for at least 16 h.22 These anodes are thus at least as
active and stable in neutral media as “Nocera-type” CoOx

analogues, but are now based on the again much cheaper and
non-toxic metal manganese (�2 V per kg(Mn) vs. �23 V per
kg(Co)).48

Here, we now present the results of an extensive study of the
electrochemical activities and stabilities of MnOx/CFP-
electrodes over nearly the full pH range (1.5 # pH # 14.0) to
assess the usability of such anodes for other pH-regimes.
Moreover, detailed electro-kinetic measurements were carried
out to elucidate the pH dependence of OER catalysis by MnOx

and the inuence of the concentration of the buffering elec-
trolyte on the OER rate. Additionally, the dependence of the
activity with respect to the catalyst mass was investigated and
extensive pre- and post-operando characterizations were carried
out by means of ATR-IR-, Raman-, X-ray absorption-
spectroscopy (XAS), XRD, SEM, EDX and elemental analyses
using AAS.

Experimental
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 consult the ESI† for further
details concerning the materials used for this study.

Preparation of MnOx/CFP-electrodes

The preparation of MnOx/CFP-electrodes using the in situ redox
reaction between permanganate and carbon has been described
in detail elsewhere.22 In short, 2.5 mL of HNO3 (69%) were
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. 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 (tesalm®,
“matt-unsichtbar”, thickness �70 mm). This step was carried
out for different times (15–360 min) in order to obtain different
thicknesses of the MnOx layer. The electrodes were then taken
out of the KMnO4 solution, washed thoroughly with water, dried
in air at 60 �C for 1 h and nally calcined in a muffle furnace in
air at a temperature of 400 �C for 1 h.

Instrumental methods

Details of the instrumentation and measurement conditions
used to record vibrational spectra (ATR-FT-IR and Raman),
electron micrographs (SEM), energy dispersive X-ray analyses
(EDX), in operando UV/Vis-spectroscopy, X-ray powder
This journal is © The Royal Society of Chemistry 2019
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diffractograms (XRD), X-ray absorption spectra (XAS) and for
the determination of potassium or manganese fractions by
ame atomic absorption spectroscopy (AAS) are provided in the
ESI.†

Electrochemical measurements

All electrochemical experiments were conducted in a typical
three-electrode setup using a VersaStat 4 potentiostat/
galvanostat (Princeton Applied Research) with an integrated
module for electrochemical impedance spectroscopy (EIS). The
electrochemical cell (volume 100 mL) typically consisted of a Ag/
AgCl reference electrode (Metrohm, 3 M KCl, +0.207 V vs. NHE
at 25 �C), a Pt rod as counter electrode (Metrohm, diameter �2
mm) and MnOx/CFP as working electrodes (WE). All measure-
ments were conducted in 50 mL of the respective air-saturated
electrolyte at ambient temperature (�23 �C) and WE poten-
tials were converted to RHE according to eqn (2).

ERHE ¼ EAg/AgCl + 0.207 + 0.059pH (in V) (2)

To evaluate the electrocatalytic behaviour of the MnOx/CFP-
anodes for water-oxidation in different electrolytes, a multi-step
protocol consisting of the determination of the uncompensated
resistance Ru (by EIS), cyclic voltammetry sweeps (CV, three
cycles), “staircase” chronoamperometry measurements (CA, for
the determination of Tafel plots) and again cyclic voltammetry
sweeps (three cycles) over a wide potential range was used (see
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 during the CA measure-
ments. 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
Tafel-analyses. To evaluate the long-term stability of MnOx/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 measure-
ments were iR-corrected at 85%.

Details for the preparation of the different potassium phos-
phate buffer electrolytes are listed in the ESI.†

Results and discussion
Synthesis of MnOx/CFP electrodes and catalyst mass
dependence of WOC rates

The MnOx/CFP electrodes obtained from the in situ redox
deposition reaction followed by a 1 h calcination step at 400 �C
feature a uniform MnOx coating of the carbon substrate. As
a result of the preparation conditions (acidic KMnO4 solutions),
the oxide also contains K+-ions and can thus be identied as
a K-birnessite, which is in agreement with XAS-, ATR-IR-, XRD-
and Raman data (see Fig. 3–5 below and ref. 22).

For a determination of the amounts of the deposited Mn and
K ions, the oxide layer was completely dissolved in a mixture of
H2O2 and HNO3 and the resulting solution was then analysed by
AAS. We found that the deposited amounts of Mn and K depend
This journal is © The Royal Society of Chemistry 2019
linearly on the deposition time, while the detected molar
K : Mn-ratio has a virtually constant value of �0.09 : 1 for all
samples (see ESI, Fig. S1†).

The dependence of the catalytic activity of the MnOx/CFP
electrodes per geometric area and per number of Mn-ions with
respect to deposition-time was identied by stepwise chro-
noamperometry (CA) measurements in 0.4 M potassium phos-
phate buffer (KPi, pH 7), which were subsequently translated
into Tafel plots (see ESI, Fig. S2†). For h ¼ 450 mV, a steady,
about six-fold increase of the current density as a function of the
deposited amount of birnessite catalyst from j � 0.5 mA cm�2

for an electrode functionalized for 30 min to j � 3 mA cm�2 for
one immersed for 6 hours could be extracted from these plots
(Fig. 1a, purple bars). When the current densities are normal-
ized to the number of Mn ions, the specic activity per
mmol(Mn) decreases with the amount of deposited catalyst to
less than half from �0.5 to �0.2 mA per mmol(Mn) (Fig. 1a,
green bars; see Fig. S3 in the ESI† for the corresponding Tafel
plots). The observed increase of jgeom with the mass loading
indicates that the catalytic reaction does not only take place at
the outer surface of the MnOx catalyst layer, but also within the
oxide material, which from previous studies is known to be
mesoporous.49 However, for higher loadings the activity per
manganese decreases, most probably because the fraction of
material at the bottom of the catalyst volume can contribute less
and less to the reaction due to mass-transport limitations while
in parallel the low electric conductivity of the MnOx also limits
the performance of the top of the catalyst layers. Macroscopic
diffusion processes limiting proton transport between anode
and cathode could also contribute.50

To further evaluate this behaviour, Fig. 1b shows the loga-
rithm of the current density against the logarithm of the
number of Mn-ions for different overpotentials (again extracted
from the Tafel-plots shown in Fig. S2†). The current density
depends linearly (near unity slope) on the number of deposited
Mn-ions for loadings of 0.2–2 mmol(Mn) per cm2. At high
loadings and high current densities (i.e. large h), a distinct
attening of the curve is observable.

Overall, this indicates that an increase of the catalytic activity
by raising the catalyst mass loading is generally possible, but
only to a limited extent – a trend which our groups have already
observed previously for screen-printed layers of a Ca-birnessite
catalyst on a conductive oxide support.21 Additionally, long-term
activity and stability measurements (chronopotentiometry in
0.4 M KPi, pH 7 at j ¼ 2 mA cm�2 for 24 h) for the same set of
anodes also show a certain “upper limit” of WOC activities for
increasing MnOx loadings (Fig. S4†). Looking at the complete
dataset, we identify MnOx/CFP-electrodes with a mass loading
of �3 mmol(Mn) per cm2 (functionalisation time 90 min) as the
best of our series. These are able to reach a stable current
density of 2 mA cm�2 at h � 480 mV aer 24 h.

From theory and as shown by many studies on metal oxides
before, the electrical capacitance is predicted to increase with
increasing contact area between the oxide catalyst and the
electrolyte, giving a good estimate of the surface area of an
electrocatalyst.23,51–53 However, a reliable calculation of the
surface area from the measured double layer capacitance
J. Mater. Chem. A, 2019, 7, 25333–25346 | 25335
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Fig. 1 (a) OER current densities for MnOx/CFP electrodes functionalized for different times normalized to the geometric surface area (purple
bars) and to the number of deposited manganese ions (green bars) at an overpotential h ¼ 450 mV. The dashed lines are shown to guide the eye
and were calculated assuming an exponential asymptotic increase of jgeom and an exponential decrease of jn(Mn); (b) double logarithmic
representation of the OER current densities as a function of the amount of deposited manganese ions for six different overpotentials ranging
from 350 mV to 600 mV; (c) amount of manganese ions undergoing redox-changes (n(Mn)Q, black open square) during the CVs shown in
Fig. S3† for electrodes functionalized for different times. n(Mn)Q was calculated by integration of the negative cathodic currents in Fig. S3.† The
resulting charge Q was afterwards divided by the Faraday constant F to calculate the amount of redox active manganese ions. Please note that
this calculation is based on the assumption that the dominating redox active manganese species during OER are Mn3+ and Mn4+. The fraction of
oxidizable manganese ions (n(Mn)Q/n(Mn)AAS) was calculated by dividing n(Mn)Q by the amount of manganese ions per electrode determined by
AAS (n(Mn)AAS, red open triangle). The lines are shown to guide the eye and were calculated assuming an exponential asymptotic increase of
n(Mn)Q and an exponential decrease of n(Mn)Q/n(Mn)AAS. Conditions: 0.4 M potassium phosphate buffer; pH 7. The error bars represent 1s.
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proved to be impossible in our case. Amorphous manganese
oxides are widely known as electrochemical capacitors (and
even supercapacitors), as they exhibit very large pseudo-
capacitances due to faradaic redox reactions during charging/
discharging (compare structured pre-wave in the CVs of
Fig. S5 in the ESI†).54,55 For MnOx/CFP electrodes, these non-
catalytic redox waves are usually explained by oxidation/
reduction reactions of the Mn ions in the material.20,54,56,57

Consequently, an integration of the negative currents of the
cathodic scan in the CV can be used as a good estimate for the
number of manganese ions undergoing redox-changes during
a CV cycle. The result of this integration is a reduction charge Q,
which, divided by the Faraday constant F (and assuming single-
electron redox reactions for Mn only, most likely Mn3+ !

Mn4+), leads to the molar amount of redox active Mn ions
n(Mn)Q. As shown in Fig. 1c (black trace), longer deposition
times (and thus thicker MnOx layers) lead to an increase of
n(Mn)Q. However, this increase again seems to approach
a certain limit and interestingly, the shape of the curve closely
resembles that shown above for the variation of the geometric
current density jgeom versus the deposition time (Fig. 1a, purple
bars). Hence, the amount of manganese ions showing an ability
to undergo redox-changes during a CV scan seems to be linked
to the water oxidation activity of MnOx/CFP.

In addition, it is also possible to calculate the fraction of
redox active manganese ions by dividing n(Mn)Q by the total
amount of deposited manganese determined by AAS (n(Mn)AAS).
The fraction n(Mn)Q/n(Mn)AAS changes profoundly from about
28% (low loadings) to �12% (high loadings). Again this trace
shows a great similarity to the plot of current density per
deposited Mn (jn(Mn)) versus oxide loading (Fig. 1a, green bars).

Both trends visible in Fig. 1c are therefore in very good
agreement with the previous analysis of the data shown in
Fig. 1: (1) the increase of the fraction of oxidizable manganese
25336 | J. Mater. Chem. A, 2019, 7, 25333–25346
ions n(Mn)Q at higher loadings again indicates that catalysis
also takes place within the “bulk” of the MnOx coatings and (2)
the decrease of the fraction of redox active manganese ions at
higher loadings shows that the average activity per manganese
ion is lowered, meaning that not all Mnn+ contribute equally to
the activity of the electrode.

To conclude, MnOx/CFP reveals characteristics of a volume
catalyst, as the activity of the catalyst layer is over a wide range
proportional to the amount of deposited MnOx material. Anal-
ysis of CV waves assignable to Mn oxidation state changes
further indicate that the entire volume of the porous oxide is
accessible for water and ions from the electrolyte, even for high
catalyst loadings. However, the addition of more and more
birnessite will likely lead to the problem of lower conductivity as
well as transport limitations due to a hindered removal of O2

gas and/or H+ from the catalytic sites. A similar behaviour was
also observed for other porous catalyst systems, e.g. CoPi.58

Additionally, the low electric conductivity of manganese oxides
could also contribute to this effect, rendering sites far away
from the carbon support less active than those close by.59
Electrocatalytic activity at different pH

Next, we studied water oxidation electrocatalysis by MnOx/CFP
at three different pH values (2.5, 7.0 and 12.0, roughly corre-
sponding to the three pKa values of phosphoric acid). In each
case, buffers containing a total phosphate concentration of
1.0 M served as electrolytes and the MnOx/CFP anodes used
were of the optimal catalyst layer thickness determined in the
previous experiments (�3 mmol(Mn) per cm2, functionalisation
time 90 min). At this point it is necessary to mention that
phosphate buffers exhibit different ionic conductivities s for
different pH values which are related to the uncompensated
solution resistance Ru of the electrolyte (see Table 1). This could
signicantly inuence the measurements (especially for higher
This journal is © The Royal Society of Chemistry 2019
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Table 1 Ionic conductivities s of the electrolytes, electrolyte resistance Ru, Tafel-slopes, overpotentials h needed to achieve current densities of
1 or 5 mA cm�2 (extracted from the Tafel plots in Fig. 2b), h after 24 h of operation at an applied current density of 2 mA cm�2 (extracted from
Fig. 2c) for MnOx/CFP-electrodes at different pH-values and number of deposited Mn-ions for MnOx/CFP-electrodes before and after as well as
number of Mn-ions found in the electrolyte after 24 h of electrolysis at an applied current density of 2 mA cm�2 determined by AAS-
measurements

s

[mS cm�1] Ru [U]
Tafel-slope
[mV dec�1]

h @ 1
mA cm�2

[mV]

h @ 5
mA cm�2

[mV]

h aer 24 h
of operation @
2 mA cm�2 [mV]

n(Mn) for
MnOx/CFP
before electrolysisa

[mmol cm�2]

n(Mn) for
MnOx/CFP
aer 24 h electrolysisa

[mmol cm�2]

n(Mn) in the
electrolyte
aer 24 h
electrolysisa

[mmol cm�2]

pH 2.5 51 5.8 135 455 550 515 3.2 � 0.3 3.0 � 0.2 0.1 � 0.1
pH 7 95 3.4 110 445 525 500 3.0 � 0.1 2.8 � 0.1 0.1 � 0.1
pH 12 122 2.8 55 360 405 420 3.1 � 0.1 3.0 � 0.2 —

a All values are the average of two individual measurements.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
5 

O
ct

ob
er

 2
01

9.
 D

ow
nl

oa
de

d 
by

 F
re

ie
 U

ni
ve

rs
ita

et
 B

er
lin

 o
n 

2/
7/

20
20

 9
:4

2:
07

 A
M

. 
View Article Online
current densities) and therefore all applied potentials were
corrected for ohmic losses (iR-drop) by a determination of Ru by
electrochemical impedance spectroscopy (EIS). With this data,
all electrochemical measurements were iR-corrected at 85% and
potentials were converted to the RHE-scale using eqn (2).

Fig. 2a shows cyclic voltammograms for the potential range
of 1.2–2.0 V vs. RHE for the three investigated pH values. Two
distinct regions, typical for Ni-, Co- or Mn-oxide electrodes, can
be identied in the CVs: (1) broad, unresolved, pseudo-
capacitive redox waves between 1.2 and 1.6 V (see also inset in
Fig. 2 (a) Cyclic voltammograms for MnOx/CFP-electrodes in 1 M KPi-b
inset shows a magnification of the pseudo-capacitive potential region; (b
anodes and electrolytes showing a linear log j vs. h relationship over two o
term activity/stability measurements for the same anodes and electrol
operando UV/Vis-absorption difference spectra of the 1 M KPi-electrol
traces are the average of two individual measurements. The error bars r

This journal is © The Royal Society of Chemistry 2019
Fig. 2a). As already mentioned above, these are most likely
caused by Mn3+ / Mn4+ redox transitions in combination with
the insertion/removal of H+ (or K+) from/to the electrolyte
according to eqn (3).20,60

MnOx�d(OH)y+d(s) ! MnOx(OH)y(s) + dH+/K+
(aq) + de� (3)

(2) A more pronounced reductive feature between 1.5 V and
1.2 V during the cathodic scan. A slight shi of the minimum of
uffer at pH 2.5/7.0/12.0 (in each case the 3rd CV cycle is plotted). The
) Tafel-plots (from staircase CA experiments, see Fig. S6†) for the same
rders of magnitude of current density; (c) chronopotentiometric long-
ytes at a constant current-density of j ¼ 2 mA cm�2 for 24 h; (d) in
ytes after 30 min of electrolysis at the indicated potentials. All shown
epresent one standard deviation.

J. Mater. Chem. A, 2019, 7, 25333–25346 | 25337
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this peak with pH can be seen (from �1.28 V for pH 12.0 to
�1.45 V for pH 2.5). Earlier work has assigned this event also to
Mn4+ / Mn3+ redox transitions20,54,56,57 and (3) an irreversible
oxidation wave for E > �1.6 V, indicating the onset of catalytic
water oxidation. The overpotential at which this catalytic OER
current reaches 1 mA cm�2 decreases from h � 400 mV (for pH
2.5) to h� 380 mV (pH 7.0) and further to h� 340 mV (pH 12.0).
Thus basic conditions generally facilitate WOC by MnOx/CFP-
anodes – similar to OER electrocatalysis by other 3d-metal
oxides.23

In Fig. 2b, Tafel-plots for the three pH-regimes are shown. In
all cases, a nearly ideal linear dependence of log(j) vs. E was
found for the current-density range of 0.1–10 mA cm�2. A linear
regression revealed a pronounced decrease of the Tafel slopes
b versus pH (see Table 1), which again indicates that the kinetic
WOC rate for MnOx/CFP-electrodes is higher under alkaline
conditions than in neutral or acidic media. From a mechanistic
point of view, a change of the rate determining step (RDS) under
different pH-conditions can be assumed, which we will discuss
in more detail later in this work.

For a possible use as OER-electrodes in technical applica-
tions, the long-term stabilities/activities of the anodes is of great
importance. Therefore, the MnOx/CFP-electrodes were tested in
chronopotentiometric measurements at a constant current
density of 2 mA cm�2 over 24 h at the three pH conditions. The
resulting h vs. t traces are shown in Fig. 2c. Aer 24 h of oper-
ation, the electrodes tested under alkaline conditions need
�80–90 mV less overpotential to reach the set current density in
comparison to the ones used in neutral or acidic media (Table
1). Even though the initial h's are very similar (h � 430 mV),
signicant increases of the h's by �50 mV were found for the
electrodes tested at pH 7.0 and pH 2.5 during the rst �3 h of
the experiments. Aer this, a constant, but much slower growth
is observed for the rest of the experiment. In contrast, the
overpotential needed to drive the OER was nearly constant over
the whole time of the experiment for electrodes tested under
basic conditions.

In order to clarify possible reasons for the instability of
MnOx/CFP under acidic to neutral pH conditions, we measured
UV/Vis-spectra of the 1 M KPi-electrolytes (pH 2.5/7.0/12.0) aer
30 min of electrolysis at different overpotentials of 370 < h <
1020 mV (see Fig. 2d). For pH 2.5 and 7.0 and h > �570 mV,
these spectra show the very characteristic absorption peaks
assignable to MnO4

� for the spectral region around 450–
540 nm.61 Permanganate formation has recently also been
observed by Li et al. for g-MnO2-electrodes operated at pH 2 and
potentials above �1.8 V (h � 570 mV). In contrast, only a very
small absorption peak is visible for the electrode used for
electrolysis at pH 12.0 even for the highest applied over-
potentials of h � 1020 mV. Accordingly, the slow decay of
activity observed if MnOx/CFP is operated in acidic or neutral
media might occur via a route involving permanganate as an
intermediate and that this seems to be blocked under alkaline
conditions.

To investigate the formation of MnO4
�-ions in electrolytes of

pH 2.5 and 7.0 in more detail, UV/Vis-spectra were recorded at
15 min-intervals during CA-experiments at a constant potential
25338 | J. Mater. Chem. A, 2019, 7, 25333–25346
of 1.8 V for 3.5 h (see ESI, Fig. S7†). Aer 30 min of electrolysis,
the permanganate absorption peaks are clearly visible for both
pH values with a measured absorption of Abs �0.04. Over the
following 60 min of electrolysis, the intensity of this signal
increases only slightly to maximal absorbances of �0.05 (pH
7.0) and�0.06 (pH 2.5). According to the Beer–Lambert law, less
than 1% of the total Mn-content per electrode is thus oxidized to
permanganate (assuming a molar absorptivity coefficient 3 ¼
2300 M�1 cm�1 at l ¼ 525 nm). Aer that, no further growth is
discernible indicating that the permanganate concentration
has reached a kind of saturation. This might be explained by
two different scenarios: (1) permanganate formation occurs
only in the rst hours of electrolysis or (2) permanganate
formation and follow-on reactions of MnO4

� are in equilibrium.
Interestingly, we did not nd a permanganate signal any more if
the electrolytes were allowed to stand for ca. 15 min aer the
end of the CA-experiments with no potential applied. Therefore,
the second scenario mentioned above seems more likely.

Finally, we checked whether dissolved manganese can be
detected in the electrolyte aer electrolysis using AAS (Table 1).
The AAS-results reveal that only a small fraction of the Mn (<5%
for pH 2.5 and 7.0 within the standard variance of the
measurement) are leached into the electrolyte during 24 h of
electrolysis. It is therefore possible, that MnOx/CFP undergoes
a dissolution/re-deposition process in which MnO4

� reacts with
the remaining oxide to be reduced back to MnOx (possibly
oxidizing water in the process). However, the fresh MnOx

surface layer formed in this way seems to be less active than the
original one, leading to the observed increase of the over-
potential over the duration of long-term CP-experiments.

Despite the slow loss of activity, the behaviour of the MnOx/
CFP-electrode at pH 2.5 is surprising, since the overall activity at
this low pH (even though lower than under alkaline conditions)
is still very good compared to other catalyst systems with
manganese as the only catalytically active metal. For example, it
has been reported that MnOx-based electrodes formed by
successive electrodeposition steps at different potentials
exhibited overpotentials of h� 500mV at 200 mA cm�2 in pH 2.5
phosphate buffer.62,63 Furthermore, other noble-metal free
systems are either unstable under acidic conditions (Co- or Ni-
oxides) or showmuch higher overpotentials. As two examples, h
� 820 mV at 10 mA cm�2 and pH 2.2 have been reported for Co/
Fe-Prussian blue compounds64 and h � 745 mV at 10 mA cm�2

and pH 0 for Ni0.5Mn0.5Sb1.7Ox – both much worse than the h �
600 mV at 10 mA cm�2 and pH 2.5 found here for MnOx/CFP.
However, it should also be mentioned that the values for MnOx/
CFP for acidic media are still 300–400 mV worse than those of
the most active Ir-based OER catalysts, where e.g. values like h¼
270–290 mV at 10 mA cm�2 and pH 0.3 for IrOx/SrIrO3 can be
found in the literature.65

To summarize, we would like to stress that our MnOx/CFP
WOC anodes show a surprisingly good performance in acidic
phosphate electrolytes of pH 2.5 and can easily compete with
the OER activities of other Mn-,20,21,45,47,66,67 Co-,18,68 Fe-18 or Ni-25

oxides at neutral conditions. The same is true for a comparison
with other MnOx- and CoOx-based systems in alkaline
media,62,69 while the exceptional activities of FeNiOx-catalysts in
This journal is © The Royal Society of Chemistry 2019
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strongly alkaline media are clearly not reached by MnOx/
CFP.10,70–72
Fig. 4 ATR-IR-spectra in the spectral range from 3800–550 cm�1 of
the catalyst layers of an as prepared MnOx/CFP-electrode (purple line)
and MnOx/CFP-electrodes treated for 24 h at a constant current
density of j ¼ 2 mA cm�2 in 1 M KPi-buffers of pH 2.5 (black), pH 7.0
(red) and pH 12.0 (blue), respectively.
Post operando characterization of electrodes aer operation
at different pH

In order to determine morphological or structural changes that
could explain the different behaviour of the catalysts for the
different pH regimes, various analytical measurements were
carried out for the as-prepared electrodes (sometimes even
before the sintering step at 400 �C) and compared to ex situ post-
operando studies aer 24 h of continuous operation at j ¼ 2 mA
cm�2 in 1 M phosphate electrolytes of pH 2.5, 7.0 and 12.0.

First, possible changes of the surface morphologies due to
long-term electrochemical water-oxidation were examined by
SEM (Fig. 3 and ESI, Fig. S8†). The preparation method yields
carbon bres uniformly covered by the manganese oxide in
form of a highly disordered, sponge-like structure which is
typical for birnessites.20,36,45 Aer 24 h of OER-electrocatalysis,
no signicant differences of this structure compared to the
original electrode is visible, indicating that no major morpho-
logical changes of the birnessites catalyst seem to occur during
electrolysis at neither of the three investigated pH values.
Furthermore, no cracks in the layers or losses of material are
visible. In a former study we found that less graphitic carbon
substrates can corrode at OER potentials even in neutral elec-
trolytes.22 The SEM images recorded here show that this does
not seem to be a major problem for CFP as support material –
even at alkaline or acidic conditions.

In all cases, the ATR-IR-spectra (Fig. 4) show prominent
bands between 500–750 cm�1 (vibrations of [MnO6]-octa-
hedra22,36,73) and broad absorptions between 3000–3600 cm�1

and 1500–1700 cm�1 (O–H stretching and deformation vibra-
tions of OH� and/or H2O).74 In addition, the spectra recorded
aer electrochemistry reveal two broad features centred around
Fig. 3 SEMmicrographs of the catalyst layers of an as preparedMnOx/
CFP-electrode (purple frame) and MnOx/CFP-electrodes treated for
24 h at a constant current density of j ¼ 2 mA cm�2 in 1 M KPi-buffers
of pH 2.5 (black), pH 7.0 (red) and pH 12.0 (blue), respectively at
a magnification of �25 000. Additional XRD-, Raman- and SEM-
measurements can be found in Fig. S8–S14 of the ESI.†

This journal is © The Royal Society of Chemistry 2019
1120 and 960 cm�1, which have an especially high intensity for
electrodes operated in pH 7.0 and 2.5, but are also clearly visible
for the pH 12-sample. The origin of these features is most likely
the incorporation of phosphate ions into the porous and layered
birnessite material, as HnPO4

(3�n)� species show prominent
absorption bands in this spectral region (see ATR-IR-spectra of
KH2PO4, K2HPO4 and K3PO4 shown in Fig. S9 of the ESI†).75,76

These adsorbed phosphates are most likely only slowly
exchangeable, as all electrodes were thoroughly washed with
deionised water for several minutes aer electrolysis to avoid
surface contamination by K+ and HnPO4

(3�n)� from the elec-
trolytes. The intensity differences found for the phosphate
features can be seen as an indicator that the interaction
between the manganese oxide catalyst and the phosphate
anions is maximal under neutral conditions. In basic media, the
smaller amount of bound HnPO4

(3�n)� might be explained by
competition with OH� for anion binding sites of the birnessite
catalyst material, which is inline with the especially strong OH�

stretching vibrations above 3000 cm�1 for the pH 12.0 sample.
Raman measurements largely conrmed the information

obtained from the ATR-IR-spectra. Three major features n3, n2
and n1, all typical for birnessites, are detected at �500, 570 and
655 cm�1 (see ESI, Fig. S10†).73,77,78 No signicant shis of the
positions of these bands were detected post operando between
J. Mater. Chem. A, 2019, 7, 25333–25346 | 25339
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the as-prepared electrodes and electrodes that had been used as
OER-anodes. On the other hand, clear differences induced by
the sintering step which is part of the preparation procedure are
visible in the Raman spectra and interestingly indicate an
increased disorder of the layers induced by the heating step.
The Raman peaks for the sintered and operated electrodes are
clearly broadened compared to those of a freshly prepared
electrode dried at 60 �C. Such a band broadening of n2 and n1

can be ascribed to an increasing Jahn–Teller disorder within the
[MnO6]-octahedra.79,80 Additionally, the intensity ratio I(n2)/I(n1)
of the two most intense bands shows a clear decrease from
around 1.8 for freshly prepared electrodes compared to around
0.9 for activated electrodes and electrodes used as OER-anodes.
This observation can be assigned to a decrease of the interlayer
distance most likely due to the elimination of water from the
birnessite interlayers during sintering.77,81 Aer sintering has
been carried out, the Raman results again indicate that there
are only small structural differences post operando and that e.g.
the incorporation of HnPO4

(3�n)� into the catalyst detected by IR
has no major inuence on the bulk birnessite-type MnOx

structure. However, no additional Raman vibrations or reexes
attributable to HnPO4

(3�n)� were observed, most likely due to
the low Raman-scattering resonance enhancement for phos-
phate ions.74

EDX measurements proved to be an even better tool to
conrm the ion-exchange processes during electrolysis than IR,
as a post operando EDX-signal assignable to phosphorous
conrms the phosphate uptake from the electrolyte (see ESI,
Fig. S11–S14†). The detected phosphorous contents observed by
EDX also nicely match the ATR-IR spectra, as the highest
P : Mn-ratio is again found for the electrode tested at pH 7.0
(0.10 : 1) followed by the value for pH 2.5 (0.07 : 1) and the
lowest number for pH 12.0 (0.05 : 1). Additionally, EDX also
reveals an incorporation of additional potassium cations from
the buffer media. Starting from a K : Mn ratio of approximately
0.05 : 1 for freshly prepared electrodes, we nd that this value
Fig. 5 (a) Mn K-edge XANES spectra of reference MnOx powders (grey)
anodes in phosphate buffers of different pH. The horizontal line at 0.5 w
Fig. S16 of the ESI†); (b) Fourier transform of the EXAFS spectra ((a)–(g) d
main text).

25340 | J. Mater. Chem. A, 2019, 7, 25333–25346
increases two- to four-fold during electrolysis to 0.10–0.20 K+

ions per Mn aer operation. Thus, both HnPO4
(3�n)� anions and

K+ cations are adsorbed by the birnessite catalyst from the
potassium phosphate buffer used as electrolyte.

XRD experiments are a useful tool to conrm the integrity of
the carbon material, as the three most pronounced reections
in the XRD patterns (Fig. S15†) at 2q � 26�, �54� and �86� are
attributable to the (002), (004) and (006) planes of the graphitic
electrode substrate, respectively. Additionally, the much less
intense reections at 2q � 12�, �37�, �60� and �77� are char-
acteristic for the mostly amorphous/micro-crystalline birnessite
material.36,82 The absence of the (100) reection at 2q � 12� for
the calcinated electrode in comparison to the freshly prepared
MnOx/CFP dried at 60 �C again indicates a disordering of the
stacking of the [MnO6]-octahedral sheets through the heating
step, as this is typically the XRD reex with the highest intensity
for birnessites.83

In addition to the data presented so far, much more detailed
information concerning the structural and electronic properties
of the materials could be extracted from X-ray absorption
spectroscopy (XAS) experiments which were conducted at the
KMC 3 beamline of the BESSY synchrotron in Berlin. XAS is an
element-specic method not restricted to crystalline (like XRD)
or specic electronic states (like NMR and EPR), or the presence
of Mössbauer nuclei, and can be applied to almost any material
under nearly any environmental conditions. It is thus especially
suited to analyse amorphous transition metal oxides like bir-
nessites and has been successfully used in this context by our
groups before.20,21,37,42,84

Accordingly, X-ray absorption near-edge structure (XANES)
and extended X-ray absorption ne structure (EXAFS) spectra at
the Mn K-edge were recorded for freshly prepared MnOx/CFP-
electrodes (dried at 60 �C), aer subsequent calcination at
400 �C, and again aer operation for 24 h at the three pH values
studied before in order to determine the average oxidation
states and local coordination environments of the manganese
and MnOx/CFP-electrodes (in color) pre and post operando as WOC
as used for the determination of the average Mn oxidation states (see
enote different backscattering atomic shells fitted as described in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Structural model of the deposited compounds derived from the
crystal structure of K-rich birnessite85 artificially “amorphized” by small
random shifts of the ion coordinates. Colour code: red: oxygen;
purple: manganese; pink: potassium; white: hydrogen.
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ions in the catalyst materials. The XANES spectra measured for
these ve samples are displayed in Fig. 5a together with spectra
of reference MnOx powders of known oxidation states: MnIIO,
MnIIMnIII

2 O4, MnIII
2 O3, and MnIVO2. As previously observed for

birnessite-type Mn oxides, all deposited samples show a small
pre-edge feature and a shallow edge rise up to a level of
normalized absorption of about 1.5.21 The high degree of
similarity for all electrodes in comparison to the much more
pronounced differences between those recorded for the refer-
ence oxides suggests conserved structural properties as well as
comparatively minor changes in the mean Mn oxidation state
caused by electrochemical operation. The X-ray energy values at
a normalized absorption of 0.5 (dotted horizontal line in Fig. 5a)
of the reference compounds were used to determine the average
Mn oxidation states for the electrodes (Fig. S16 of the ESI†). As
anticipated from the very similar XANES spectra, these numbers
vary only within a rather narrow range from 3.4 (for the fresh
electrode dried at 60 �C), via 3.5 (aer sintering at 400 �C) to 3.6–
3.7 (aer operation as OER electrocatalyst). On the other hand,
if only Mn3+ /Mn4+ transitions are assumed, an Mn oxidation
state increase by 0.1 corresponds to the oxidation of 10% of all
Mn ions in the material and is thus very signicant. The XANES
data thus nicely supports our interpretation of the CV experi-
ments (Fig. 2a), where the “pre-waves” observed at �1.2–1.6 V
indicated Mn-based redox activity for all three pH regimes. We
would also like to mention that similar oxidation state changes
have been found before for other birnessite samples exposed to
OER conditions.20,43,57

EXAFS contains more detailed information about the local
Mn coordination environment. For an analysis of the EXAFS
data, the experimental spectra are usually tted in k-space with
a model of backscattering atomic shells (see Fig. S16†), and the
Fourier-transform (FT) of the EXAFS is used to determine the
geometric distances between the Mn centres and these scat-
tering shells. Here, all ve catalyst electrodes were modelled
using seven shells around Mn which are labelled as (a)–(g) in
Fig. 5b (see also Tables S1 and S2 of the ESI†). The Debye–Waller
factors of the ve outer shells were pre-tted in alternation to
the shell distances and nally kept constant at proper values.

All EXAFS spectra show two prominent peaks at about 1.90
and 2.88 Å, which stem from rst-shell Mn–O and second-shell
Mn–(m-O)2–Mn backscattering, as well as numerous smaller
peaks between 3 and 6 Å. The distances of peaks (a) and (b)
suggest O–Mn–O angles of �80� and respective reciprocal
O–M–O angles of �100� for the interconnection of the [MnO6]
moieties. This is in good agreement with the angles of �85–95�

known for crystalline K-rich birnessite, which was used as
parent structure for the analysis.85 Small changes of the atomic
coordinates from this ideal birnessite arrangement already
provide a variety of additional, nearby Mn–O and Mn–Mn
distances, which can explain the peaks (c)–(g) in the EXAFS and
might be visualised by the XAS-derived structural model for the
deposited material shown in Fig. 6.

Additional structural information can be gathered from the
longer Mn–Mn distances that are resolved in the EXAFS spectra.
For example, a prominent far distanced peak at �5.2 Å can be
observed for the freshly deposited, mildly dried material
This journal is © The Royal Society of Chemistry 2019
(Fig. 5b, green curve, peak (g)), suggesting a considerable degree
of long-range order for the oxide at this stage. In line with the
observations made before using Raman spectroscopy and XRD,
the intensity of this signal is markedly reduced by the calcina-
tion step at 400 �C, thus conrming that heating the oxide to
this temperature indeed leads to an amorphization of the
material. As a previous study on MnOx/CFP-electrodes clearly
showed that sintering at >200 �C is necessary to prepare elec-
trodes of good electrochemical activity, the heating step thus
represents another example of a “structural activation” of
a birnessites-type material for WOC, as has already been
described elsewhere.43 As another interesting observation, the
EXAFS spectrum of the electrode operated at pH 2.5 is hardly
changed from that of the calcined material (see Fig. 5b, purple
and black lines, peaks (e)–(g)), whereas this region of the EXAFS
spectrum of the material operated at pH 12.0 is closer to that of
the initial material dried at 60 �C (see Fig. 5b, green and blue
lines, peaks (e)–(g)). The spectrum aer operation at pH 12.0
thus suggests a re-ordering process, which may involve the
formation of clusters of locally well ordered birnessites moie-
ties. The red-coloured EXAFS spectrum of the electrode used for
WOC at pH 7.0 in Fig. 5 has a shape in between that for the two
pH extremes of pH 2.5 and pH 12.0 and may represent the
transformation between these structures.

In conclusion, no major structural changes between the as-
prepared MnOx/CFP-electrodes aer sintering and electrodes
used for electrochemical WOC in media of pH 2.5/7.0/12.0 were
uncovered by ATR-IR-, XAS-, Raman-, XRD- or SEM measure-
ments, so that the studied anodes can be characterized as stable
and catalytically active over this wide pH range. EDX and IR-
measurements revealed that ion-exchange processes accom-
pany the operation of the electrodes in phosphate buffers at all
three pH regimes. However, neither the incorporation of
phosphate or potassium ions from the electrolyte nor the slight
increase of the average Mn oxidation state detected by XANES
results in major structural changes for the birnessites-type
materials. On the other hand, Raman, XRD and EXAFS
revealed that the calcination step at 400 �C during preparation
J. Mater. Chem. A, 2019, 7, 25333–25346 | 25341
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induces a pronounced amorphization of the material and this
might explain the higher activity of the thus “activated”
compared to freshly prepared electrodes.
Inuence of the solution pH on the catalytic activity

The dependence of the OER activity on the H+/OH�-concentra-
tion was determined by performing steady-state stepwise chro-
noamperometric measurements at a constant phosphate
concentration of 1.0 M by varying the pH of the solution from
1.5–13.0. The resulting j vs. E traces were used to generate Tafel-
plots (see ESI, Fig. S17†) which show a clearly linear behaviour
over two orders of magnitude of j (0.1–10 mA cm�2). The
potential E needed to achieve a current density of 200 mA cm�2

(Fig. 7a) shows a nearly constant value of E ¼ 1600 mV vs. RHE
over a large pH range from �1.5 to �10. However, for pH � 11–
13 a quite dramatic shi to lower values (E ¼ 1530 mV for pH
13.0) was observed, meaning that for strongly alkaline solutions
much lower overpotentials are needed to achieve the same
reaction rate. A similar trend is reected by the Tafel slopes,
where a decrease from �150 mV dec�1 for pH 1.5 to �40 mV
dec�1 for pH 13.0 (Fig. 7b) was detected. Between pH 3 and 10,
the Tafel slope is almost constant and close to 2 $ 59 ¼ 118 mV
dec�1, which is typical for multi-step reactions where the rst
oxidation is turnover-limiting.86,87 However, between pH 10.0 to
Fig. 7 (a) potential E vs. RHE needed to achieve a current density j ¼ 200
potential ENHE of MnOx/CFP-electrodes needed to achieve a current dens
1 M KPi-buffer in the pH range from 1.5–13.0. Additionally, the thermodyn
The green arrows show the overpotential h that is needed to reach a cu
MnOx/CFP-electrodes in 1 M KPi-buffer and variation of the pH.

25342 | J. Mater. Chem. A, 2019, 7, 25333–25346
13.0 the slope decreases drastically down to 40 mV dec�1, sug-
gesting a change of the rate determining step (RDS) and thus
a different WOC mechanism. This low Tafel slope is charac-
teristic of a multi-step reaction where a second potential-
independent step is rate-determining,86,88 and was also
observed for a MnOx/CFP-electrode tested in 1 M KOH-solution
(see Fig. S18 in the ESI†).

This difference in the behaviour of MnOx/CFP in the pH
regime from 1.5–10.0 and 11.0–13.0 is also visible when the
potentials ENHE needed to achieve current densities of 1 or 5 mA
cm�2, respectively, are plotted against the pH (Fig. 7c). Linear
regressions of the resulting current density values show the
dependence of the potential ENHE as a function of the pH.
Interestingly, these lines do not show the same slope over the
entire pH range. Instead, for pH < 10, slopes of�59 and�64mV
pH�1 (for 1 and 5 mA cm�1, respectively) were found, which
point at a Nernstian behaviour for a proton-coupled electron
transfer (PCET) process with n(H+) : n(e�) ¼ 1 : 1.88 Above pH �
10, a marked change of the pH dependence is discernible
resulting in slopes as low as�104 and�120 mV pH�1 (and thus
closer to 2 � 59 mV pH�1). Therefore, here a proton to electron
ratio of two to one seems to be valid. The described shi from
Nernstian behaviour to the mentioned deviation for pH > 10 is
also visible in the onset of the OER in CV-experiments (Fig. 7d).
On the RHE-scale, the detection of catalytic OER-currents starts
mA cm�2 and change of the Tafel slope b (b) for different pH values; (c)
ity of 1 mA cm�2 (black open squares) and 5mA cm�2 (red open dots) in
amic potential of the OERwith respect to the pH is illustrated (pink line).
rrent density j ¼ 1 mA cm�2 for some pH values; (d) CVs recorded for

This journal is © The Royal Society of Chemistry 2019
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more or less at the same potential for pH 1.5–10.0. However,
above pH � 10, a shi to much lower onset potentials is
observed. A very similar behaviour was found by Takashima
et al. for spray-deposited d-MnO2 on FTO-glass slides and was
explained by the higher stability of the Mn3+-state under alka-
line conditions.47

Non-ideal Nernstian pH-dependencies like the one found
here for MnOx/CFP are well known for more than three decades
for the oxidations of metal surfaces in alkaline solutions (e.g.Ni,
Ir, Rh, Fe).89–92 Until now, no satisfactory explanation for this
phenomena has been found, but a number of authors propose
that the “super-Nernstian” shis can be attributed to the
adsorption of additional hydroxides on the material's surface.
This could be achieved by direct OH� incorporation from the
bulk solution, a loss of protons from coordinated water mole-
cules or the formation of hydroxyl complexes.92–95 The thus
formed negatively charged oxygen moieties are thought to be
crucial for WOC, as a reaction of such species with other
neighbouring OH-ligands or hydroxide ions from the electrolyte
could lead to the more facile formation of reactive oxyl radical-
(Mn–Oc) or peroxido- (Mn–O–O–H, Mn–O–O�) intermediates
and hence to a higher WOC activity.96–98 The formation of
oxygen ligands with a formal oxidation state of �1 at high
catalytic potentials was recently reported not only for NiFe
oxides14,99 but also concluded from in situ XAS spectroscopy for
birnessite MnOx.100

From the results presented in this section, we can draw some
general conclusions concerning WOC by MnOx/CFP-electrodes
under different pH conditions: (1) from the Tafel data analysis
it is obvious that a change of the mechanism from acidic/
intermediate pHs to strongly alkaline conditions takes place.
This leads to enhanced reaction rates for pH > 10; (2) accord-
ingly, the OER onset potentials shi to lower values on the RHE
scale, resulting in a super-Nernstian shi of the potential. This
means that the ability to evolve oxygen is thermodynamically
and kinetically favoured under strongly alkaline conditions, so
that less energy is needed. Since super-Nernstian shis can
most likely be explained by the accumulation of negatively
charged oxygen groups on the surface of the catalyst, we
conclude that this could account for the more efficient water
oxidation under alkaline conditions. Nevertheless, it appears
difficult to make more detailed statements about the WOC
mechanism for MnOx/CFP without further evidences e.g. from
in situ spectroscopic measurements.

Conclusions

This study shows that birnessite-coated carbon bre papers
(MnOx/CFP) are efficient and stable anodes for electrocatalytic
water oxidation over nearly the entire aqueous pH regime (pH
1–14). Furthermore, we observe that MnOx/CFP is a volume
catalyst where the electrocatalytic activity scales with the
number of deposited Mn-ions. However, the dependence of
catalytic current vs. nMn shows a saturation behaviour, which
indicates that not all Mn ions contribute equally to the overall
activity of the catalyst layer. Hence, as true mass transport
limitations by the ‘substrate water’ or ‘product O2’ are unlikely
This journal is © The Royal Society of Chemistry 2019
to be severe, charge transport limitations of protons/electrons
to/away from the electrode seem to be major issues limiting
the performance of electrodes with thicker MnOx coatings.
Accordingly, it might be possible to increase the activity of this
catalyst system further by optimizing the electrical conductivity
or charge transfer properties in general, e.g. by doping theMnOx

with suitable d-block cations.
Mass optimized electrodes (coated with �3 mmol(Mn) per

cm2) showed remarkable activities and stabilities over the entire
pH range. Even in acidic electrolytes, benchmark current
densities of 1 or 5 mA cm�2 could be reached at overpotentials h
between 350–550mV. For electrodes that only contain the earth-
abundant elements Mn, O and C, these values are among the
best that have so far been published. Catalyst corrosion became
detectable for electrodes operated at pH 7.0 or below, as�1% of
the total Mn dissolved in the form of permanganate, which
could be identied spectroscopically as major corrosion
product. On the other hand, no substantial Mn-loss was
detected even aer 24 h of continuous electrolysis, which
indicates that the permanganate is re-deposited as birnessite
over time, thus resulting in a rather stable WOC activity overall.
No MnO4

� formation was found for electrodes operated under
more alkaline conditions.

The described activity and stability differences found for
electrodes operated between pH 1–10 and those studied above
pH 10 are most likely accompanied by a change of the reaction
mechanism, indicated by a marked decrease of the Tafel slope
as well as a transition from an ideal to a non-ideal Nernstian
pH-dependence once the pH of the phosphate electrolyte is
increased above �pH 10. Hence, water-oxidation catalysis by
MnOx/CFP is kinetically and thermodynamically favoured
under strongly alkaline conditions for so-far unknown reasons.
However, very similar observations have been made for elec-
trochemical WOC by Co- or Ni-oxides, suggesting that some
general underlying principle might exist.

The stability of MnOx/CFP over this very wide pH range was
further conrmed by detailed pre- and post-operando spectro-
scopic analyses. No change in the morphology and only slight
changes in the average Mn oxidation state or the oxide's
composition were revealed aer electrochemistry although
some ion-exchange processes were taking place during opera-
tion. EXAFS measurements disclose only minor structural
changes for the electrodes operated under different pH condi-
tions, verifying the universal applicability of MnOx/CFP.

Motivated by the very encouraging results of the presented
study, we will continue to improve the electrocatalytic activities
and stabilities of MnOx/CFP-anodes, putting a special focus on
the neutral to acidic pH regimes. For example, the incorpora-
tion of other transition metals, e.g. Co, Ni or Fe could improve
the electrical conductivity of the birnessite coating and addi-
tional efforts could be made to further increase the surface area
of the MnOx/CFP hybrid. Looking ahead towards the construc-
tion of devices, we see possible applications of our catalyst
system in PEM electrolysers and/or microbial electrosynthesis
cells, both of which are usually operated at pH # 7. Further-
more, in situ spectroscopy during electrochemical operation at
different pH's could be carried out to (1) obtain additional
J. Mater. Chem. A, 2019, 7, 25333–25346 | 25343
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information concerning the oxygen evolution mechanism and
(2) possibly solve the so far unclear origin of the differences in
electrocatalytic performances between the pH < 10- and pH > 10-
regimes.
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