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ABSTRACT: Electrocatalysis of the oxygen evolution reaction is central to
several energy technologies including electrolyzers, solar fuel generators, and air-
breathing batteries. Strong acid electrolytes are desirable for many implementa-
tions of these technologies, although the deployment of such device designs is
often hampered by the lack of non-precious-metal oxygen evolution electro- +
catalysts, with Ir-based oxides comprising the only known catalysts that exhibit :
stable activity at low overpotential. During our exploration of the Mn—Sb—O 01 02 03 04 05 06 07 08
system for precious-metal-free electrocatalysts, we discovered that Mn can be X, Mn/(Mn+5b)

incorporated into the rutile oxide structure at much higher concentrations than ~~ {7 ;;‘Lsrs N75mwy B
previously known, and that these Mn-rich rutile alloys exhibit great catalytic 580' / - 10°
<

(o W )

activity with current densities exceeding S0 mA cm ™ at 0.58 V overpotential and
catalysis onset at 0.3 V overpotential. While this activity does not surpass that of 12
IrO,, Pourbaix analysis reveals that the Mn—Sb rutile oxide alloys have the same

or better thermodynamic stability under operational conditions. By combining
combinatorial composition, structure, and activity mapping with synchrotron X-ray absorption measurements and first-
principles materials chemistry calculations, we provide a comprehensive understanding of these oxide alloys and identify the
critical role of Sb in stabilizing the trivalent Mn octahedra that have been shown to be effective oxygen evolution reaction
(OER) catalysts.
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1. INTRODUCTION

The development of active, stable, and earth-abundant oxygen
evolution catalysts in acid environments has drawn great
interest in materials chemistry research and for technological
applications such as metal winning and renewable solar fuel
synthesis." Solar fuel generators that use renewable energy to

effective, earth-abundant, efficient, and robust OER catalysts
have been found for alkaline or neutral media applications,’
modeling and experimental demonstrations have shown that
an acidic environment is more desirable for high-efliciency
fuel-forming devices." The only established acid-stable OER

photoelectrochemically synthesize fuel couple the oxygen
evolution reaction (OER) to a fuel-forming reaction, typically
hydrogen evolution or carbon dioxide reduction. The OER half
reaction requires 4 coupled electron and proton transfers,
resulting in sluggish kinetics and consequently a large
overpotential; therefore, a highly active catalyst is important
to maximize the energy conversion efficiency.” While cost-
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catalysts are based on noble-metal oxides such as IrO, and
RuO, that simultaneously exhibit high catalytic activity and

e s . . . 1
stability in the corrosive acid environment.
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Discovering and developing acid-stable, earth-abundant
OER catalysts that achieve useful rates of oxygen evolution
has proven to be very challenging, especially for low-
overpotential operation. Significant materials research efforts
to meet this challenge include: (1) mixing noble metals (Ir,
Ru) with non-noble metals (W,5 Sn,° Sn—Sb,” Sn—Nb,* Mn,’
Ti,' Ta,"' Ni,'> Co"?) to achieve acid-stable, high activity with
minimal noble-metal content; (2) exploring noble-metal-free
transition-metal oxides (Co-based,'* Fe-based,"”” and Mn-
based'®); and (3) designing high-order multication metal
oxides combining the activity of one or more metal oxides with
the acid stability of other metal oxides to produce a new earth-
abundant material displaying active, acid-stable OER catal-
ysis.16

MnO,-based catalysts are among the most studied non-
noble-metal OER catalysts due to inspiration from the
CaMn,O cluster in the photosynthetic oxygen evolution
center (OEC) and efficacy of Mn-based catalysts across a
broad range of reactions, which is related to the large number
of accessible oxidation states and the ensuing diverse oxide
stoichiometries and polymorphs of MnO,.'” The presence of
Mn*" in heterogeneous catalysts is correlated with OER
activity, which has limited the activity of MnO,-based OER
catalysts in neutral to acidic conditions as Mn*" dispropor-
tionates to Mn*" and Mn*" at pH < 9."® The recognition of the
critical role played by Mn*" in OER catalysis has led to efforts
to stabilize this oxidation state in neutral and acidic pH
electrolytes.'” Of particular note for OER under acidic
conditions are the stability and moderate activity of electro-
chemically activated manganese oxide; under specific deposi-
tion conditions, a cathodically treated or cyclic-voltammetry-
deposited (CV-deposited) MnO, film is proficient for the OER
due to generation of Mn** on the surface of the Mn*'O,
electrode.” This catalyst preparation proceeds by the in situ
comproportionation of Mn* with Mn** to produce meta-
stable, OER-active Mn*" ions trapped in tetrahedral coordina-
tion sites within the MnO, matrix, which are protected from
both dissolution and disproportionation under OER con-
ditions.”" At relatively low overpotentials producing relatively
low current densities of 0.1 mA cm™, this electrochemically
activated manganese oxide exhibits stable operation in acid
(pH 0.3-3), but application of higher overpotentials to
increase the current density leads to manganese oxidation and
film dissolution as permanganates,””* motivating exploration of
materials strategies for stabilizing MnO, at OER potentials in
strong acid, which is the focus of the present work.

Among these materials-based approaches to Mn stabilization
is our previous exploration of stabilizing Co and Mn active
sites with multication oxides in the (Co—Mn—Ta—Sb)O,
system, which includes the compositions presented in this
work but without control or characterization of the crystal
structure, which we show here to be critical to both activit{
and stability."® Huynh, M et al. reported that CoMnO,'°
(where XPS shows Mn is Mn**, which is relatively inactive for
OER) could be operated stably at low overpotential and
current density and suffered from corrosion due to the
insufficient stability of both Co and Mn cations. Patel et al.
reported cubic structure of F-doped Cu;;Mn,;O, nano-
particles containing both Mn®*" and Mn*, where the high
catalytic activity was attributed to the high oxidation potential
of the F anions.'® Recently, crystalline nickel-manganese
antimonates with a rutile-type structure were reported in 1.0 M
H,SO, with overpotential at 10 mA cm™? increasing from 672

+ 9 to 735 + 10 mV over 168 h of continuous operation.'****

In the present work, we return the focus to the Mn—Sb
pseudobinary system using combinatorial methods, which have
been previously deployed for exploring OER catalysts in acid,”’
to explore the relationship between physical properties and
OER electrocatalytic activities of sputter-deposited composi-
tion-spread thin films. We combine combinatorial synthesis
and electrochemistry with a range of structural, spectroscopic,
and computational characterization to discover Mn-rich rutile
alloys of the type (Mn,Sb,_,)O, with x > 0.5, quantify the
stabilization of Mn provided by the Sb-based rutile oxide
structure, and reveal alloying-based tuning of the Mn oxidation
state and the covalency of Mn—O bonds that leads to high
OER activity at Mn-rich compositions.

2. EXPERIMENTAL SECTION

2.1. Physical Vapor Deposition (PVD) Library Syn-
thesis. The Mn—Sb binary oxide composition libraries
Mn,Sb;_,O, were fabricated using reactive radio frequency
magnetron cosputtering of Mn and Sb metal targets onto 100
mm diameter Pt/Ti/SiO,/Si substrates in a sputter deposition
system”* (Kurt J. Lesker, CMS24) with 1075 Pa base pressure.
The thermally grown SiO, served as a diffusion barrier, the Ti
as an adhesion layer, and the Pt as a common back contact for
the composition library. The Mn—Sb oxide thin films were
deposited under 0.80 Pa working atmosphere composed of
inert sputtering gas Ar (0.72 Pa) and reactive gas O, (0.08 Pa).
The composition gradients in the cosputtered continuous
composition spreads were attained by positioning the
deposition sources in a nonconfocal geometry. The deposition
proceeded for 1 h with the power on the Sb and Mn source at
24 and 146 W, respectively. The as-deposited composition
library was cut into 3 pieces with similar composition gradient;
the center strip was subsequently placed flat on a quartz
support and annealed in air in a programmable Thermo
Scientific box oven at 700 °C for 3 h. The annealing was
preceded by a 2 h temperature ramp and was followed by
natural cooling. The bottom strip was annealed similarly at 550
°C for 10 h. A second deposition proceeded with a higher O,
partial pressure of 0.16 Pa (total pressure of 0.8 Pa kept the
same) in the sputter gas to provide a higher oxygen
concentration in the as-deposited film since no postdeposition
thermal processing was applied to this composition library.

2.2. OER Catalytic Measurements. The OER perform-
ance of the Mn,Sb, O, catalysts was evaluated using a
previously reported scanning droplet cell (SDC)** with flowing
O,-saturated 1.0 M H,SO,(aq) electrolyte solution (pH =
0.13). The 3-electrode cell includes a Pt counter electrode, Ag/
AgCl reference electrode, Gamry G 300 potentiostat, and
custom LabVIEW software. The SDC moved along the binary
composition library and performed an experiment every 3 mm.
The activity of each Mn,Sb,_,O, composition was charac-
terized using cyclic voltammetry (CV) measurements from
1.24 to 1.79 V and back to 1.24 V versus reversible hydrogen
electrode (RHE) at a scan rate of 0.02 V s™'. A droplet contact
area of approximately 0.02 cm* was assumed for calculation of
current density. Chronoamperometry (CA) measurements at
an applied potential of 1.69 V vs RHE for 200 s were used to
test OER stability of films with Mn compositions x > 0.33.

Further electrochemical characterization of epoxy-encapsu-
lated Mn,Sb,_,O, electrodes was conducted after SDC
measurements. An electrochemical H-cell was filled with 175
mL of O,-saturated 1.0 M H,SO, electrolyte (pH 0); a
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standard calomel reference electrode and carbon rod counter
electrode were separated by a fine-porosity glass frit. A
magnetic stir bar and O, bubbling provided constant
electrolyte mixing. Measurements were conducted with a
Gamry 600 potentiostat and Gamry Framework software. The
uncompensated resistance of the cell was determined by
electrochemical impedance spectroscopy (EIS) in static 1.0 M
H,SO, electrolyte at 1.72 V vs RHE in the frequency range
from 1 Hz to 300 kHz.

2.3. Theoretical Calculations. To investigate the various
possible structures corresponding to the synthesized Mn—Sb
oxide catalysts, density functional theory (DFT) calculations
were conducted on a set of intermetallic oxide phases in the
Mn—Sb—O chemical system mined from the Materials Project
(MP) database.”® In addition, these structures were
supplemented with compositional perturbations of each
structure that were generated by combinatorial substitution
of 1-2 Mn for Sb and vice versa. Lastly, two non-Mn
containing compounds, rutile TiO, and a trirutile phase of
CoSb,0¢ (mp-24845), were used as templates for an
additional set of structures. In the case of TiO, compositional
perturbations of a 2 X 2 X 2 MnSbO, supercell were
determined. In the case of CoSb,0q, elemental substitutions
that spanned every ordered approximation of a disordered
structure of intermetallic oxide phases at compositions of
Co,Sb,_,0, were determined for x = 0, 1/6, 1/3, 1/2,2/3, 5/
6, and 1. Relaxation of these structures was performed using
automated Vienna ab initio simulation package (VASP) DFT
routines,”’ resulting in MP-compatible total energies and
electron densities. Data corresponding to the results of these
calculations are available on www.materialsproject.org. Calcu-
lated energies were used to construct compositional phase
diagrams in Mn—Sb—O space, grand potential phase diagrams
with a fixed chemical potential of oxygen reflecting stable Mn—
Sb oxides under synthesis conditions, and Pourbaix diagrams
to determine the electrochemical phase stability under OER
potentials at acidic pH. Each of these analyses uses pymatgen’s
phase and Pourbaix diagram®® tools directly, and analysis code
is available by request. Lastly, Bader charge calculations™” were
conducted on the calculated charge densities to determine
oxidation-state trends between compositions. Additional de-
tails about the optimized structures, templates, and calculation
parameters are provided in the SL

2.4. Materials Characterization. The crystal structures
and phase distribution of Mn,Sb, O, binary composition
libraries were determined by the powder X-ray diffraction
(XRD) technique using a Bruker DISCOVER D8 diffrac-
tometer with Cu Ka radiation from a Bruker IuS source. The
X-ray spot size was limited to a 1 mm length scale, over which
the composition is constant to within approximately 1%. The
XRD measurements were performed on a series of evenly
spaced positions along the composition gradient. Diffraction
images were collected using a two-dimensional VANTEC-500
detector and integrated into one-dimensional patterns using
DIFFRAC.SUITE EVA software.

To determine the library composition, X-ray fluorescence
(XRF) measurements were performed on an EDAX Orbis
Micro-XRF system with an X-ray beam approximately 2 mm in
diameter. Since the XRF sampling depth far exceeds the film
thickness, XRF counts for each element were assumed to be
proportional to the number of corresponding atoms present in
the film, and the sensitivity factor for each element was
calibrated using commercial XRF calibration standards

(Micromatter). These measurements provide evaluation of
elemental loss with better than 1% sensitivity.

X-ray photoelectron spectroscopy (XPS) survey spectra
were measured to determine the near-surface chemistry for
using a Kratos Axis Ultra instrument with excitation from a
monochromatized Al Ka radiation at 150 W (10 mA at 15
kV). The collected spectra were calibrated to the carbon 1s
peak of 284.8 eV.

Ambient pressure XPS (AP-XPS) measurements were
performed at Beamline 9.3.2 of the Advanced Light Source,
Lawrence Berkeley National Laboratory.>* H,O adsorption on
samples Mny,,Sbg 30O, and Mn,O; were performed by dosing
0.2 Torr H,O at 298 K; meanwhile the surface chemistry was
investigated by performing the AP-XPS measurements. The
low-resolution survey with a binding energy from 700 to —5 eV
was collected at an incident photon energy of 770 eV. The
high-resolution Sb 3d and O 1s, and Mn 2p, XPS spectra were
collected at an incident photon energy of 670 and 770 eV,
respectively. For each condition, samples were equilibrated for
at least 90 min before the measurement. By taking spectra at
different sample spots and comparing spectra before and after
beam illumination for 2 h, we found beam damage on the
sample is negligible during the measurements.

X-ray absorption spectroscopy (XAS) is an element specific
spectroscopic technique and is very sensitive to oxidation
states. The Mn and Sb K-edge XAS measurements were carried
out on Beamline 7-3 at the Stanford synchrotron radiation
light source (SSRL) along with the standard references Sb*
(Sb,05), Mn** (MnO), Mn* (Mn,05), Mn*" (MnO,), and
mixed Mn**/Mn** (Mn;0,). The quantitative analysis of XAS
data was carried out by linear combination fitting (LCF) using
a database of pure-valence species (the Combo method) as
reported by Manceau et al.’' Further details are reported in the
SL

Inductively coupled plasma mass spectrometry (ICP-MS)
was used to determine the concentration of dissolved metals in
electrolyte used for electrochemistry at different durations over
the course of CV cycling. ICP-MS data were collected using an
Agilent 7900 ICP-MS instrument. The composition and
loading of the Mn,Sb, O, electrode deposited on fluorine-
doped tin oxide (FTO) was obtained by electrochemically
dissolving the film in 27 mL of 20% HNOj; and cycling the
potential with respect to a carbon rod. The samples were
diluted to approximately 2% HNOj; in milli-Q water. Standard
and blanks were prepared in trace metals grade 2% HNO;
diluted in milli-Q water. The standard curve included
concentrations 0.1, 1.0, 10.0, 100, 500, and 1000 ppb and
was linear over this range. All sample concentrations fell within
the concentration range described by the calibration curves.
The internal standard (Agilent 5188-6525) was used.

3. RESULTS AND DISCUSSION

3.1. Catalyst Discovery via Combinatorial Electro-
chemistry. The OER catalytic activity of Mn,Sb,_,O,
composition library was assessed in 1.0 M H,SO, (pH 0.13)
aqueous solution using libraries deposited at 3 different
temperatures onto Si substrates with a Pt conducting layer.
Figure S4 shows the series of CVs obtained from the binary
composition library annealed at 700 °C when the applied
potential was scanned at 0.02 V s in the range 1.24—1.79 V
vs RHE. The same CV was performed on a series of
compositions from the library annealed at 550 °C, and 3
cycles of this CV were applied to a series of compositions from
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the library that was not annealed after deposition. XRD
characterization was performed on each library, and the
maximum current from the CVs is plotted with the XRD heat
map in Figure 1.
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Figure 1. (a—c) Two-dimensional XRD plots of 3 Mn,Sb,_,O,
libraries annealed at 700 °C, at 550 °C, and as-deposited. In each
heat map image, each data column corresponds to a 1D XRD pattern
at that composition, and the most Sb-rich observation of the rutile
[110] peak is indicated with a white * that moves to higher Mn
concentration with decreasing temperature. The current densities
obtained at 1.79 V vs RHE in CV measurements on 3 libraries in 1.0
M H,SO, aqueous solution are superimposed on the corresponding
XRD maps. For the as-deposited library, 3 consecutive CVs were
performed, and their maximum current density values are plotted in
the order of cyan, red, and blue. (d) XRF-determined composition
change after CV measurements for libraries annealed at 700 °C (1 CV
cycle) and without annealing (3 CV cycles).

Across the 3 types of processing, the maximum current
density not only increases with decreasing annealing temper-
ature but also becomes more sensitive to film composition due
to the tighter window of rutile alloy formation. The sharp
increase in current density at the onset of rutile crystallization
in the as-deposited library is quite striking. Figure 1d also
illustrates that, for a given composition, Mn corrosion is lower
when the film crystallizes into the rutile structure, demonstrat-
ing that this structure improves both activity and stability, as
further discussed below. When the film crystallizes into the
rutile structure at the same composition, higher activity is
observed with lower annealing temperature, which may be due
to increased nanocrystallinity, which is a common strategy for
creating active catalyst sites.'"” While these results indicate
opportunities for catalyst optimization via nanostructuring,

10941

continued evaluation of the rutile oxide catalysts in the present
work proceeds with annealed films as they are more amenable
to the characterization required to elucidate the underpinnings
of the improved activity and stability.

To continue assessment of the initial stability, a subset of
samples from the 700 °C library were measured at 1.69 V vs
RHE (460 mV overpotential) for 200 s. The CA data are
shown in Figure S7, and the current at the end of each
measurement is shown in Figure 2a, revealing an increase in
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Figure 2. (a) Current density after 200 s CA measurement at 1.69 V
vs RHE in 1.0 M H,SO, aqueous solution (CA data are shown in
Figure S7). (b) Current density vs potential for Mn;Sbq 350, film
deposited on FTO and annealed at 550 °C in 1.0 M H,SO, solution
initially (1st CV) and after 15, 30, and 45 CV sweeps between 1.24
and 1.79 V vs RHE at a scan rate of 0.02 V s,

current density with increasing Mn concentration for the 4
phase-pure rutile samples, followed by a slight decrease at x =
0.72 where some Mn,Oj is present in the as-synthesized film,
confirming that Mn-rich rutile oxide alloys provide the highest
catalytic activity.

Given the noted variation in catalytic current density with
both film composition and phase behavior, there is no
indication that the Pt conducting underlayer contributes
meaningfully to the electrochemical characterization in Figures
1 and 2a, but given the importance of the Sb—Mn catalyst
being free of precious metals, its activity was also validated by
depositing a film on an FTO-coated glass substrate. This
conducting layer limits the ability to characterize the catalyst
thin film due to its interference with both XRF and XRD
measurements, prompting our target of approximately x = 0.67
and annealing at 550 °C to provide sufficient XRD intensity to
confirm that the film crystallized in the rutile structure (Figure
S1). We performed 40 min of continuous CV cycling of the
film, corresponding to 45 cycles as shown in Figure 2b. While
some degradation is observed in the first few cycles,
electrocatalytic activity is maintained over the course of the
experiment, with the overpotential required to reach 10 mA
cm™? increasing by only 1S mV (from 508 to 523 mV) during
the measurement.

3.2. Stability of Catalyst Activity and Composition.
Further evaluation of operational stability was performed by
operating larger samples in a traditional electrochemical H-cell
with carbon counter electrode. A 1.75 cm? electrode
containing FTO-supported Mny;,Sby3,0, (composition de-
termined by ICP-MS) annealed at S50 °C was cycled between
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1.23 and 1.83 V vs RHE (uncompensated) at 0.02 V s™'. Over
the course of 4320 CV cycles, aliquots of electrolyte were
extracted to quantify the dissolved concentrations of Sb and
Mn via ICP-MS. The electrolyte was replaced after 6 h of
testing to confirm that catalytic activity continued after
returning the metal concentrations to near-zero. Similar
experiments were performed on a Mn,0; electrode for
comparison, with measurements stopped after 40 cycles due
to loss of activity. The results are summarized in Figure 3,
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Figure 3. (a) IR-compensated CVs in 1.0 M H,SO, solution between
1.23 and 1.83 V vs RHE at a rate of 0.02 V s~ of two epoxy-
encapsulated electrodes: Mny;,Sbg 300, and Mn, 05, which were both
deposited on FTO and annealed at 550 °C (see Figure S16 for non-
IR-compensated CVs). (b) Current density obtained at the maximum
potential in each CV cycle for both Mny,Sby30, and Mn,0;
electrodes. (c) Cumulative fraction of dissolved metals as determined
by ICP-MS measurements of the electrolyte.

revealing that the initial high current density provided by
Mn,O; quickly decays due to corrosion of 87% of the
deposited Mn within 40 CV cycles. The Mn,Sbg 300,
degrades much more slowly with loss of approximately half
of the 170 nm film after 4000 cycles, which corresponds to loss
of approximately 0.1 monolayer per cycle, which exposes a new
catalyst surface that is likely similar to the as-synthesized
catalyst. The ICP-MS measurements also included complete
digestion of the Sb—Mn catalyst film after testing as well as
testing of the counter electrode and electrolyte to confirm the
absence of precious metals up to the detectability limit of ~1
ppb.

Stability measurements with less CV cycling were performed
on a 0.22 cm’ electrode containing Pt-supported
Mny 6,Sby 330, (composition determined by XRF) annealed
at 700 °C. In addition, an epoxy-encapsulated electrode of the
Pt/Ti/SiO,/Si substrate (0.34 cm?) was fabricated as a control
sample to confirm that the conductive Pt underlayer does not
contribute to the electrochemical characterization of the Sb—

Mn catalyst (see Figure S18). The series of CV, CA,
chronopotentiometry (CP), and open circuit potentiometry
(OCP) measurements performed on the Mn—Sb catalyst is
summarized in Figure 4, including approximately 27 h of CA
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Figure 4. (a) Series of CA measurements at 1.72 V vs RHE (490 mV
overpotential) in 1.0 M H,SO, solution of epoxy-encapsulated rutile
Mng 4,Sby 330, electrode annealed at 700 °C. (b) Two IR-
compensated CVs at 0.01 V s™" in between CA measurements: one
is after 2 h, and the other is at the end of about 25 h of catalyst
operation, which is also plotted in log-scale in blue color (see Figure
S19 for non-IR-corrected CVs). (c) A subsequent batch of
experiments on the same electrode where another 2 h CA
measurement between two 20 min open circuit potential (OCP)
measurements shows the decrease in current density during the CA is
concurrent with an increase in the open circuit potential, which then
“recovers” on the time scale of 10 min at open circuit. These
measurements are followed by a 2 h chronopotentiometry (CP)
measurement at current density of 10 mA cm™ that is fairly stable at
an overpotential of 586 mV for the final hour.

experiments at 1.72 V vs RHE along with two CV cycles
acquired after both 2 and 25 h of CA measurements. The Sn-
free electrode enabled quantification of elemental corrosion
from XRF characterization of the film before and after
electrochemical operation, as summarized in Figure S20 and
Table S3, revealing substantially less corrosion than that
observed in Figure 3¢, with 3.8% of Sb and 25% of Mn
corroded after approximately 30 h of electrochemical
operation. This disparity in elemental corrosion from the
409 nm film indicates that the equivalent of ~5 nm of Sb oxide
dissolves while Mn dissolves from at least 100 nm of as-
synthesized film thickness, indicating that slow Mn corrosion
proceeds via diffusion through an Sb-rich surface. The
resistance-compensated CVs in Figure 4b reveal the excellent
electrocatalytic activity with current density exceeding 50 mA
cm™? at 0.58 V overpotential. The low-current-density portion
of the log-scale CV indicates that the onset of catalytic current
is near 0.3 V overpotential, while the high-current-density
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Table 1. Analysis of the Total Anodic Charge from Stability Testing of a Mn Oxide and 3 Sb—Mn Oxide Electrodes”

as-synthesized conducting anneal temp CA + CP time Ccv total charge O, per corroded O, per corroded
composition figure layer (°C) (hours) cycles () n Sb

Mn, 3 FTO 550 40 0.872 2.0

Mng;Sbg 33" 2 FTO 550 45 0.078 71

Mny5Sbg 30 3 FTO 550 3240 19.444 86 1.9 x 10
Mn, ¢,Sbg 33 4 Pt 700 29 2 31.626 7.5 X 10 1.0 x 10*

“Using XRF and/or ICP-MS to determine the dissolved Mn and Sb concentrations, and assuming 2 e~ per Mn and 1 e per Sb corrosion processes,
the total OER charge was used to quantify the amount of O, produced, which was then divided by the respective number of corroded metal atoms.
This composition was not measured due to overlap of the XRF Sb peak with Sn peak from the FTO layer. The composition was estimated based

on XRD data and comparisons to other libraries.

portion (0.1-100 mA cm™?) shows a Tafel slope of about 75
mV dec™.

Figure 4a shows consistent current density above 0.5 mA
cm™? intermixed with a series of current transients which occur
whenever the potentiostat is turned off to create an open
circuit condition. When the open circuit duration is on the
order of 1 min, the initial current density upon reapplication of
the CA voltage is approximately 1 mA cm™> longer open
circuit durations (40 min) restore the current density to
approximately the initial value of 3 mA cm™2. To further probe
these phenomena, Figure 4c contains additional experiments
starting with a 20 min OCP measurement which reveals that
upon introduction to the electrolyte the open circuit potential
is near the OER Nernstian potential. After a 2 h CA at 1.72V
vs RHE, the subsequent 20 min OCP starts at a higher value
that decreases on the scale of 10 min; this change in OCP
indicates a change to the catalyst surface that is responsible for
the initial transients in activity for each CA measurement in
Figure 4a,c. While this ability to recover activity at open circuit
seems desirable, the deployment of this catalyst to attain stable
OER operation hinges upon understanding the mechanism of
current density restoration, particularly given the observation
from Figure 3b that voltage cycling accelerates Sb and Mn
dissolution.

To better quantify the differences in stability both between
Mn,0O; and the Mn—Sb oxide alloy and between CV cycling
and operation at more static potential, the total charge passed
during respective measurements was compared with the
amount of corroded Mn and Sb to determine the number of
OER turnovers (4 e~ per O,) per corroded Mn (assumed 2 e~
per Mn, see the SI) and per corroded Sb (assumed 1 e~ per Sb,
see the SI). This quantity is similar to the turnover number
(not turnover frequency) indicating the number of catalytic
cycles before deactivation. The results in Table 1 demonstrate
that the Mn—Sb catalyst provides a 40-fold improvement over
Mn,0; in the generated O, per corroded Mn ion during CV
cycling. The catalyst operated primarily under CA and CP
modes exhibits an additional ~100-fold improvement,
although notably this sample also differs in its substrate and
annealing temperature. The low Sb corrosion during this
measurement results in 10* O, per corroded Sb. The
stoichiometric phase MnSb,0, corresponding to the x
0.33 sample in this work, was recently reported as an OER
catalyst in 1.0 M H,SO, electrolyte, and 60% Mn loss was
observed over 168 h of CP operation,mci indicating that
substantial Mn loss also occurs in Sb-rich compositions and
motivating more detailed assessment of the thermodynamics of
Mn—Sb rutile oxides.

3.3. Computational Assessment of Solid State and
Aqueous Stability. Computational assessment of Mn—Sb
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rutile oxides commenced with solid-state stability as a function
of alloy composition, particularly because the rutile phase has
only been previously observed at Mn concentrations up to
Mny sSby50,,*” so our observation of continued alloying up to
x = 0.70 constitutes the discovery of new phase behavior in this
composition space. To evaluate the phase stability of rutile
alloys, supercells containing 6 cation sites were populated with
Sb and/or Mn to create a series of 7 compositions: x = 0, 1/6,
1/3,1/2,2/3,5/6,and 1. A 2 X 2 X 2 supercell of rutile TiO,
(substituted at x = 1/2 to form MnSbQO,) is also considered as
a template, with compositional perturbations yielding
structures with formula Mn,Sb,_,O, where x = 3/8, 7/16,
1/2, 9/16, and S/8. The formation energy (AE,,) for each
phase is shown in Figure S along with the nonrutile phases

1]
0.6 . * 1 .
z 04
C
3
< 0.2
3
~ 0.0{ sb,0s Mn,0;
w—0.2
<
A rutile
=04 Mn(5b0s), e non-rutile
0 02 04 06 08 1.0

X, Mn/(Mn+Sb )

Figure 5. Grand potential phase diagram: calculated formation energy
(AEg,,) variation with the composition for phases in Mn—Sb—O
system at 700 °C and 0.2 atm O,, in addition to the rutile structure
TiO, and trirutile CoSb,O4. The rutile and nonrutile phases are
indicated with green triangles and black circles, respectively. The
nonrutile phases in Mn—Sb—O system are provided in Figure S21, SI.
The shaded region indicates the above-hull energy of the rutile
structures.

from the Materials Project database, revealing that a rutile alloy
lies on the convex hull only at x 1/2. At x = 1/3, the
hexagonal phase MnSb,Og is energetically more favorable with
formation energy only 20 meV (formula unit)™' below the
rutile structure, which is well within the characteristic 80 meV
(formula unit)™ window of the generalized-gradient-based
(GGA-based) above-hull energy where most synthesizable
phases are found.” Rautile alloys exist in this 80 meV (formula
unit) "' above-hull window from approximately x = 1/3, which
matches our experimental observation of the rutile alloy phase
boundary with 700 °C annealing, to approximately x = 2/3,
which is in good agreement with our experimental value of x =
0.70.

This series of rutile oxide alloys also enables evaluation of
the thermodynamic enhancement in Mn stability provided by
the Sb—Mn rutile oxide (Figure 3 and Table 1). Stability

DOI: 10.1021/acscatal.8b02689
ACS Catal. 2018, 8, 10938—10948


http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02689/suppl_file/cs8b02689_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02689/suppl_file/cs8b02689_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02689/suppl_file/cs8b02689_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b02689

ACS Catalysis

Research Article

analysis for OER conditions in strong acid was assessed with
Pourbaix calculations using the recently developed formalism
for calculating the above-hull energy for a given material as a
function of pH and potential.** Figure 6a shows the calculated
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Figure 6. (a) Calculated Gibbs free energy above hull at pH 0 for 3
Mn—Sb rutile alloys at x = 1/3, 1/2, and 2/3, respectively, along with
Mn,0; and IrO, as comparison in the potential range 0—2.2 V vs
SHE. The moderate overpotential portion of Pourbaix above-hull
energy reveals that all 3 Mn—Sb rutile alloys are more thermodynami-
cally stable than IrO, in strong acid. Computationally predicted
Pourbaix diagram of Sb—Mn—O system at pH = 0—2 range for Mn
content (b) x = 1/3 and (c) x = 2/3, respectively. The Mn and Sb ion
concentrations each fixed at 107° M. The Gibbs free energy (Aprx)
of the rutile MnSb,04 and Mn,SbOg with respect to the Pourbaix
stable phases is superimposed on the corresponding Pourbaix diagram
and represented by the color bar. The red dashed lines denote
potential of 1.23 V vs RHE (OER potential).

Pourbaix above-hull energies at pH 0 for 3 Mn—Sb rutile alloys
(with composition of x = 1/3, 1/2, and 2/3), revealing that all
three Mn—Sb compositions (MnSb,0Os, MnSbO,, and
Mn,SbOg) are thermodynamically more stable than IrO, in
strong acid at moderate overpotential, although these results
do not account for any differences in corrosion kinetics. Since
the Mn—Sb catalysts need to be operated at higher
overpotentials, the energy above hull at OER operation is
similar for IrO, and these precious-metal-free catalysts.

Figure 6b,c contains the resulting Pourbaix above-hull
energy for the trirutile phase MnSb,O4 (x = 1/3) and the
rutile alloy Mn,SbOg (x = 2/3) with Mn and Sb ion
concentrations each fixed at 107 M. The corresponding
Pourbaix diagrams show that the x = 1/2 rutile alloy MnSbO,
is thermodynamically stable in strong acid for moderate OER
overpotentials. Since the Mn-rich alloys from the solid-state
stability analysis of Figure 5 do not lie on the convex hull of
AEg,,, they cannot appear in the Pourbaix hull and thus
cannot appear in the Pourbaix diagram. Figure 6¢ shows that,
at 1.5 V vs RHE, just below the OER onset potential noted
above, Mn,SbOg¢ has a small driving force for decomposing
into MnSbO, and MnO, solids, which arises only from the
difference in AEg,, shown in Figure 5 and indicates that no
corrosion will occur under these electrochemical conditions. At
higher and lower OER potentials, the Pourbaix analysis
predicts that Mn will corrode as MnO,” and Mn?’,
respectively, indicating that substantially improved stability
may be obtained through catalyst optimization to slightly lower
the onset potential and enable stable operation under tight
potential control.

The Pourbaix analysis of Figure 6 also indicates that, under
the potential range of the CVs in Figures 2—4, Sb is
thermodynamically stable, in contradiction to the observed
Sb dissolution under CV cycling. The corrosion curves of
Figure 3c demonstrate that Sb and Mn are dissolved in
proportion to the film composition. With no candidate
electrochemical pathways for this dissolution, this degradation
may be mechanical in nature, which we explore by calculating
the Sb-atom normalized ratios between the volumes of Sb,0O4
and Mn,Sb, O These values, analogous to the Pilling—
Bedworth ratios, are 0.89, 0.76, and 0.57 for x = 1/3, 1/2, and
2/3, respectively, and suggest that corroding Mn from the
near-surface will create increasing compressive strain with
increasing Mn in the as-synthesized film material, which makes
the Mn-rich compositions more susceptible to any mechanical
degradation that is triggered by CV cycling. This possibility of
mechanical degradation not only highlights the importance of
optimizing catalyst morphology in future development, but
also underscores the difference in degradation during CV
cycling compared to the diffusion-limited Mn corrosion that
occurs during catalyst operation at appreciable overpotential.

Another key observation from Figure 6a is that, under OER
potentials, the Sb—Mn rutile oxides are more stable than
Mn,O; by 0.5—1 eV atom™". Considering that Sb,Oj is stable
under these conditions, this thermodynamic stabilization can
be viewed as a stabilization of the Mn, motivating investigation
of the presence of low-valent Mn in the Mn—Sb rutile oxide
catalyst, which is pursued below.

3.4. Identification of Low-Valent Mn and Its Mecha-
nistic Importance. Characterization of the ionic composition
of the Mn—Sb rutile oxides commenced with XAS character-
ization of 4 samples after the 200 s CA measurements in Figure
2a (postelectrochemistry samples), as well as 4 as-synthesized
samples with x = 0.35, 0.38, 0.53, and 0.69. As seen in Figure
7a, there is no measurable change of Sb K-edge signal over the
range of composition measured, and the Sb XAS signal is
unaffected by the 200 s CA measurement, corroborating the
electrochemical stability of Sb. All of the Sb K-edge spectra
match well with the reference of Sb,Oj indicating that Sb is
present as Sb*" across the entire composition range of rutile
alloy Mn,Sb,_,O,. More variability is observed in the Mn XAS
signals (Figure 7b), and importantly the variability is primarily
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Figure 7. (a) Sb and (b, ¢) Mn K-edge XAS spectra of rutile alloy
Mn,Sb,_,O, at a series of Mn concentrations for both as-synthesized
and postelectrochemistry films. The reference antimony and
manganese oxides with known oxidation states are shown in dashed
lines.

a function of as-synthesized composition and not introduced
by the 200 s CA measurement. This indicates that while some
Mn corrodes from the film, the remaining Mn does not
experience any irreversible electrochemical oxidation during
catalyst operation. Each Mn K-edge spectrum exhibits an
absorption edge energy that increases with Mn concentration
in the rutile alloy but remains between that of the Mn** and
Mn*" reference spectra, corresponding to an increase in the
average Mn oxidation state with increasing x, as shown in
Figure 8.

If the rutile alloy maintains a 2 oxygen per cation
stoichiometry, and the O and Sb remain in their respective
—2 and +5 formal oxidation states, charge balance requires the
average oxidation state of Mn in Mn,Sb,_,O, alloy to be 5 —
x~", as shown in Figure 8. At x = 1/3, this gives the Mn*"

post-echem

as-synth

XAS average Mn
oxidation state

2.4-
1
2.0 \.S_X . :
03 0.4 05 06 07

X, Mn/(Mn+Sb)

Figure 8. Average Mn oxidation state derived from XAS measure-
ments for both as-synthesized and postelectrochemistry films,
showing a marked increase in Mn oxidation state with increasing
Mn concentration. The formal Mn oxidation state corresponding to y
in Mr’,Sb%*,_ 0%, is also shown in gray. Note that the post-
electrochemistry samples are plotted according to their post-
electrochemistry XRF values of x.

reported”™ to exist in the trirutile MnSb,Oy and predicts that
the average Mn oxidation state would exceed +3 within our
observed rutile alloy composition window. While the XAS
results share the qualitative behavior of increasing Mn
oxidation with increasing Mn concentration, which is further
corroborated by Bader charge analysis of the computational
structures (Figure S14), the +3 value is only reached at the
phase boundary of the Mn-saturated rutile alloy and Mn,Os.

The low average Mn oxidation state at high Mn
concentrations suggests that the Mn-rich rutile alloys exhibit
some combination of O vacancies and/or covalent Mn—O
bonding that corresponds to deviations from the formal integer
valences. The formation energy for an O vacancy was evaluated
with supercell calculations (Figure S22) revealing above-hull
energies as low as 0.16 eV (formula unit) ™' near x = 0.5 with
higher above-hull energies at both Mn-rich and Sb-rich rutile
oxide compositions, which does not plausibly explain the
observations of Figure 8 considering that balancing charge for
the Mn-rich compositions would require about 10% of O*~
sites to be vacant. Analysis of the relative Bader charge for O in
the rutile oxide supercells (Figure S14) reveals that its absolute
value decreases and becomes more variable over the 12
supercell sites as the Mn concentration increases, which is an
indicator of increasing Mn—O covalency in the Mn-rich rutile
oxide alloys. Formation of Mn*" would enabled more ionic
bonding, and some intuition for the absence of this
phenomenon can be gained from analysis of ionic radii
considering that Mn*" has about 10% lower ionic radius than
the approximately equal radii of Sb> and Mn*".** To further
characterize the Mn—O bonds, we return to the XAS
characterization where the Mn—K extended X-ray absorption
fine structure (EXAFS) signals were generated for the most Sb-
rich and Mn-rich as-synthesized samples from Figure 7 and
analyzed by fitting the first coordination shell (Figure S12).
For x = 0.35, the fitted Mn—O bond distance for MnOyq
octahedra was 2.13 A, whereas two Mn—O bond distances
(approximately 1.9 and 2.2 A) were required to fit the EXAFS
data at x = 0.72. This variation in the Mn—O bond distance is
in good agreement with the supercell rutile model at x = 0.67,
which has ~3% larger volume due to 3% larger value of the ¢
lattice parameter compared to experiment (see Figure S13). In
this 18 atom supercell, the Mn—O distances range from 1.93 to
2.04 A, and the Mn—Mn nearest neighbor distances vary from
2.97 to 3.56 A. Collectively, these results are consistent with
Jahn—Teller distortions that are common to Mn’* oxides and
indicate that the catalyst contains a mixture of edge-sharing
and corner-sharing Mn**Og octahedra.””*®

While the Pourbaix analysis combined with XAS analysis
highlights the stabilization of Mn*" under OER conditions in
the Sb—Mn catalyst, direct observation of surface species
during catalyst operation is notoriously difficult. We performed
the related measurement of XPS analysis of the near-surface
chemistry after OER operation, both in vacuum and under
exposure to H,O, the latter measurement enabled by recent
development of ambient pressure XPS (AP-XPS).” An
electrode similar to that of Figure 3 was cycled 50 times
between 1.23 and 1.83 V vs RHE (same as Figure 3) and
subsequently cut from the epoxy-sealed electrode for XPS
analysis. The survey scan in Figure 9a shows approximately
equal concentrations of Sb and Mn in the near-surface region.
The measurement was also performed on an as-synthesized
Mn,O; film to enable comparison of the Mn oxidation state.
The inset shows the Mn 3s doublet from each material, and the
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Figure 9. XPS analysis of a Mn,O; film (as-synthesized) and
Mny;0Sby 300, sample after SO CVs in 1 M H,SO, (see Figure S15).
(a) Survey scan shows the as-synthesized elements as well as S from
the electrolyte. Analysis of the Mn 2p and Sb 3d;, signals indicates
the near-surface Mn:Sb is approximately 1:1. The inset shows the Mn
3s signal from both films, where the larger peak splitting in the Sb—
Mn film is due to the presence of Mn**. (b) Using AP-XPS, Mn 2p
spectra on the Mny ,Sby 300, sample reveal the presence of the Mn**
satellite feature, indicating a mixture of Mn** and Mn>* in the near-
surface. The intensity of the satellite feature is lower upon exposure to
0.2 Torr H,O but still present, demonstrating oxidation resistance of
the Sb—Mn film.

5.4 eV peak splitting for the Mn,O; film is just below the
literature value of 5.5 eV* for Mn*, indicating an average
oxidation state above +3. The higher 5.6 eV splitting from the
postelectrochemistry Mn—Sb catalyst indicates an average
oxidation state below +3 (literature value for Mn*" peak
splitting is 5.9 eV), demonstrating that the mixture of Mn*"
and Mn*" in the bulk (Figures 7 and 8) also appears in the
near-surface region, likely with a higher prevalence of Mn*'. To
assess whether this mixture of Mn** and Mn*" oxidizes upon
water exposure, AP-XPS of the Mn 2p region was performed in
0.2 Torr H,O where the signal appeared stable over 90 min of
water exposure. Figure 9b compares this signal to that
measured in vacuum before water exposure. While the Mn
2p peak positions for Mn®>* and Mn*" are similar, the
distinguishing feature of Mn®" is a satellite feature that is
observed in the vacuum measurement and still observed with
somewhat lower intensity upon water exposure. There is no
indication of oxidation to Mn*', with these results corroborat-
ing the Pourbaix and XAS analysis that Mn>* and Mn®* exist in
the near-surface region and are resistant to oxidation.

The OER environment is more oxidizing than the AP-XPS
environment, making the Pourbaix analysis the most definitive
characterization of stable Mn species, from which the 0.5—1 eV
atom ™" stabilization of Mn®* is the most distinguishing feature
of the Mn—Sb rutile oxides, which is in excellent agreement
with present understandinﬁg of the importance of Mn*" in
catalyzing the OER.*%*?% Mn*" octahedra, both in corner-
sharing and edge-sharing configurations, have been established
as the predominant active species through extensive analysis of
Mn oxide and hydroxide OER catalysts.””*° As noted above,
the Mn-rich rutile oxides have both corner- and edge-sharing
octahedral, which explains why stabilization of Mn®" is critical
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for realizing its OER activity in strong acid. The increasing
Mn—O covalency in the Mn-rich rutile oxide alloys, which
exhibit the highest activity, is in excellent agreement with
previous analysis of electrochemically activated Mn®" in acid,
for which the OER activity is attributed to a reduction in the
HOMO-LUMO gap that increases the metal—oxygen
covalency and therefore increases the equilibrium concen-
tration of reactive oxyl radical species.””*” Through analysis of
variation in OER reaction mechanism with electronic structure
of transition-metal oxides (including multimetal oxides), the
metal—oxygen covalency was determined to be a key
differentiator between the conventional coupled electron—
proton transfer mechanism and a mechanism in which
nonconcerted proton—electron transfer is coupled to lattice
oxygen activation.”® The increased Mn—O covalency of the
Mn-rich rutile oxides, as identified by Bader charge and XAS
analyses, indicates that OER proceeds via the nonconcerted
mechanism on the Mn—Sb rutile oxides, which explains the
sharp increase in activity with increasing Mn concentration and
crystallization into the rutile structure (Figure 1).

4. CONCLUSIONS

Stable oxygen evolution catalysis in strong acid electrolyte
poses substantial challenges for non-precious-metal electro-
catalysts, with Mn oxide species able to provide substantial
activity if incorporated in an environment that stabilizes Mn**.
We show that such stabilization is provided by alloying Mn
into a (Sb,Mn)O, rutile structure, in particular with Mn-rich
alloys that are reported here for the first time and supported by
extensive DFT calculations including Pourbaix analysis that
highlights the role of Sb and the rutile structure in stabilizing
Mn*" under OER conditions in acid. Characterization of the
alloys by synchrotron X-ray absorption spectroscopy, which is
supported by AP-XPS and computational analysis, reveals an
increase in Mn’* concentration as well as Mn—O covalency
with increasing Mn content in the alloy, both of which increase
OER activity and make these manganese antimonates the most
promising electrocatalysts for water electrolysis in acidic media
without precious metals.
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