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Catalysis of the oxygen evolution reaction (OER) by earth-abundant materials in the near-neutral pH regime
is of great interest as it is the key reaction for non-fossil fuel production. To address the pertinent stability
problems and insufficiently understood structure—activity relations, we investigate the influence of
moderate annealing (100-300 °C for 20 min) for two types of electrodeposited Mn oxide films with
contrasting properties. Upon annealing, the originally inactive and structurally well-ordered Oxide 1 of
birnessite type became as OER active as the non-heated Oxide 2, which has a highly disordered atomic
structure. Oxide 2 also improved its activity upon heating, but more important is the stability
improvement: the operation time increased by about two orders of magnitude (in 0.1 M KPi at pH 7).
Aiming at atomistic understanding, electrochemical methods including quantitative analysis of impedance
spectra, X-ray spectroscopy (XANES and EXAFS), and adapted optical spectroscopies (infrared, UV-vis and
Raman) identified structure—reactivity relations. Oxide structures featuring both di-p-oxo bridged Mn ions
and (close to) linear mono-p-oxo Mn**-0O-Mn*" connectivity seem to be a prerequisite for OER activity.
The latter motif likely stabilizes Mn®* ions at higher potentials and promotes electron/hole hopping,
a feature related to electrical conductivity and reflected in the strongly accelerated rates of Mn oxidation
and O, formation. Poor charge mobility, which may result from a low level of Mn®' ions at high
potentials, likely promotes inactivation after prolonged operation. Oxide structures related to the
perovskite-like ¢-Mn,Oz were formed after the heating of Oxide 2 and could favour stabilization of Mn
ions in oxidation states lower than +4. This rare phase was previously found only at high pressure (20
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photosynthesis. The catalytic center operating in photo-
synthesising organisms, the CaMn,Os cluster, has a well-

Introduction

Oxidation of water to molecular oxygen is a key reaction in the
production of chemical fuels for storage of renewable energy. As
the process is mechanistically challenging, it requires high
oxidation potentials; therefore efficient catalysts are needed.
Mn based catalysts are particularly interesting due to their
elemental and structural similarity to the biological catalyst
which oxidizes water molecules as a step of the biological
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defined structure, strongly restrained by the surrounding
protein environment and highly preserved during evolution.'
In contrast, inorganic Mn oxides exist in more than 30 different
stable polymorphs.*® The difference in oxide structures results
in different catalytic activities,**° but so far, the catalytic centers
have not been identified, which has hampered the under-
standing of the mechanism of the catalytic reaction and the
development of efficient and stable catalysts.

A simple solution for renewable energy production is elec-
trochemical water splitting using electricity produced by solar
cells. This setup requires the catalyst to be integrated into the
anode of the (photo)electrochemical cell. In most cases of Mn
oxides attached to an electrode and used in anodic water oxida-
tion, the catalytically active phase was identified as (disordered)
layered Mn oxide, birnessite.”?° Recent studies show that the
heating of electrodeposited Mn-oxide electrodes to moderately
high temperatures often results in an increase of their catalytic
activity."»'7*%** The improvement after heating to 90 °C was

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ta05108b&domain=pdf&date_stamp=2019-07-13
http://orcid.org/0000-0002-2571-7863
http://orcid.org/0000-0002-2836-838X
http://orcid.org/0000-0002-1996-629X
http://orcid.org/0000-0001-6482-7494
http://orcid.org/0000-0002-4745-5307
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta05108b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA007028

Open Access Article. Published on 18 June 2019. Downloaded on 3/9/2026 6:50:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

related to irreversible dehydration of the sample* and formation
of a small fraction of Mn;0, (hausmannite)* but further heating
to 120 °C was suggested to rather degrade the catalytic perfor-
mance.”” In another study, increased catalytic activity was found
after heating to 210 °C and this was explained by the heat-
induced amorphization of well-ordered MnO, layers."”

The stability of the Mn oxide catalysts for water oxidation
reported in the literature so far is very low. The instability can be
due to leaching of Mn ions into solution,' or due to structural
changes in the oxide material itself, or it can be related to
changes in the contact between the oxide and the electrode
surface induced by the applied potential. An understanding of
the mechanisms of catalyst inactivation is required in order to
develop stable and efficient catalysts for practical applications.

We study the effect of heating to moderate temperatures on
the catalytic activity of electrodeposited Mn oxides with originally
very different catalytic activities. The as-synthesised oxides were
already investigated by X-ray absorption spectroscopy (XAS) in an
attempt to identify the reasons for their contrasting catalytic
properties.’®* It was found that the catalytically active oxide has
a highly disordered structure composed of a mixture of di-p-
(hydro)oxo bridged and mono-pi-(hydro)oxo bridged Mn*"#* jons.
The second oxide had very low catalytic activity and a better
ordered layered structure similar to the structure of birnessite.>
Now we study the effect of heating on both of them—the inactive
oxide, deposited at constant potential (Oxide 1), and the catalyt-
ically active MnCat, deposited during cyclic voltammetry and
used in this case as a reference system (Oxide 2). Combining the
XAS structural investigations with electrochemical studies and
Raman, infrared and UV-vis spectroscopy, we identify the struc-
tural features and material properties required for the catalytic
activity and stable operation of the manganese oxide catalysts.

Results
Effect of heating on the electrocatalytic properties

Two oxides with different catalytic activities towards electro-
chemical water oxidation were deposited onto indium tin oxide
(ITO) glass substrates using two very simple electrochemical
techniques, described earlier."* According to the previous
experiments, electrodeposition at constant potential results in
the formation of an inactive Mn oxide coating (Oxide 1), while
deposition during gradual potential cycling results in a material
with sizable catalytic activity (Oxide 2, MnCat). We studied the
effect of heating on the two oxides up to 300 °C, as at higher
temperatures the ITO substrate degrades. Fig. 1 compares the
cyclic voltammograms (CVs) of both electrode types measured
at room temperature (RT) after 20 min of heating.

Heat treatment has a strong effect on Oxide 1, where it
induces a catalytic activity comparable to that of Oxide 2 (Fig. 1A),
while it affects only moderately the activity of Oxide 2 (Fig. 1B).
For Oxide 1, heating above 150 °C results in a current density of
about 1.5 mA cm ™2 at 1.45 V at pH 7. In parallel, the well-defined
peaks visible in the non-catalytic range (0.8-1.2 V) in the CV of
Oxide 1 disappear, indicating structural amorphization, as
proven also by X-ray absorption and Raman spectroscopy (see
below). The peaks in the CV in the non-catalytic regime are likely
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Fig. 1 Effect of 20 min of heating on the activity of inactive Mn oxide
(A, Oxide 1) and MnCat (B, Oxide 2). CVs at a scan rate of 20 mV s™*
were taken at room temperature in 0.1 M Mn-free KPi (pH 7). The
second cycle is shown. The insets show an enlargement of the heat-
induced changes in the non-catalytic regime. Arrows indicate the
direction of changes with temperature increase.

due to Mn**/Mn*" and Mn*"/Mn*" oxidation.>® As shown earlier,
in the active MnCat (Oxide 2), these separate redox transitions are
not readily resolved, which is likely explainable by extreme
broadening of these redox transitions by electronic interactions
of (different) Mn sites in the amorphous material."*

We also tested the effect of heating duration on the catalytic
performance (ESI, Fig. S17). A pronounced effect of the heating
time on the CVs was observed only in the case of heating to
100 °C, where the temperature effect increases with the dura-
tion up to 80 min. At higher temperatures, 20 min was sufficient
to reach the full effect in these thin films (approx. thickness of
the Mn coating: 20 nm)."* At 300 °C, the catalytic performance
even decreased for heating times longer than 20 min, which can
be explained by the degradation of the ITO substrate. For the
rest of the measurements presented in this study we chose
20 min as the heating time.

Heating induces changes also in other electrochemical
characteristics like the Tafel slopes (see ESI Fig. S2f). To
determine the Tafel slopes, we measured the currents after 90 s
of equilibration at each potential, thus avoiding interference
with the redox-currents observed during a CV scan. Similar to
the CVs, the heating has little effect on Oxide 2, while for Oxide
1, heating at 100 °C already induces a strong decrease in the
Tafel slope.

As shown in Fig. 2B, the short 20 min heating dramatically
improves the stability of Oxide 2 (MnCat). For Oxide 2, the
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Fig. 2 Chronopotentiometric measurements at 1 mA cm™2in 0.1 M
KPi (pH 7) for Oxide 1 (A) and MnCat, Oxide 2 (B) heated for 20 min at
different temperatures. Note the different scales on the x axes in A and
B. The inset in panel B shows the potential change during the first 1 h.
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heating to temperatures in the interval between 150 and 250 °C
results in stability for more than 24 h of operation in Mn**-free
buffer (without stirring) at a current density of 1 mA cm™> and
an overpotential of about 700-750 mV. The stability of Oxide 1
(Fig. 2A) is significantly lower (less than 5 h), but the over-
potentials are comparable to those for the MnCat.

Heat-induced structural changes

To answer the question whether the observed heat-induced
changes in the activity and stability are due to structural
changes in the Mn oxide materials, we applied X-ray absorption
spectroscopy. This method is suitable for characterization of
non-crystalline thin films and it has already been applied for
structural characterization of non-heated Mn oxides both in
their resting state as well as during operation.*>'*

Fig. 3A shows the X-ray absorption near-edge spectra
(XANES) of Oxide 1 after 20 min of heating at different
temperatures. The energy position of the X-ray absorption edge
is related to the average oxidation state of Mn ions in the film,
which can be determined using a calibration curve built from
Mn oxides with known structures and oxidation states.”*® The
average Mn oxidation state of the as-deposited Oxide 1 was
about 3.5 (Table 1). We note that in this study the oxidation
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Fig. 3 (A) XANES spectra and (B) Fourier transformed (FT) EXAFS
spectra of Oxide 1 heated at different temperatures. In (B), the struc-
tural motifs and interatomic distances contributing to the peaks are
indicated. The Mn film during operation (blue line) is the film heated to
150 °C and exposed to 1.35 V for 3 min. The resulting peak positions in
the FT (reduced interatomic distances) do not take into account the
energy dependence of the phase shift of the backscattered free-
electron wave; real distances obtained from simulations are typically
about 0.4 A longer.2®
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state at room temperature was determined after drying the film
in air for 20 min. The drying results in a slight decrease of the
oxidation state in comparison to the previously reported
oxidation state determined from XANES spectra taken after
30 min of incubation in KPi buffer and freezing the film with the
buffer to preserve the natural resting state of the materials,
where the Mn oxidation state for Oxide 1 was about 3.7.*
Heating at temperatures higher than RT results in a further
decrease of the average Mn oxidation state of the material and
this effect is observed up to 300 °C, where the oxidation state
increases slightly again (Table 1). Interestingly, despite the
different catalytic activity of Oxide 2, the Mn oxidation state of
the dried films is similar at all temperatures (see Table 1 and ESI
Fig. S37), in agreement with recent findings that the total
amount of Mn®" ions in the resting state does not necessarily
correlate with the catalytic activity.”” Notably, for Oxide 2,
heating at 300 °C also induced a change in the edge shape,
indicative of further structural rearrangements (ESI, Fig. S31).
In contrast, for Oxide 1, heating does not affect significantly the
shape of the edge spectrum (Fig. 3A). When exposed to oxidizing
potentials, non-heated Oxide 1 quickly reaches an all-Mn**
oxidation state, while such a state in Oxide 2, as well as in Oxide
1 after heating, cannot be reached (Table 1, see also ESI
Fig. S47).

Heat- and potential-induced structural changes in the thin
layers can be best followed by analysis of the Extended X-ray
Absorption Fine Structure (EXAFS). In the Fourier transformed
(FT) EXAFS spectra, each peak could be related to a specific
interatomic distance (structural motif), as shown in Fig. 3B for
Oxide 1. The overall spectral shape is similar to the FT of EXAFS
spectra recorded previously from catalytically active Mn
oxides''®** and indicates that heating does not induce any
drastic changes in the oxide structure but decreases the degree
of order (judged from the decreased amplitude of the FT peaks).
The structure consists of predominantly edge-sharing Mn*'Og
octahedra that form a poorly ordered layered birnessite type
structure. In this structure, missing Mn (or O) ions or defects for
example corner-sharing octahedra contribute to the disorder of
the material.

Precise information about interatomic distances (typical
error lower than 0.02 A) and number of atoms at these distances

Table 1 Mean oxidation state of the Mn ions after heating and
exposure to an oxidation potential of 1.35V in Oxide 1 and Oxide 2. The
typical error in the estimation of the oxidation state is about 0.1 unit

Oxide 1 Oxide 2 (MnCat)
As-deposited (wet)® 3.7 3.6
As-deposited (dry) 3.5 3.5
150 °C 3.2 3.3
200 °C 3.1 3.2
300 °C 3.3 3.2
Not heated, during operation” 4.0 3.8
150 °C, during operation 3.8 3.6
150 °C, inactivated 3.6 3.6

“ Data from Mattioli et al.?* ” Data from Zaharieva et al.**

This journal is © The Royal Society of Chemistry 2019
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was obtained by simulations. The number of short Mn-Mn
distances for one Mn atom, reflecting the number of edge-
sharing MnOg octahedra, is the only parameter where there
are significant differences in the response of the two oxides to
the heat and potential treatment (Fig. 4). For Oxide 2, even at RT
the coordination number is lower than 2, showing a very strong
deviation from perfectly ordered layers, where the expected
coordination number is 6. Heating at temperatures below
300 °C increases the disorder even more. Exposure to oxidizing
potentials leads to a slight increase in the number of short Mn-
Mn distances, as also found earlier," but not above 2 per Mn
ion. In contrast to Oxide 2, Oxide 1 clearly has more edge-
sharing MnOg octahedra, as visible also from the appearance
in the Fourier transform of the peak at around 5 A reduced
distance which is related to the doubled 2.86 A Mn-Mn distance
found in a collinear arrangement of three edge-sharing MnOs
octahedra (Fig. 3B). As also reported previously, this clearly
better ordered structure has almost no catalytic activity’"'® (see
also Fig. 1). The heating results in a 2-3 times decrease in the
number of short metal-metal distances and in the disappear-
ance of the peak at 5 A reduced distance, reflecting a higher
degree of order in the starting material. These changes indicate
that the annealing of Oxide 1 to moderate temperatures does
not result in increased crystallinity, but in amorphization of the
catalyst, together with a clear increase of the catalytic activity.

To reflect the presence of the Mn®" ions with their typical
Jahn-Teller distortion, the first FT peak was simulated with two
Mn-O distances (1.88 A and 2.08 A) and the number of oxygen
atoms at these distances was fixed to 6 (sum of the two coor-
dination numbers). Additionally, two Mn-Mn distances were
used: 2.86 A for the second FT peak, typical of the di-p-oxo
bridged Mn ions (edge-sharing Mn octahedra),>**>* and 3.45 A
for the third FT peak, a distance typical of the mono-p-oxo
bridged Mn ions (corner-sharing MnOg octahedra (as it is in
pyrolusite - MnO, with a rutile-type structure)).>**** The
interatomic distances were varied during the simulations but
kept the same for both oxides under all conditions (joint-fit
approach; simulated spectra and parameters for the simula-
tion are shown in ESI Fig. S5 and S67).

5.0

Mn - Mn at2.86 A
4.0

2.0 4

Coordination number, N

20 150 200 300 150 150
Temperature [°C] (operation) (inactivated)

Fig. 4 Number of short Mn—Mn distances for one Mn atom obtained
by simulations of the EXAFS spectra. Blue — Mn film deposited at
constant potential (Oxide 1). Red — MnCat (Oxide 2). The error bars
correspond to a 68% confidence interval.
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The amplitude of the first FT peak, corresponding to the Mn-
O distance (ESI, Fig. S51) follows the trend observed for the
oxidation state (Table 1). This relation is typical of Mn*" con-
taining samples, as due to the strong Jahn-Teller effect in the
Mn*" ions, two Mn-O distances are observed. Their overlap
leads to an effective decrease of the FT peak in the EXAFS
spectra proportional to the amount of Mn®" ions.** A larger
difference between the two oxides with respect to the number of
short Mn-O distances was observed only after heating at 300 °C
(ESI, Fig. S6t), where as evident from the changes in the edge
shape, for Oxide 2, formation of a different phase takes place. At
this temperature also another increase in the number of short
(2.86 A) Mn-Mn distances is observed, more pronouncedly in
Oxide 2.

Similarly to the first peak, in the third peak (corner sharing
MnOg octahedra) there are no significant differences between
the two oxides in their response to heat treatment. Under all
experimental conditions, the number of mono-p-oxo bridges in
Oxide 2 remains higher than in Oxide 1, which is related to
stronger deviation from the layered structure in MnCat.'*®

Functional investigations by impedance spectroscopy

We recorded potentiostatic impedance spectra at 9 different
potentials in the catalytic and non-catalytic regime. A compar-
ison between the impedance spectra recorded at 1.25 V (the
onset of the catalytic wave) of Oxide 1 and Oxide 2 is shown in
Fig. 5. The oxide films were equilibrated for 60 s at this potential
before recording of the impedance spectra with a sinusoidal
potential modulation of 10 mV. There are clear heat-induced
changes observed in Oxide 1, but not in Oxide 2. In accor-
dance with the structural changes observed by XAS, the

*100°C
*150°C
200°C

3000 3000 -
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w
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Fig. 5 Bode plots for electrochemical impedance spectra obtained at
1.25V vs. NHE (pH 7) after heating Oxide 1 (A and B) and MnCat, Oxide
2 (C and D) at different temperatures. The experimental data are
presented as points, and the simulation results according to the model
in the inset in Fig. 6B are indicated by solid lines.
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impedance spectra show that heating to higher temperature
converts the spectra of Oxide 1 to those of Oxide 2. Electro-
chemical impedance spectra for the two types of films after
heating to different temperatures recorded at other potentials
are shown in ESI Fig. S7-S11.7

The impedance spectra of the non-heated oxides were pub-
lished earlier.”® We note that in the previous study, due to the
lower stability of the materials, fresh films were used to record
the spectra at each potential. Heating at 100 °C (see ESI Fig. S77)
results in essentially the same spectral shape for all potentials,
but in this case, the stability of the oxide material increases,
facilitating the recording of all spectra on the same film.

To understand which properties of the material change as
a result of the heating, we modelled the impedance according to
the equivalent circuit suggested in ref. 18. The circuit is shown
as an inset in Fig. 6B. The model includes ohmic resistance
(Ronm) of the electrolyte and electrode, double layer capacity at
the oxide/electrolyte surface (Cq)), resistance (Rox) and capaci-
tance (Cox), both related to the Mn oxidation state changes, and
the ‘catalytic resistance’ (Rcar)-

Our analysis showed that the clearest differences in the
response of the two films to heating are observed in the Mn
oxidation state change resistance, R, (Fig. 6). For the as-
deposited Oxide 2, R,y is weakly dependent on the potential
and it decreases only slightly with the temperature (Fig. 6B). In
contrast, for the non-heated, catalytically inactive Oxide 1, Ry
strongly increases with the potential (see the non-heated oxide
or the oxide after heating to 100 °C). As a result, the oxidation-
state change resistance in the catalytic regime becomes
comparable to or even higher than the catalytic resistance (see
ESI Fig. S12). Only 20 min of heating at temperatures above
150 °C results in a large decrease of R, especially at oxidizing
potentials relevant for O, evolution (Fig. 6A). This is clear
evidence that the main effect of the heating is the drastic
increase of the rate of oxidation state changes in the Mn ions. In
addition, a heat-induced decrease of R.,, (inversely related to
the rate of catalytic O-O bond formation) is observed in the
originally inactive Oxide 1 (see ESI Fig. S127).
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Fig. 6 Resistance describing the oxidation state changes (Rox
parameter) of Oxide 1 (A) and MnCat, Oxide 2 (B), obtained by simu-
lations according to the equivalent circuit shown in the inset in panel B.
Rohm — summed ohmic resistance of the electrolyte and ITO elec-
trode; Cq — double-layer capacitance, modelled as a constant-phase
element; Cox — capacitance describing oxidation state changes of the
catalyst film (in other contexts also denoted as pseudo-capacitance),
modelled as a constant phase element; R.,; — catalytic resistance of
the oxide (charge-transfer resistance). The full set of parameters for
the simulations are shown in the ESI, Fig. S12.}
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The rest of the simulation parameters were clearly less
influenced by the annealing (see ESI Fig. S12 and S13t). Inter-
estingly, there was a slight heat-induced increase in C, in Oxide
1 that could be interpreted as a moderate increase of the
number of redox-active Mn ions. This result is in line with
earlier findings that the increase of the electrocatalytic activity
in first-row transition metal oxide films (like CoO, or NiO,) is
related to increased capability of the metal ions to undergo
redox changes upon changes in the applied potential.***® No
clear effect of the annealing was observed on Cgj, suggesting
that the roughness of the film surface was not modified by the
heat treatment, in line with earlier observations.”* In general,
Cq for Oxide 2 is higher at all temperatures, which corresponds
to the rougher surface (higher surface area) of this material.*
The data show that the heat treatment could result in a slight
increase in Ronm, indicating the expected loss of conductivity of
the ITO substrate. At the temperatures used in this study, this
effect is rather low and it can be hidden in the normal variation
in Ronm between the different ITO electrodes.

Optical spectroscopic techniques

The two Mn oxides - the inactive Oxide 1 and the catalytically
active Oxide 2 (MnCat) - can also be optically distinguished.**
While the colour of the untreated MnCat films (Oxide 2) is
rather greyish, that of the inactive Mn films (Oxide 1) is
brownish. After the heat treatment, the colour of the Oxide 1
films becomes more similar to that of the Oxide 2 films, which is
practically unchanged by the temperature. To measure these
changes precisely, we recorded the optical transmission spectra
of each film just before and just after 20 min of heating at
different temperatures (Fig. 7A and B). The change in the
absorbance (the difference between the spectra before and after
heating) is shown in Fig. 7C and D. Due to the strong absorption
capacity of the ITO/glass substrate in the UV region, the
measurements are limited to 300 nm. After heating, the films
become more transparent in the short wavelength region. The
change is located at an energy of about 3.44 eV and is much
larger in the Oxide 1 film compared to the Oxide 2 film. Earlier
studies relate the absorption band near 3.44 eV to an electronic
transition in the Mn*'Og octahedron,® but as the amount of
Mn*' ions increases after the temperature treatment, this
cannot explain our results. Recently, Nocera and co-workers.*®
reported a similar decrease of the absorption at 3.4 eV with
activation of the Mn oxide and attributed this change to the
decreased amount of octahedrally coordinated Mn*" ions in the
sample. For our case, this “static” picture is not sufficient to
explain the results, as according to the XAS analysis, the Mn
oxidation state in both oxides is similar for all heating
temperatures while between the two oxides there is a clear
difference in the absorption changes. For Oxide 2 (MnCat), the
amplitude of the absorption changes is much smaller, and
above 100 °C it does not follow a specific trend, while in Oxide 1
there is a clear increase of the absorption changes at least up to
200 °C. The magnitude of the absorption change roughly
follows the change of the catalytic properties rather than the
oxidation state of Mn ions (Fig. 7).

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Optical absorbance spectra of the ITO/glass electrodes coated
with the Oxide 1 (A) and Oxide 2, MnCat (B) films and the changes in
their absorbance after the heat treatment for 20 min (Oxide 1 (C) and
Oxide 2, MnCat (D)).

In other studies where the optical properties of manganites
with different Mn**/Mn*" ratios were investigated, it was
observed that the decrease of the absorption coefficient in the
3-4 eV region follows the increase of the electrical conductivity
of the samples.*>** It was proposed that the absorption band in
this area is due to an eg(Mn*") — ej(Mn®*') interatomic elec-
tronic transition (hopping of an electron from a Mn** to another
Mn*" in the adjacent corner sharing MnOg octahedron).** This
electronic transition is possible only in long-lived electronic
states (low electrical conductivity). At high conductivity, when
the frequency of the electron jumps is higher than that of the
atomic vibrations, the Jahn-Teller splitting between the
degenerate (in cubic approximation) e; and e; energy levels is
lifted (it goes to zero) and this transition does not exist anymore.
Based on these arguments, we interpret the heating-induced
decrease of the magnitude of the absorption band at 3.44 eV
observed in our samples as evidence for an increase of their
electrical conductivity. It appears that the electrical conductivity
is related to the catalytic properties. A decrease of absorption at
around 390 nm in manganese oxides as a result of heating,
coupled with a strong increase of the conductivity of the
material, was also previously observed.*

Attenuated total reflection (ATR) detected FTIR spectra also
show that heating induces larger changes in Oxide 1, making it
similar to Oxide 2 (see ESI Fig. S141). The ATR spectrum of the
Oxide 2 film has only one broad band around 605 cm ™, which
is typical of the IR-active stretching Mn-O vibration of the MnOgq
octahedron in manganites,*”® and it remains unchanged after
20 min of heating at different temperatures. The frequency of
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this band for Oxide 1, however, increases with the increase of
the heating temperature (starting from 590 cm™') and reaches
that observed for the Oxide 2 films.

We compared the ATR detected FTIR spectra of the samples,
measured before and after testing the catalytic performance in
0.1 M KPi buffer (see ESI Fig. S15%). All the spectra measured
after exposure to oxidizing potentials show a new strong
absorption band near 1050 cm™ . This frequency is typical of
the v; IR-active stretching vibration of PO, tetrahedra.** As the
films were thoroughly rinsed with Milli-Q water after the elec-
trochemical treatment, these results indicate that during the
exposure to oxidizing potentials, (hydrogen)phosphate ions are
strongly incorporated into the oxide structure in both oxides,
with the relative increase of the amplitude of this band roughly
following the catalytic activity. Again, no significant changes in
the band near 600 cm™" are observed.

The Raman spectra collected at room temperature for the
two oxide films after the heat treatment at different tempera-
tures are shown in Fig. 8. The strong background, increasing at
higher shifts, originates from the ITO in the substrate (the
spectrum of pure ITO/glass measured at different temperatures
is shown in the ESI, Fig S16;t a strong background, likely related
to the conducting properties of the ITO, is visible at room
temperature and disappears at high temperatures). The spectra
of both non-heated samples (labelled RT) consist of a broad
band with an irregular shape near 600 cm ', For the non-
crystalline materials where there are no restrictions on the
Raman activity of the atomic vibrations, we can expect that the
spectra will follow the density of the vibrational states.

The maximum near 600 cm ' corresponds to the typical
frequency of stretching oxygen vibrations in Mn-O bonds in
Mn-O polyhedra. There are relatively subtle changes in the
Raman spectra of Oxide 1 after heat treatment for 20 min at
different temperatures. In order to understand the possible
heat-induced structural changes in Oxide 1, we will try to
explain the origin of the two small bumps at 578 and 654 cm ™/,
part of the broad band near 600 cm " in the Raman spectrum of

A 7, =633 nm, P,= 1.5 mW B
oxide 1 after 20 min heating

2,633 nm, P,= 3.0 mW
oxide 2, MnCat, 20 min heating

RT
100°C
50°C

A
g o B 250°C
2 8
N 300°C

Intensity (arb. u.)
Intensity (arb. u.)

166

perovskite-type
¢-Mn,0,

T T T T T T T T T T
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Raman shift (cm™) Raman shift (cm™)

Fig. 8 Raman spectra of Oxide 1 (A) and Oxide 2, MnCat (B) heated for
20 min at different temperatures. The used laser line and power are
indicated in the figure. For better viewing, the spectra are shifted
vertically. For comparison, the spectrum of {-Mn,Oz was added to
panel B (redrawn with permission from ref. 45).
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Fig. 9 (A) Raman spectra of MnO, oxides with a complex tunnel
(black) or layered (blue) structure. The symbol mXn describes the size
of the tunnels between the MnO, chains/layers. (B) Shape of the
characteristic vibration in layered MnO, oxides along the hexagonal
[001] direction (A;g mode). (C and D) Shape of the characteristic
vibrations in pyrolusite (8-MnO, with a rutile-type structure): Ajg mode
(667 cm™, atomic vibrations are parallel to the tetragonal (001) plane)
and E4 mode (537 cm™, atomic vibrations are along the tetragonal
[001] direction).

the non-heated Oxide 1 (see Fig. 8A). We will comment at first
on the lines observed in the Raman spectra of the MnO, oxides
with a complex tunnel or layered structure (Fig. 9A). It is very
difficult and ambiguous to assign lines, observed in the Raman
spectra of complex structures, to specific types of atomic
vibrations. The problem arises because due to their large unit
cell, theory predicts a large number of formally Raman-allowed
normal modes, while the experimental spectra usually contain
far fewer lines. Nevertheless, even in the case of poorly crystal-
line (or partially amorphous) materials, the frequency of
a vibration is determined mainly by the local environment of
the vibrating atoms. By comparing the spectra of structurally
related reference oxides with a known crystal structure, some
“characteristic” vibrations can be identified (Fig. 9A).

In the case of pyrolusite (a structure containing edge-shared
octahedral Mn-O chains with 1 x 1 tunnels), it is easy to make
an assignment. This oxide has a rutile structure and there are
only four Raman-active modes.*® The line at 537 cm™ " corre-
sponds to the E; mode (in-phase bending oxygen vibrations
along the edge-shared octahedral Mn-O chains, Fig. 9D). The
line at 667 cm ™" corresponds to the A,, mode (antistretching
oxygen vibrations in a direction perpendicular to the chains,
Fig. 9C).* Similarly, ramsdellite (with 1 x 2 tunnels) and cryp-
tomelane (with 2 x 2 tunnels) spectra contain two lines at close
frequencies (at 529 and 661 cm " for ramsdellite and at 524 and
645 cm™ " for cryptomelane). They can be attributed to the same
vibrations in the Mn-O chains. In addition, the spectra of
ramsdellite and cryptomelane contain a new strong line at
583 cm ™. Its origin can be found by taking into account that
these two structures contain a slab of edge-sharing MnOg
octahedra that connects the chains.*” This new line should
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correspond to some characteristic vibration of this layer. This
line can be seen at close frequencies also in the spectra of
layered MnO, oxides vernadite (1 x %, at 581 cm™ ') and H-
birnessite (2 x o, at 578 cm™!). Analyzing an infinite trigonal
layer containing MnO, edge-sharing octahedra (an idealized
birnessite), it can be shown that there is only one high-
frequency Raman-active oxygen vibration (the oxygen atoms
vibrate in a direction perpendicular to the layer, Fig. 9B). This
vibration has A;, symmetry and it is “breathing” for the layer.
Thus, we attribute the line at around 580 cm™' to the MnO,
slabs (di-p-oxo bridged Mn atoms, or edge-sharing MnOg octa-
hedra). In the spectra of birnessites, an additional line with
variable intensity is observed at 655 cm™'. Because its frequency
corresponds to the high-frequency end of the density of vibra-
tional states, it should be the “breathing” oxygen vibration
(usually the vibration with the highest frequency) for a single
MnOg octahedron. In the case of an ideally ordered material, it
is not Raman-active, but due to the presence of a small amount
of Jahn-Teller distorted Mn>"O4 octahedra and other types of
defects it can be activated. Comparing the spectra of H-
birnessite (Fig. 9A) and the non-heated Oxide 1 (Fig. 84), it
becomes obvious that they are very similar. Therefore, we can
conclude that the crystal structure of the non-heated Oxide 1
can be that of a defect birnessite, in agreement with the XAS
analysis. In the spectra of heated Oxide 1, the two bumps (the
MnO, layer-related one at 578 em™" and the single MnOg
octahedron-related one at 654 cm™ ') disappear and the shape of
the 600 cm ™" band become smoother - a sign of amorphization
of the structure. From Fig. 9A it is seen that the Raman spectra
of todorokite (3 x 3 tunnels) and Ca-birnessite (2 x o) samples
are also very smooth - a sign of their low crystallinity.

In contrast to Oxide 1, there are large changes in the Raman
spectra of Oxide 2 films (MnCat) heated at 250 °C and 300 °C. A
spectrum consisting of narrow lines positioned at 165, 278, 386,
475,and 613 cm ™', indicating the formation of some crystalline
phase, is observed. This spectrum does not coincide with the
spectra of any of the well-known Mn,O, oxides with a simple
structure (rutile-type pyrolusite B-MnO,,” bixbyite-type o-
Mn,0; or spinel-type hausmannite o-Mnz;04,*° see ESI
Fig. S171). The spectrum also differs from the spectra of MnO,
oxides with a complex tunnel or layered structure*” (Fig. 9A).
Surprisingly, it is identical (both the frequency of all lines as well
as their relative intensities) to the spectrum of the recently
discovered perovskite-like ¢-Mn,O; (narrow bandgap semi-
conductor), which is thermodynamically stable at very high
pressures of about 20 GPa and temperatures of about
1200 °C.*>* As we observe only subtle changes in the EXAFS
spectrum of the Oxide 2 heated to 300 °C, we conclude that only
a minor fraction (up to 20%) of the MnO, is converted to ¢-
Mn,0; but this fraction dominates the Raman spectrum (the
spectrum of the amorphous material has broad features with
a low amplitude visible as a background). To illustrate the
compatibility of the {-Mn,O; structure with our EXAFS results,
we repeated the EXAFS simulations including the shortest Mn-
Mn distance of 3.04 A observed in the {-Mn,O; structure, and
found that this distance is compatible with the experimental
spectra (Fig. S18 and S19t%). Additional support for the heat-
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induced formation of the crystalline phase in Oxide 2 is the
change in the edge shape in the otherwise featureless XANES
spectra (ESI, Fig. S37).

To follow the appearance of the crystalline phase in Oxide 2,
we measured Raman spectra during heating to 600 °C followed
by a gradual cooling down (ESI, Fig. S207). The final phase is the
same, although in this case, the sample was heated to clearly
higher temperatures and the entire cycle until returning again
to room temperature took about 6 h. The formation of the
crystalline phase can be followed during the cooling of the
sample below 300 °C.

Stability of the heat-treated Mn oxide films

The stability of the Mn oxide electrocatalysts under catalytic
conditions at pH 7 is typically very poor. Often data related to
the stability of Mn oxide catalysts are missing or if available, the
catalysts withstand the exposure to oxidizing potentials for less
than a few hours at neutral pH if currents of 1 mA ecm™ > or
higher are maintained.'**”*** Relatively stable electrochemical
operation for Mn oxides (2 h at 1 mA cm™ > with 480 mV over-
potential) was reported only for very thick (10 um) layers of pre-
synthesized Mn oxide powder, glued with a binder to an elec-
trode.* The Oxide 2, MnCat, used in this study (with a thickness
of about 20 nm and incomplete coverage of the substrate, see
ESI Fig. S21A7) was reported to operate for 2-3 hours at 0.1 mA
cm 2 with an overpotential of about 0.5 V."*

We carried out chronopotentiometric experiments to probe
the ability of the electrodes after heating to sustain electro-
chemical water oxidation over extended time periods.
Measurements extending over one week are shown in the ESI,
Fig. S22.7 To the best of our knowledge, this stable performance
in neutral pH is significantly better than that of all other Mn
oxide catalysts reported until now in the literature. More
favourable experimental conditions (e.g. use of a co-solvent like
1 M MgSO,, or stirring, to lower the diffusion limitations) would
likely decrease the overpotential.

For both films at all temperatures the inactivation is a multi-
step process. First, the overpotentials increase by 1-2 V for
about 1-2 h. The process is followed by a sharp complete
inactivation (Fig. 2). The complete inactivation is not related to
dissolution of the Mn oxide film, as the electrodes remain
optically unchanged with the oxide still firmly attached to the
electrode. The CVs however in all cases show that both the redox
and catalytic activity is absent (see ESI Fig. S231). As visible from
the SEM images of these fully inactive electrodes, the ITO layer
is damaged (ESI, Fig. S21B and Ct) and the electrodes become
non-conducting. The SEM images also show that the
morphology of the Mn oxide film is itself unaffected by the long
operation.

As found for the active MnCat, Oxide 2, the all-Mn*" state
cannot be reached even after full inactivation of the oxide,
induced after prolonged exposure to high potential (chro-
nopotentiostatic measurements at a current density of 5 mA
em ™2 until a fully inactive state was reached). Despite the
complete loss of activity observed after prolonged exposure to
high oxidizing potentials, the edge shape does not change (ESI,
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Fig. S41) and the Mn oxidation state remains almost
unchanged, except for a small decrease in the case of Oxide 1
(Table 1). The latter effect can also be attributed to the short
drying of the film after switching off the potential. Structural
changes in the inactivated oxide were visible neither in the
EXAFS (ESI, Fig. S5B and D and S61) nor Raman spectra (ESI,
Fig. S247).

Some insight into the mechanism of inactivation comes
from the potentiostatic impedance spectra of the Mn oxides,
measured before the complete destruction of the ITO layer,
when the plateau level of the overpotential (around 3 V) is
reached (see ESI Fig. S251). The impedance spectra of the semi-
inactivated Oxide 2 are similar to those of the Oxide 1 heated to
150 °C, where only partial heat-induced activation is observed
(compare ESI Fig. S25 and S8t). The potential-induced inacti-
vation is related to a strong increase of the R,, parameter (see
ESI Fig. S261) and at potentials higher than 1.25 V vs. NHE, R
becomes higher than the catalytic resistance, R.,.. At the same
time, there is a strong potential-induced increase of the catalytic
resistance, R.,, itself. Notably, the change in the Mn oxidation
state resistance is not related to the decrease of the ITO
conductivity, as the Ronm parameter remains almost
unchanged. Similar to the trend observed for heat treatment,
the potential-induced increase in R,y (slowing down of Mn
redox changes) is coupled to a decrease in the C,, parameter
(number of redox-active Mn ions).

Discussion

We found that 20 min heat treatment of MnO, electrodes at
moderate temperatures (up to 300 °C) has two favourable
effects: on the one hand it increases the catalytic activity of the
initially low-active electrodeposited Oxide 1 and on the other
hand it significantly improves the stability of both Oxide 1 and
the structurally related catalytically active Oxide 2 (MncCat).
Heating of oxides in air (ambient O,), as has been done in this
study, may result in Mn oxidation,”® but in our experiment it
results in loss of oxygen and/or structural water and thus in
partial decomposition of the oxide, related to a decrease of the
mean oxidation state of the metal. This effect has already been
observed*** and it is explainable assuming that several stable
oxide structures with close formation energies exist in equilib-
rium, allowing decomposition of the high valence oxides into
lower valence oxides to be easily driven by moderate tempera-
ture.” The decrease of the average Mn oxidation state is paral-
leled by an increase of the Mn/O ratio and a decrease of the
number of di-p-oxo connected Mn ions at the expense of an
increase of mono-p-oxo bridges, as evident from XAS analysis
(Table 1 and Fig. 3). In the structure of the originally inactive
Oxide 1, the number of di-p-oxo bridges is close to 6, the pre-
dicted coordination for the ideal layered birnessites composed
exclusively of edge-sharing Mn"0Os octahedra (di-ps-oxo
bridges).>* The heating induces a decrease of these short Mn-
Mn distances to about 2 per Mn ion, and thus makes the
structure deviate greatly from the layered oxide form and rather
similar (but still not identical) to that of Oxide 2, deposited by
a potential cycling protocol. On the other hand, Oxide 2 has
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a structure that is initially only weakly related to the layered
oxides, containing an average of less than 2 di-u-oxo bridges per
Mn ion and a comparable number of mono-p-oxo bridges (Fig. 4
and ESI Fig. S6t1). We suggest that the favourable mean oxida-
tion state of Mn ions (3.2, see Table 1) and the presence of
a sufficient number of corner-shared MnOg octahedra after
heating to temperatures above 250 °C in Oxide 2 allow the
crystallization of {-Mn,O3;, an effect not observed in Oxide 1.
The relation between these structural changes and the catalytic
activity of Mn oxides is discussed in the following sections.

Formation of a “catalytic site”

In all transition metal oxides, a short metal-metal distance of
about 2.8 A, which results from di-p-oxo bridged metal ions, is
shown to be a crucial requirement for catalytic activity towards
water oxidation.®?****%¢ A similar structural motif is also present
in the native Photosystem II (PSII) catalytic center that is
composed of one calcium and four manganese ions connected
by bridging oxygens.*”** However, as we have also shown
previously, Mn oxides exhibiting such a short metal-metal
distance exclusively are inactive towards water oxidation (non-
heated Oxide 1 in this study; see also ref. 11 and 18). In the
biological Mn,CaOs catalytic center, a specific co-linear
arrangement is found between Mn1-O5-Mn4 atoms.*® Accord-
ing to the recent femtosecond X-ray crystallography data, a long
Mn-O distance of 2.7 A exists between O5 and Mn1 in the
resting state of the catalyst, corresponding to Mn1 occupying an
undercoordinated (5-coordinated) site.”® During the catalytic
cycle an additional O atom (oxo or OH group) is inserted
between Mn1 and Mn4 resulting in coupled Mn1 oxidation and
transition of Mn1 from 5- to 6-coordination, in line with
previous experimental findings.*** Our previous XAS studies
showed potential-induced structural changes in Mn oxides
similar to the changes in the PSII catalytic center during oper-
ation.'® It is plausible to assume that a decreased number of
saturated di-pz-oxo bridges between Mn ions and increased
deviation from the well-ordered layered oxide structure will
favour the formation of similar co-linear arrangements of Mn-
O-Mn atoms and may result in the formation of local structural
motifs similar to the biological catalytic center. As suggested
earlier, water oxidation should take place at such specific
constellation of atoms, which may act as a catalytic site.'® In
addition, a Mn-O-Mn angle close to 180° would have a strong
impact on the electrical conductivity of the oxides, as discussed
further below.

Electron and proton conductivity of the oxides

Comparing the electrocatalytic activity towards water oxidation
of two Mn oxides with different structures (layered-like Mn
oxide containing a large number of di-p-oxo bridges and 3D
cross-linked Mn oxides with predominantly mono-p-oxo
bridged Mn ions), Bergmann et al.® suggested that the better
proton conductivity of the cross-linked Mn oxides rich in mono-
p-oxo bridges results in increased catalytic currents at high
overpotentials, as compared to the oxides with a layered-like
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structure. Here, we propose that the electron conductivity of
the materials also has a strong impact on the catalytic activity.

The electrical conductivity of the thin oxides investigated in
this study (with an approx. thickness of 20 nm) cannot be
directly measured, inter alia, as they typically do not cover
completely the conducting ITO substrate.™ Still, information
about their electroconductivity can be accessed indirectly, e.g.
via impedance measurements and optical spectroscopy.
According to the decrease of the absorption band at around
3.4 eV observed in the optical transmission measurements
(Fig. 7), both Oxide 1 and Oxide 2 become more conductive after
the heat treatment, which is likely related to the increase in the
catalytic activity. The heat-induced increase in the electrical
conductivity of Mn oxides coupled with a decrease in the optical
absorption at 3.18 eV has been measured before.*> We note that
the mechanism of the electrical conductivity of Mn oxides is
actually local and is due to an electron hopping between Mn
ions in two adjacent (corner-shared) octahedra.** Besides the
presence of corner-sharing octahedra, the ratio of Mn*" and
Mn*" ions is important for the conductivity.*®® For a network of
corner-shared MnOg octahedra it was calculated that its elec-
trical conductivity is highest for a value of 3.31 for the mean
oxidation state of Mn ions.*”

We propose that the electrical conductivity is important for
catalytic activity not simply because of the better contact
between the oxide and the electrode but it is likely related to the
required ability of Mn ions to change their oxidation state
during catalysis. In biological water oxidation, four electrons
(and four protons) need to be removed from the Mn,CaOs
cluster before the chemical step of O-O bond formation.®
Assuming analogy in the catalytic mechanism of Mn oxides,*
the Mn oxidation should be faster than the catalytic reaction
itself, which will allow for accumulation of oxidizing equiva-
lents needed for the oxidation of the water molecule.’® In the
framework of the model used to describe the electrochemical
impedance spectra this is translated in R, lower than R, as
a prerequisite for the catalytic activity of the material. Ry higher
than R.,, as found in the Oxide 1 before heating, prohibits the
catalytic activity.”® The results in our study, however, suggest
that heat treatment induces a severe decrease of R, thus
allowing efficient water oxidation (Fig. 6).

Interestingly, in oxides with low catalytic activity, R
increases with the increase of the applied potential (Fig. 6). This
effect might be explained by the potential-induced increase of
the number of di-p-oxo bridges between the Mn ions and thus
hindered electron conductivity. This, however, is not the reason
in this case, as the potential-induced increase of R, is observed
mostly in the non-heated Oxide 1 where, as evident from the
XAS data published before, no significant potential-induced
change in the number of di-pu-oxo bridges is detected due to
the relatively rigid structure of the layered oxide."* A more
plausible explanation for the observed potential-induced
increase of R,y is that in the inactive layered oxide most of the
Mn ions are oxidized to Mn*" already at potentials lower than
the potentials relevant for water oxidation, as also found
before.™ This hypothesis is supported by the sharp drop in Coy
in the inactive Oxide 1 at potentials above 1.2 V vs. NHE. In
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contrast, the potential induces only a gradual decrease of Coy in
catalytically active materials and the effect is smaller in ampli-
tude (ESI, Fig. S127).

Preventing the formation of an all-Mn*" state

In earlier studies, it was shown that exposure of the non-heated
Mn oxides to oxidizing potentials during the catalytic process
results in an increase of the Mn oxidation state.'™'® For the
catalytically active Oxide 2 this increase was to about 3.8,
preserving a fraction of about 20% Mn ions in the +3 oxidation
state even at relatively high oxidizing potentials. In contrast,
exposure of the inactive Mn oxide film, deposited at constant
potential, resulted in a quick formation of an all-Mn*" state,
which was proposed to be the reason for the absence of catalytic
activity.””'® As shown in Table 1, exposure of the heated Oxide 1
film to oxidizing potentials no longer results in the formation of
an all-Mn*" state, in line with previous observations.?” In Oxide
2 the heating results in a further increase of the amount of Mn**
ions, stable at high oxidizing potential (Table 1).

The importance of Mn®" ions for the catalytic activity of Mn
oxides has repeatedly been reported.*>*"**~”” It was proposed that
the typically low catalytic activity, observed at neutral pH, is due
to a decomposition of Mn*" to Mn** and Mn** at pH lower than
pH 9 and thus in the absence of surface associated Mn** ions
that could act as precursors for water oxidation.” The instability
of (surface) Mn®* species is often identified as the main reason
for the reduced catalytic activity of MnO, as compared to alka-
line pH.>*”»"* (We note that the Mn catalysts investigated here
also show markedly higher catalytic activity and lower over-
potentials when used in alkaline pH (see ESI Fig. S277), but
aiming at mechanistic understanding we focused the present
study on pH 7 only). Recent results showed that required for
catalytic activity are not just Mn®" ions present in the resting
state of the catalysts, but Mn>®" ions stable at oxidizing poten-
tials high enough to drive the water oxidation reaction.'”*#?7:3%
Although the mid-point potential for water oxidation at pH 7 is
0.8 Vvs. NHE, the onset of the catalytic activity is typically above
1.2 V."* The potentials relevant to the water oxidation process
clearly exceed the potential (about 1 V) needed to oxidize Mn>*
to Mn*" ions in birnessite-like structures.*® The stabilization of
Mn*" ions is thus possible only via specific heat-induced
structural changes in the oxide that can ensure locally specific
atomic configurations able to host Mn®* ions stable towards
oxidation."

The mean Mn oxidation state of both Oxide 1 and Oxide 2 in
their resting state is similar (Table 1). Despite this, in the non-
heated oxides the potential increase induces full oxidation of
Mn>" ions in Oxide 1, while in Oxide 2 a fraction of up to 20%
Mn>" ions remain stable, meaning that the local environment of
the Mn®" ions might be different as a result of different depo-
sition procedures. Oxide 1 was deposited at constant oxidizing
potential where a layered birnessite structure is formed.” The
presence of Mn®" in this case is a result largely of the presence of
defects in the structure of layered oxide.** In the structure of
Oxide 2 (MnCat), formation of Mn*" was forced by potential
cycling during the film deposition by lowering the potential
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during each cycle to —0.75 V, where below —0.4 V Mn*" ions are
produced by comproportionation reactions between Mn** and
Mn*" ions.?®

Recently, Nocera and co-workers proposed that the stable
Mn®" jons in catalytically active Mn oxides occupy tetrahedral
sites, in a structure analogous to Mn;O, spinels.*® The heat-
induced formation of perovskite-like -Mn,0O; observed in this
study provides experimental evidence for an alternative expla-
nation of the presence of Mn®" ions stable at high oxidizing
potentials in the close to linear Mn—-O-Mn motifs. The conclu-
sion of Chan et al.*® for the existence of four-coordinated Mn**
ions in an oxidized spinel-like structure is based mostly on
EXAFS simulation, where a decrease of the Mn-O coordination
number was found to correlate with the decrease of the Mn
oxidation state. This result, however, may be imposed by the
simulation approach where a single Mn-O distance was used.
This could lead to potentially misleading results due to the
strong Jahn-Teller distortion present in 6-coordinated Mn*"*
ions which results in Mn-O bonds with different lengths. When
simulating using a single Mn-O scattering path, the overlap of
the two Mn-O distances results in an apparent decrease of the
coordination number. In addition, an extended pre-edge feature
(arising from electron transitions from 1s core levels to the
empty 3d levels, hybridized by the O ligands) is expected in the
XANES spectra for Mn** ions in the T4 symmetry.”>* Instead,
the double peak feature associated with the crystal field split-
ting in octahedral coordination is visible under all experimental
conditions.* Notably, tetrahedral coordination for Mn®" ions is
also not observed in any of the large variety of stable Mn oxide
polymorphs. Taking into account that the Mn ions occupying
the tetrahedral sites in normal spinel structures are Mn>" ions,
and that inverted spinels, where the tetrahedral site is occupied
by a cation in the +3 oxidation state, are reported for other
transition metals, but not for Mn, we suggest that the Mn** ions
are stabilized in a perovskite-like environment, as also implied
by the formation of {-Mn,0O; when heating Oxide 2.

Conclusions

Studying the effect of heating at moderate temperatures of Mn
oxides allowed us to identify characteristics required for OER
activity and stability under operation conditions. Oxide struc-
tures featuring both structural motifs with di-p-oxo bridged Mn
ions and (close to) linear mixed-valent Mn**/Mn*" mono-p-oxo
Mn-O-Mn connectivity, seem to be a prerequisite for OER
activity of Mn oxides. The presence of the latter motif likely
stabilizes Mn®* ions at higher potentials and thereby ensures
high charge carrier mobility during operation at catalytic
potentials, a feature related to the electrical conductivity of the
oxide. An amorphous oxide structure that is close to the
perovskite-like -Mn,0O; could favour the stabilization of Mn
ions in oxidation states lower than +4. Low charge carrier
mobility and electrical conductivity are also likely related to
inactivation of the oxides after prolonged operation, where
degrading catalyst properties result in a greatly increased
overpotential requirement and eventually the breakdown of the
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interface structure between the catalyst film and the ITO
substrate electrode used here.

Experimental section
Electrochemical measurements

In all electrochemical experiments, a single compartment three-
electrode electrochemical cell was used with a saturated Ag/
AgCl reference electrode (—0.197 V vs. NHE) and a platinum
mesh (2 x 2 ecm? 90% purity) as a counter electrode. The
working electrode was a 2 cm® (2 cm x 1 em) indium-tin oxide
(ITO) coated glass plate (VisionTek Systems Ltd.) with an active
geometric area of 1.5 cm?® (restricted with Kapton tape). The
volume of the electrolyte was 50 mL. All electrochemical
measurements were carried out in air at room temperature
using potentiostat Interface 1000 (Gamry Instruments). No iR
compensation was applied and the solution was not stirred
during the measurements. All indicated potentials are refer-
enced to the normal hydrogen electrode (vs. NHE).

Manganese films were deposited on the ITO-covered surface
of the electrode from aqueous solution of Mn** ions (0.5 mM
Mn"(CH;COO0),-4H,0 (Fluka, =99%), in 18 MQ cm Milli-Q
water) as described earlier.'"*®* Oxide 1 was deposited poten-
tiostatically for 15 min at 1.35 V. Oxide 2 was deposited by 25
cyclic voltammetry (CV) sweeps, from 2.15 to —0.75 V vs. NHE
with a scan rate of 100 mV s~ '. After the deposition, the elec-
trodes were rinsed with Milli-Q water, the Kapton tape was
removed, and the electrodes were heated in an oven equipped
with a Protherm PC442T temperature controller at ambient
pressure and atmosphere.

The electrocatalytic activity of the electrodeposited Mn
oxides was tested by cyclic voltammetry, chronoamperometry,
chronopotentiometry and potentiostatic EIS (electrochemical
impedance spectroscopy) experiments in 0.1 M phosphate
buffer (pH 7, adjusted with 0.1 M KH,PO, and 0.1 M K,HPO,
(Roth, =99%)). Cyclic voltammetry (CV) to test catalytic activity
was performed from 0.9 to 1.45 V with a scan rate of 20 mV s~ .
Tafel slopes were obtained by chronopotentiometric measure-
ments, applying each potential for 3 min and considering only
the currents averaged from the last 10 s at each potential step.
EIS measurements were taken in the frequency range between
100 mHz and 10 kHz with a 10 mV modulation amplitude of the
working-electrode potential. At each potential the films were
equilibrated for 60 s before the EIS measurement.

X-ray absorption spectroscopy

X-ray absorption spectra were measured at the BESSY II
synchrotron of the Helmholtz-Zentrum fiir Materialien und
Energie (HZB, Berlin, Germany) at 20 K in a liquid-helium
cryostat (Oxford Instruments) as described previously.** The
spectra were collected at the XPP/KMC-3 beamline in fluores-
cence mode using a 13-channel energy-resolving Ge detector
(Canberra). The X-ray excitation energy was selected using
a silicon (111) double-crystal monochromator. For all samples,
KMnO, powder was measured simultaneously in transmission
mode and used as the energy calibration standard (the pre-edge
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maximum was set to 6543.3 eV). Other details about data
analysis and simulations are provided elsewhere.**

Raman spectroscopy measurements

Raman spectra were obtained using a micro-Raman spectrom-
eter, LabRAM HR Visible (HORIBA Jobin Yvon). The 633 nm He-
Ne laser line was used for excitation. A x50 long working
distance microscope objective was used both to focus the inci-
dent laser light onto a 2-3 pm spot and to collect the scattered
light in backscattering geometry. To avoid any local overheating
effects after tests the laser power was limited to fixed values, as
shown in the figures, depending on the type of the sample (thin
film or powder).

ATR measurements

Attenuated total reflection (ATR) measurements in the infrared
optical region were made using both a Tensor II (Bruker) and
Vertex 80v (Bruker) equipped with a Platinum ATR Accessory.

Optical absorption measurements

The optical absorption in the visible region was measured using
an Agilent Cary60 UV-Vis spectrophotometer. The samples were
measured at room temperature just before and immediately
after their thermal heating.

SEM measurements

Micrographs of the surfaces of the films were acquired at room
temperature with a Hitachi SU 8030 microscope operated at 10
kv and 10 mA at a working distance of 8 mm. The microscope
was equipped with a cold field emission cathode and an Oxford
X-Max 80 mm” EDX detector.
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