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ABSTRACT: Identifying the active site of catalysts for the oxygen evolution reaction (OER) is critical for
the design of electrode materials that will outperform the current, expensive state-of-the-art catalyst, RuO,.
Previous work shows that mixed Mn/Ru oxides show comparable performances in the OER, while reducing
reliance on this expensive and scarce Pt-group metal. Herein, X-ray photoelectron spectroscopy and X-ray
absorption spectroscopy (XAS) are performed on mixed Mn/Ru oxide materials for the OER to understand
structural and chemical changes at both metal sites during oxygen evolution. The results show that the Mn-
content affects both the oxidation state and local coordination environment of Ru sites. Operando XAS
experiments suggest that the presence of MnO, might be essential to achieve high activity likely by gy oxde o™
facilitating changes in the O-coordination sphere of Ru centers. L
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1. INTRODUCTION higher electrochemical surface compared to the pure RuO,-
TiO, area due to the insertion of the Mn into the Ru lattice.*
Additionally, through first-principles calculations, Lin et al.
showed that the excellent performance of a Ru/MnO, OER
catalyst was due to a reduced energy barrier mechanism only
involving *O and *OH species as intermediates.'®

Furthermore, we have previously reported on a range of
highly active OER catalysts based on mixed Mn/Ru oxides
fabricated from thermal decomposition of precursor salts at the
annealing temperature of 350 °C."> These catalysts displayed
excellent OER activity despite containing significantly lower
Ru concentrations in the oxide catalyst matrix than pure RuO,.
Ex situ XRD and FTIR measurements revealed that Mn
centers in these high-performing materials possessed a mixed
Mn?*/Mn>* oxidation state, while Ru was in the +4 oxidation
state in the as-synthesized material. However, the oxidation
states and local structures of the metal centers during or after
the OER were not investigated, despite these changes being
important for an understanding of the active sites in these
mixed Mn/Ru oxides and for future design and optimization of
alternative sustainable mixed oxide electrocatalysts.

During the last decade, ex situ and in operando X-ray
absorption spectroscopy (XAS) has been successfully used as a
tool for investigating the active sites of various metal oxides as
OER catalysts, including pure Mn oxide and Ru oxides.'”~**

Electrolytic water splitting is an attractive process for
producing clean hydrogen gas from renewable sources.
Hydrogen gas can be used as an energy carrier to be stored
or utilized in a fuel cell to generate electricity on demand,
which is the basis of the future hydrogen economy concept."”
Unfortunately, electrolytic water splitting is still in the research
and development stage as the catalysts currently used are
expensive and scarce, thus preventin% cost-competitive
generation of green hydrogen at scale.” The reaction of
interest in the overall electrolytic water splitting process is the
reaction that takes place at the cathode, the hydrogen
evolution reaction (HER), as this is the electrode where H,
is produced.”” However, the bottleneck of the water splitting
process is the reaction that takes place at the anode, the oxygen
evolution reaction (OER), that yields O, as a product.”~'* The
optimum electrocatalysts for the OER are IrO, and RuO,, both
of which are Pt-group metals (PGMs) which are expensive and
scarce.'"'” Large-scale utilization of water splitting will
therefore require the development of new electrocatalysts
with similar activity to the aforementioned PGMs but that are
less costly and more earth abundant."” The development and
design of new, sustainable, and active materials as catalysts for
the OER is therefore an important step toward enabling
electrolytic water splitting.

In recent years, various reports have emerged on the high
activity of mixed Mn/Ru-based oxide catalysts for the
OER."~"7 For example, Pascuzzi et al. have reported on the
effect caused by the addition of various amounts of Mn to
RuO,-TiO, on the OER when compared to pure RuO,-TiO,.
In the study by Pascuzzi et al, a catalyst containing 44% Mn
was the optimum OER catalyst which was reportedly due to a
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XAS is particularly useful due to its sensitivity to the local
structure of metal centers including those embedded in
amorphous or disordered phases that might play important
roles in determining OER activity, but that are not amenable to
XRD characterization. For example, Jaramillo and co-workers
have extensively employed XAS for the characterization of
MnO, catalysts to investigate various parameters affecting their
OER activity, such as applied potential, porosity, and the role
of the support.'”*”*® Lian et al. have also characterized porous
solvothermally prepared MnO, materials under various
annealing temperatures by XAS.”' The authors concluded
that the annealing temperature plays an important role in
determining the local structure and the Mn oxidation states of
the prepared MnO,, catalysts, which in turn relates to activity
trends in the OER. Additionally, XAS has been extensively
utilized to determine the structure—activity relationships for
pure and mixed RuO, heterovalent substituted materials based
on Fe, Ni, Co, Zn, and Ir. These studies revealed the active site
of RuO,-based materials to be the two penta-coordinated
transition metal cations in the rutile structure with a bonding
distance from the central Ru atoms of 3 A.*****” The change
in the RuO, local structure resulting from the heterovalent
substitutions alters the OER performance of the mixed material
compared to the pure RuO,.

Notably, to the best of our knowledge, there have been no in
situ/operando studies that investigate the local structure in
OER active mixed Mn/Ru oxide materials despite these being
excellent candidates for the fabrication of low-cost OER
electrocatalysts. In this study, we aim to address this gap and
characterize the local chemistry and structure of thermally
prepared mixed and pure Mn/Ru oxides ex situ and in
operando via XAS experiments to establish changes in the
oxides before and after the OER. This will enable a new
understanding of the origins of activity and develop design
principles for novel mixed-oxide low-cost catalysts.

2. EXPERIMENTAL METHODS

2.1. Electrode Fabrication. Pure and mixed Mn/Ru oxide
electrocatalysts were prepared on Ti-coated Si wafers; a 150 nm thick
Ti layer over a 50 nm Au layer was deposited onto the clean wafers
using a Temescal FC-2000 electron beam evaporation system. Ti was
chosen as a conductive support because it does not display OER
activity over the potential window investigated.'> Five 0.2 M
precursor solutions were made by dissolving (CH;COO),Mn-4H,0
and RuCl;:xH,O in butanol in different ratios; solutions were
prepared in separate 10 mL conical flasks and then were evaporated
on a hot plate until minimal solvent remained, thus forming the
precursor pastes used to prepare the working electrodes. A coat of the
relevant metal paste was applied to Ti/Si substrates which covered an
area of 1 cm?, followed by drying in an oven at 90 °C for 10 min, and
this process was repeated once. The resulting electrode was annealed
in air for 9 h at 350 °C to ensure the decomposition of the precursor
materials. This yielded Ti-supported oxide film electrodes of thickness
0.24 + 0.6 um, as estimated by profilometry. Samples are indicated by
the % molar content of Mn in the mixed Mn/Ru precursor slurries;
e.g, Mn 100 indicates a sample prepared from the 100% Mn
precursor and treated at 350 °C in air.

2.2. Characterization Methods. X-ray photoelectron spectros-
copy (XPS) measurements reported were taken using a VG Scientific
ESCALab MKII system using an Al Ka X-ray source (1486.7 eV).
The pass energy was set at 200 and 20 eV for the survey and high-
resolution scans, respectively. The binding energy was calibrated to
the TiO, peak (458.5 eV) associated with the passive layer on the Si/
Ti wafer support.”® Fits were carried out using commercial software
(CasaXPS) after Shirley background subtraction and using mixed
Gaussian—Lorentzian (30%) line shapes. Area uncertainties were
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estimated using Monte Carlo error analysis on Poisson adjusted
spectra.

X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements were undertaken at
the SAMBA beamline at SOLEIL synchrotron, France.”” Reference
samples of MnO, Mn;0,, a-Mn,0;, f-MnO,, and RuO, (Sigma)
were prepared as pellets using graphite powder and S wt % of the
relevant Mn or Ru compound. Reference samples were probed in
transmittance mode, while working electrodes prepared via thermal
decomposition were probed in fluorescence mode at 45° unless
otherwise noted. Spectra were collected at the Mn and Ru K-edges,
and energy calibration was carried out using Mn (6540.0 eV) and Ru
(22117.0 eV) metal foils as references.

Ex situ XAS spectra of oxide electrocatalysts were initially obtained
from the as-prepared samples at the Mn K-edge. Ex situ electro-
chemical experiments were carried out in a three-electrode cell using 1
M NaOH as the electrolyte, a Pt wire as the counter electrode, and
Hg/HgO as the reference electrode. Cyclic voltammetry was carried
out at a scan rate of 40 mV/s. Chronopotentiometry was conducted at
a current density of 10 mA cm™2 The samples were subsequently
characterized again ex situ in the Mn K-edge. For the EXAFS analysis
in the Mn K-edge region, data were processed to obtain the oscillatory
x(k) function by removing the background above the edge and was fit
using the standard procedure. Briefly, the energy in electron volts
(eV) was converted to k-space over the region from 3 to 10.5 A with a
Hanning apodization window with sills of amplitude dk = 1. The data
were then k'-weighted and Fourier-transformed to produce a pseudo-
radial distribution function around Mn.

In situ and operando experiments at the Ru K-edge were carried
out using a custom-built two-electrode cell (Figure S1) equipped with
the Pt counter electrode that allowed for probing of the oxide through
the Si/Ti substrate during OER activity in 1 M NaOH. Data analysis
was performed using Athena and Artemis software packages. The
edge position was determined from XANES as the energy at half the
normalized edge absorbance. Calculation of scattering paths was
carried out using FEFF v.8.4 and self-consistent potentials.’’ EXAFS
data were extracted as described by Newville et al.*>*° Fourier
transforms (FT) were performed between k = 3 and 11 A™" with a
Hanning apodization window with sills of amplitude dk = 1. The
EXAFS signal was weighted by k' and fitted in r-space according to
the procedure described by Newville.*

3. RESULTS AND DISCUSSION

In order to investigate the structural properties of the pure and
mixed Mn/Ru oxide materials under OER conditions, the
materials in this study were prepared by thermally annealing
precursor salt materials at 350 °C in a tubular furnace. The
materials were prepared similarly to our previous paper;
however, due to the nature of the in situ/operando
investigations in this current study, a flat Si/Ti support was
used instead of a wire encapsulated in glass.”

Typical cyclic voltammogram (CV) curves for the pure and
mixed Mn/Ru oxide materials on the Si/Ti supports in 1 M
NaOH can be observed in Figure la. From the CV curves, it is
evident that the Mn 100 material is the least active material for
the OER, while the Mn 50 material exhibits the highest OER
current densities amongst all materials tested (Mn 100, Mn 90,
Mn 50, Mn 10, and Mn 0) in this study. Furthermore, a plot of
the CV curves after normalization by the respective capacitive
contributions (see Figure S2) shows comparable or higher
activity for Mn 50 and Mn 10 materials relative to the
thermally prepared RuO,. This indicates that the improved
OER current densities of mixed oxides are not likely to be due
to differences in electrochemical specific surface area alone but
rather to changes in intrinsic activity.

Chronopotentiometry measurements in the OER region (at
a current density of 10 mA cm™?), shown in Figure 1b, were
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Figure 1. Electrochemical overview for the Mn 100, Mn 90, Mn 50,
Mn 10, and Mn 0 materials on Si/Ti wafers in 1 M NaOH. (a) Cyclic
voltammograms at a scan rate of 40 mV s™' and (b)

chronopotentiometry at a current density of 10 mA cm™

also conducted to evaluate the activity of the OER for the pure
and mixed Mn/Ru oxides under more steady-state conditions,
i.e, less influence of the capacitance current compared to the
CV curves; all chronopotentiometry is shown as measured, in
the absence of ohmic drop correction. For the chronopotenti-
ometry measurements, the trend across Mn/Ru materials was
consistent with OER activity from CV curves. Plots obtained
after applying ohmic drop correction are also shown in the
Supporting Information and indicate that the OER over-
potentials of the mixed oxides are all either better than or
comparable to that of the thermally prepared RuO,," as
shown in Figure S3. Of further note is that all the mixed Mn/
Ru materials are significantly better OER catalysts compared to
the Mn 100 material.

The OER results in Figure 1 are extremely interesting as a
state-of-the-art material (RuO,) which is diluted with 50% of
an inexpensive material (Mn oxide) displays better OER
activity than the RuO, itself. Hence, catalyzing the OER with
the Mn 50 rather than the RuO, drives down the cost
associated with this reaction. Furthermore, the structural
design of the mixed Mn/Ru oxide materials is of particular
interest as the information gained could be used to synthesize
better and less expensive OER catalysts when compared to the
state-of-the-art.

To understand the structure and oxidation state of the metal
centers at the surface and in the bulk of the pure and mixed
Mn/Ru oxides, XPS and XAS measurements were carried out.
Figure 2a shows survey scans of the materials synthesized with
increasing proportions of Mn precursors; the survey of the
material synthesized in the absence of Mn (Mn 0) is shown in
Supporting Information Figure S4. All surveys show peaks
associated with Ti 2p (ca. 458 eV)*®*! arising from the
electrode substrate. C 1s peaks at ca. 285 eV result from
residual carbon, while O 1s at ca. 532 eV arises from oxide
formation. Mn-containing materials show Mn 2p doublets in
the range of 635—660 eV,”*~** while Mn 0 and mixed Mn/Ru
oxides exhibit Ru 3d (ca. 282 eV) and Ru 3p (ca. 464 eV)
peaks®® that partially overlap with C 1s and Ti 2p
contributions, respectively.

High-resolution spectra of the Mn 2p doublet of Mn/Ru
oxides are shown in Figure 2b. Spectra display the character-
istic broad doublet peaks of mixed valence manganese
oxides.”** The binding energy of 2p;,, maxima remains in
the range of 640.7—642.2 eV for all oxides. This value suggests
that the main contributions to the Mn 2p spectra arise from
Mn centers with an oxidation state in the range of II-IV.
Fittings of the Mn 2p doublets were carried out and are shown
in Figure 2c—f; the results are summarized in Table 1. Best fits
were obtained using three main contributions associated with
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Figure 2. XPS analysis. (a) Survey spectra of the Mn 100—10
materials. (b) High-resolution Mn 2p core level for the Mn 100—10
materials. High-resolution Mn 2p spectra and best fits of Mn/Ru
mixed oxides on Si/Ti wafers of (c) Mn 100, (d) Mn 90, (¢) Mn S0,
and (f) Mn 10.

Mn(IV) in MnO, (642.0—642.6 eV), Mn(Ill) in Mn,0,
(641.3—641.9 V), and Mn(I) in MnO (640.2—640.8
eV).”> Fits of the 2p, 2 peak shown in the figures were
constrained in order to satisfy the 2:4 area ratio relative to the
2ps;, and an energy split of 11.5 eV.>>*> A fourth peak at
644.5—646 eV, corresponding to the satellite peak of Mn(II),
was also required to satisfactorily fit all spectra,***® further
supporting the presence of Mn(II) centers in the materials. Fit
results indicate that all materials display a mixed oxidation
state; however, unambiguous determination of an average
oxidation state from Mn 2p fits is challenging due to the geaks
being broad and the energy shifts being relatively small.””
3.1. XAS Characterization at the Mn K-Edge. XAS was
used to investigate the local structure around Mn centers
before and after OER activity. Normalized XANES spectra at
the Mn K-edge of the as-prepared Mn/Ru mixed oxide
materials are shown in Figure 3a; the XANES spectra of
reference oxides MnO, Mn;0,, Mn,0;, and MnO, are also
shown for comparison; the oxidation states vs XANES edge
position of the Mn oxide references can be seen in Table SI.
Figure 3b shows the estimated oxidation states obtained
from a linear interpolation of the known oxidation states of the
reference oxides.”””” The edge position of the mixed Mn/Ru
oxides suggests that the Mn oxidation state decreases with
increasing Mn-content in the mixed oxide catalyst. Visible
shoulders at ca. 6552 and 6555 €V are initially present in the
mixed catalysts; such shoulders are normally observed for Mn
oxides with a low oxidation state such as MnO,”**% in
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Table 1. Summary of XPS Results Obtained from Fits of the Mn 2p;,, Spectrum”

MnO, Mn, 0, MnO satellite
eV % area eV % area eV % area eV % area
Mn 100 642.6 35 (1)% 641.9 16 (2)% 640.8 26 (2)% 645.5 2.6 (1.0)%
Mn 90 642.6 53 (1)% 641.9 28 (4)% 640.8 16 (3)% 644.6 3 (2)%
Mn 50 642.0 41 (1)% 6413 21 (1)% 6402 36 (1)% 644.5 2.4 (0.4)%
Mn 10 642.0 37 (10)% 6413 19 (9)% 6402 40 (8)% 645.6 4 (3)%
“Fit uncertainties are shown in parentheses.
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Figure 3. (a) XANES spectra of the as-prepared samples and
reference Mn oxide materials. (b) Estimated Mn oxidation state based
on the absorption edge position and interpolation of values for
references MnO, Mn;0,, Mn,03, and MnO, before OER analysis. (c)
XANES spectra of all electrocatalysts after OER tests and reference
Mn oxide pristine materials. (d) Estimated Mn oxidation state based
on the absorption edge position and interpolation of values for
references MnO, Mn;0,4, Mn,0O;, and MnO, after OER analysis.

agreement with the presence of a satellite in the Mn 2p spectra
in Figure 2.

Initial oxidation states of mixed Mn/Ru oxides range from
2.8 to 3.6 following the sequence Mn 90, Mn 100, Mn 50, and
Mn 10, as indicated in Figure 2b. The observed Mn valence in
the pure Mn catalyst (Mn 100) closely matches the Mn
valence of 3.0 observed in Mn,0O; and Mn;0,, indicating a
higher contribution of Mn** than Mn**. The XANES spectrum
of Mn 90 exhibits a strong similarity to that of the Mn;0O,
reference. The most active OER catalysts (Mn 10 and Mn 50)
show edge positions suggestive of oxidation states >3.0 but
<4.0, and their XANES spectra show similarities to that of
MnO,, indicating the possible formation of birnessite, which
has 20—40% Mn>* centers in MnO,, with an average oxidation
state of 3.6—3.8."" It has been explicitly shown in the literature
that an oxidation state above 3.0 but lower than 4.0 is optimal
for catalysis of the OER with manganese-based materials.’”
Therefore, the observed Mn oxidation states for the best
performing mixed catalysts are consistent with previous
findings.”"

A significant upshift in the edge position was observed after
the OER under galvanostatic conditions (Figure 3c),
accompanied by a general suppression of shoulder contribu-
tions at ca. 6552 and 6555 eV. This suggests a significant
change in the oxide local structure after the OER and a
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upper distance of 1.3 A are consistent with main peaks in
MnO,; however, features at 2.3 and 3 A can be found in either
MnO, or Mn;0, references and are attributed to the first Mn—
O—Mn coordination shell.""** The best fit of the first
coordination shell (Figure S8, Table S2) yielded Mn—O
distances of 1.89 A, which are diagnostic for the presence of
Mn** centers.”” However, a low apparent coordination
number, well below 6, was also observed for the first shell
indicating multiplicity in the oxidation state, site occupancy
(layer, interlayer, edges), and/or type of ligand (—O, —OH,
H,0), as previously reported for nanocrystalline phyllomanga-
nates.””**~*¢ Fit results are therefore consistent with Mn 100
being disordered and possessing an average oxidation state of
3.2, as a high proportion of Mn** or possibly Mn*" sites in this
material would be expected to shift Mn—O paths to R-values of
2 A or larger.42’43’46

The spectra of Mn/Ru mixed oxides show broad peaks at ca.
1.3 A associated with the first Mn—O coordination sphere.”'
The peak at 2.3 A present in all mixed oxides could be
attributed to either MnO, or Mn;0,; however, the feature at
3.1 A, which is prominent in Mn SO and Mn 10, clearly
indicates the presence of Mn;O,-type oxides. Finally, the most

Table 2. Mn-Edge Position and Estimated Oxidation State
before and after OER Experiments

before OER after OER
edge Mn edge Mn A oxidation

position  oxidation  position  oxidation state
material (eV) state (ev) state (after—before)
Mn 100 6551.2 3.1 6551.7 32 0.1
Mn 90 6549.9 2.8 6551.0 3.1 0.3
Mn S0 6552.3 3.4 6554.0 3.7 0.3
Mn 10 6553.8 3.6 6554.2 3.7 0.1
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Figure 4. EXAFS collected at the Mn K-edge on (a) as-prepared
catalysts Mn/Ru oxides studied and (b) references MnO, Mn;0,,
Mn,0;, and MnO,. Fourier transforms shown are not phase
corrected; curves are stacked to facilitate comparison.

prominent peak in the MnO reference spectrum at 2.7 A,
attributed to the Mn—O—Mn coordination shell,"" appears to
be absent from all mixed oxide spectra. Best fits of the first
coordination shell (Figure S8, Table S2) indicate that the peak
at 1.3 A results from relatively short Mn—O distances (1.85—
1.89 A) characteristic of Mn*" centers. It is interesting to note
that in the case of Mn 90, the coordination number is low and
close to 3 as for Mn 100, in accordance with XANES results
yielding a low oxidation state and consequently a high
proportion of longer Mn—O distances. In contrast, Mn 10
and Mn 50 have coordination numbers closer to 4 at 1.89 A, in
agreement with their higher estimated oxidation states.” In
summary, Mn oxide electrocatalysts display disordered
structures that are consistent with the presence of mixed
oxidation states; the most active Mn 50 and Mn 10 materials
display a disordered local structure and mixed valences with a
greater contribution from Mn*" centers compared to pure Mn
100 materials.

The effect of OER activity on the Mn environment of the
oxides was investigated using EXAFS analysis, and the results
are shown in Figure S; EXAFS spectra and best fits of the first
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Figure 5. EXAFS Mn edge of the Mn 100—Mn 10 materials before
and after the OER at 10 mA cm™ on Si/Ti substrates: (a) Mn 100,
(b) Mn 90, (c) Mn 50, and (d) Mn 10. Fourier transforms shown are
not phase corrected.
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coordination shell are reported in Table S3 and Figure S8.
Figure Sa—d shows a comparison of the IFT(k' y(k)! in real
space before and after OER galvanostatic experiments for Mn
100, Mn 90, Mn 50, and Mn 10 samples, respectively. The
results indicate significant changes, particularly in the peaks
corresponding to the first coordination shell for all mixed
oxides. In the case of Mn 90, the first peak in the I[FT(k"' y(k)I
shifts its mean position by ca. 0.2 A. The IFT(k! (k)| of Mn 50
shows a large increase in amplitude (Figure Sc) so that the
coordination sphere after the OER qualitatively resembles that
of the MnO, reference material (Figure 4b). This is also
suggested by the change in the coordination number for the
shortest Mn—O distance (Tables S2 and S3), which increases
to a value close to 6 while its R-value remains constant, thus
suggesting that after the OER, Mn 50 has a higher proportion
of Mn* centers. This is consistent with the increase in the
estimated average oxidation state observed in Figure 3d and
supports the conclusion that OER activity results in changes in
the local structure of Mn in mixed oxide materials and in
particular an increase in the average oxidation state.

3.2. XAS Characterization at the Ru K-Edge. Further
XAS measurements were performed at the Ru K-edge on the
thermally prepared pure Ru oxide (Mn 0), mixed Mn/Ru
oxide materials, and a RuO, reference to gain insight into OER
activity in these materials. Figure 6a shows the XANES spectra
of Mn 0—90 obtained while immersed in the NaOH electrolyte
solution at open circuit potential (OCP); the XANES of a
commercially sourced RuO, is also shown for comparison. The
Ru edge position shows a spread of ca. 1.5 eV (Table S4) as
expected from the relatively large width of the Ru core hole.*’
Edge positions are at ca. 22129 eV: this is below the values of
ca. 22,132 and 22,134 €V for Ru** and Ru®, respectively,
determined by Tarascon and co-workers,” and close to the
edge position measured for our RuO, reference, thus
suggesting likely oxidation states of +4 for all mixed oxides.
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Figure 6. Ru K-edge. (a) Comparison of XANES for Mn 0—90 in
NaOH and RuO, reference. (b) Comparison of XANES for the Mn 0
ex situ in NaOH at OCP and at 1, 10, and 20 mA cm™2 (c)
Comparison of XANES for the Mn 10 in NaOH at OCP and at 10
mA cm ™2 (d) Comparison of XANES for the Mn 50 in NaOH and at
10 and 20 mA cm ™
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In order to gain an understanding of the oxidation state
during the OER, operando XANES measurements of the Mn 0
catalyst were conducted by applying currents of 1, 10, and 20
mA cm > (Figure 6b). No shift in the edge position or changes
in the spectral profile were evident with increasing current in
the OER region. Similarly, no changes in the edge position
were detected for the Mn 10 or Mn 50 during OER activity at
10 mA cm™? current outputs, as shown in Figure 6c,d. These
results do not suggest significant changes in the oxidation state
for the majority of probed Ru centers in either Mn 0 or mixed
oxides during the OER.

In situ EXAFS analysis was undertaken at the Ru K-edge to
further examine the pure and mixed Mn/Ru oxides for any
changes in the local structure that could be linked to the OER
performance (Figure S9). The structure of the Mn 0 (Ru 100)
sample was investigated by comparing it to the reference RuO,
(Figure 7); the local structure of the Mn 0 catalyst appears to
involve RuQOy4 coordination in the first shell, as is the case in
rutile, but differs from that of crystalline RuO, based on
deviations in peaks at longer R-values (ca. 3.2 A) associated
with Ru—Ru distances. Octahedral coordination was supported
also by a fit of the first shell (Figure S10, Table SS), which
yielded an average Ru—O,; distance of 1.96 A in good
agreement with the literature.”” Upon applying OER currents
of 10 and 20 mA cm ™2, limited changes can be observed in the
Fourier transform of the first coordination sphere; best fits
suggest that Ru centers maintain average RuOg coordination
with ligands at ca. 1.96 A during O, evolution. The Ru—Ru
contributions approach the position and height of the
reference RuO, material.

The Mn 0 EXAFS Ru-edge curve was compared to that of
the mixed Mn 10 and Mn 50 Mn/Ru oxides; Figure 8a shows
this comparison for the samples immersed in 1.0 M NaOH.
The structure of Mn 10 shows the main features of the RuO,
structure in Mn 0 samples, with the first coordination shell
corresponding to Ru—O and contributions at 3.2—3.6 A arising
from the Ru—Ru distances. In the case of Mn 50, the main
coordination spheres are still evident from the spectrum, but
changes in the degree of order relative to the Mn 0 structure
are readily apparent. Fits of the first coordination shell indicate
that octahedral coordination is maintained for both Mn 10 and
50; however, the average Ru—O distances are slightly larger in
these mixed oxides when compared to Mn 0 samples (Figure
S10, Table SS), likely due to local disorder. Also, in the case of
Mn 50, large deviations are particularly evident for peaks

at OCP
10 mA/cm?2

0.35

0.30
0.25
0.20
0.15

[FT(k x(K)I

0.10
0.05 f

0.00
0

Figure 7. EXAFS at the Ru K-edge. Comparison of the Mn 0 (Ru
100) in NaOH at OCP and at OER currents of 10 and 20 mA cm™%;
the RuO, reference is also shown for comparison. Fourier transforms
shown are not phase corrected.

positioned at >2 A. This is partly due to the presence of Ru
metal®® that was detected in our Mn 50 sample by XRD in our
previous work'” and that is consistent with the analysis from
linear combination fits of the XANES spectrum (Figure S11
and Table S6). For Mn 90 samples, the EXAFS signal was
weaker (data not shown) due to this being the sample with the
lowest Ru %-content, which prevented a detailed analysis of its
structure.

The EXAFS spectra of the mixed Mn/Ru catalysts were
recorded during the OER at a current of 10 mA cm™> (Figure
8) and also at 20 mA cm ™2 for Mn 50 (Figure S9). In the case
of Mn 10 (Figure 8b), the changes are comparable to those
observed for Mn 0 samples, i.e., the radial distances of peaks at
1.9, 3.2, and 3.6 A are not altered during the OER, while the
changes in the intensity of the peaks suggest a limited
reorganization of the first O-coordination and Ru—Ru shells.
For highly active Mn 50 samples (Figure 8c), the EXAFS signal
is significantly different under O, evolution compared to the
sample in NaOH and indicates significant structural rearrange-
ment around Ru centers. During the OER at 10 mA cm™?, the
Ru metal peak is extremely evident in the Fourier transform,
and from linear combination fits using RuO, and Ru metal foil
references (Figure S11 and Table SS), it was calculated that Ru
metal is still present in the Mn 50 sample during the OER. It is
interesting to note that the largest changes in the local
structure are observed for Mn 50, i.e., the sample with the
largest Mn-content that could be successfully characterized in
operando. This is likely due to the majority of the Ru-edge
signal arising from highly active Ru centers, for which local
rearrangements become more evident and less obscured by the
presence of a rutile-like RuO, phase (as in Mn 0). Notably,
best fits of the first shell indicate an increase in the average
Ru—O coordination number, which becomes more pro-
nounced at increasing current density (Figure S10, Table
SS). Despite the large uncertainties associated with the number
of first-neighbors, the general trend suggests significant
coordination flexibility in the highly active Mn/Ru 50:50
oxide and the formation of high-coordinated Ru species during
oxygen evolution. This might possibly involve an increase in
the oxidation state given the limited change in the first Ru—O
distance.

Adaptive ligand spheres with N > 6 are recognized to be
critical for the design of high-turnover homogeneous OER
catalysts;”' it is therefore intriguing that our observations
suggest an expansion of the O-coordination sphere under
reaction conditions also in the case of these mixed oxide
electrocatalysts. Ligand sphere expansion is likely accompanied
by stabilization of oxidation states greater than +4, as
previously highlighted in the organometallic literature;”’
however, it is difficult to confirm whether this indeed occurs
during the OER in Mn 50, given the limited changes observed
in the Ru-edge XANES.

4. CONCLUSIONS

In agreement with previous studies in the literature, the CV
and chronopotentiometry measurements in this study show
that mixed Mn/Ru oxides show great potential to replace the
more expensive RuO, catalysts for the OER. In particular, the
less expensive Mn 50 and Mn 10 show good OER activity that
is competitive with that of the pure RuO, catalyst.

In a bid to understand why these oxides can outperform
pure RuO, catalysts, ex situ and in situ XAS was employed to
determine the oxidation state and coordination shells of both
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Figure 8. EXAFS at the Ru K-edge. (a) Comparison of spectra obtained at the Ru K-edge for the Mn 0—50 electrodes in NaOH solution at OCP.
The mixed Mn/Ru electrodes in NaOH solution and at 10 and 20 mA cm™% where applicable, for (b) Mn 10 and (c) Mn 50. Fourier transforms

shown are not phase corrected.

types of metal centers in the mixed oxides as a function of
metal composition. XANES analysis of the Mn K-edge reveals
that the average Mn oxidation state in the as-prepared
materials decreases with increasing amounts of Mn in the
mixed Mn/Ru oxides, i.e, the Mn 10 exhibits the highest
oxidation state, while Ru K-edge positions suggest the presence
of Ru centers with an oxidation state of +4. From the EXAFS
measurements, the first Mn—O ligand sphere indicates the
presence of Mn** centers in all mixed oxides but in a
decreasing proportion with decreasing Ru-content. Impor-
tantly, a high degree of structural disorder was observed in Mn
50; the Mn local structure in this oxide in fact undergoes
significant changes after the OER, which suggests an increase
in the concentration of Mn*" centers relative to the pristine
samples.

A study of the Ru centers was also carried out under
operando conditions to monitor changes in the local structure
during oxygen evolution. The operando EXAFS analysis at the
Ru edge indicates that Mn 50, in particular, undergoes changes
in the local structure during the OER at high currents. Best fits
are suggestive of perturbations in the first coordination shell
through expansion of the ligand sphere. We hypothesize that
this is likely to stabilize Ru at higher oxidation states; however,
XANES spectra do not show significant changes that might be
expected to accompany this.

Based on our results, it is interesting to speculate on the role
of the MnO, phase in imparting high OER activity in binary or
mixed Mn/Ru oxides. Based on the EXAFS/XANES results, it
appears that significant structural changes during the OER are
taking place at Ru and Mn centers. The role of the MnO,
phase might be two-fold: first, we note that the mixing with
RuO,, affects the average oxidation state of Mn centers, and it is
therefore possible that this tuning effect is partly responsible
for activity enhancements in, e.g., Mn 10 or Mn 50 materials.
Second, the local structure around Ru centers in mixed oxides
appears to be highly disordered and for the best performing
mixed oxides undergoes changes during oxygen evolution, with
the MnO, content possibly imparting greater coordination
flexibility around the active Ru sites.

This study contributes important insights on how to tailor
the MnO,, content in mixed oxide electrocatalysts for the OER.
In particular, the lower cost and the improved OER
performance of the Mn 50 and Mn 10 materials compared
to the pure RuO, make these catalysts an attractive and cost-
competitive choice for water splitting applications.
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