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Abstract

The development of inexpensive and abundant catalysts with high activity, selectivity, and
stability for the oxygen reduction reaction (ORR) is imperative for the widespread
implementation of fuel cell devices. Herein, we present a combined theoretical-
experimental approach to discover and design first-row transition metal antimonates as
promising electrocatalytic materials for the ORR. Theoretically, we identify first-row
transition metal antimonates — MSb20e, where M = Mn, Fe, Co, and Ni — as non-precious
metal catalysts with promising oxygen binding energetics, conductivity, thermodynamic
phase stability and aqueous stability. Among the considered antimonates, MnSb20s
shows the highest theoretical ORR activity based on the 4e- ORR kinetic volcano.
Experimentally, nanoparticulate transition metal antimonate catalysts are found to have
a minimum of a 2.5-fold enhancement in intrinsic mass activity (on transition metal mass
basis) relative to the corresponding transition metal oxide at 0.7 V vs RHE in 0.1 M KOH.
MnSb20s is the most active catalyst under these conditions, with a 3.5-fold enhancement
on a per Mn mass activity basis and 25-fold enhancement on a surface area basis over
its antimony-free counterpart. Electrocatalytic and material stability are demonstrated
over a 5 h chronopotentiometry experiment in the stability window identified by Pourbaix
analysis. This study further highlights the stable and electrically conductive antimonate
structure as a promising framework to tune the activity and selectivity of non-precious
metal oxide active sites for ORR catalysis.
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1. Introduction

Fuel cells are a promising class of energy conversion devices for transforming chemical
energy to electricity.! Coupled with hydrogen from renewable energy, these devices are
particularly attractive for future transportation and stationary power sectors owing to their
high energy efficiency, ease of operation, fast refueling, and zero emissions.? A Hz-fuel
cell device consists of two half-cell reactions: the reduction of Oz at the cathode, and the
oxidation of Hz at the anode. Although this technology has been around for many
decades, its performance is still hindered by several challenges, including the sluggish
kinetics of the oxygen reduction reaction (ORR) at the cathode, which governs the overall
efficiency of fuel cells. To date, the most efficient catalysts for the ORR are platinum (Pt)-
based materials supported on carbon.?-®> However, Pt-based catalysts have significant
energy losses and are further limited in part because of the high cost and scarcity of Pt,
as well as insufficient durability of the catalysts under operating conditions.3° To address
this challenge, the discovery and development of stable, active, selective, and cost-
effective Pt-free ORR catalysts is imperative.

Extensive studies have been carried out over the past decades to examine a wide range
of Pt-free materials as next generation ORR catalysts, including Pt-free transition metal
(TM) alloys and intermetallics, transition metal-nitrogen—carbon (M-N-C) catalysts,
where M = Fe or Co, and transition metal oxides, nitrides, carbides, phosphides, and
chalcogenides.#68 Though some of these materials have shown ORR activity
approaching that of commercial Pt-based catalysts, their application in polymer electrolyte
membrane fuel cell devices has been hampered due to stability issues.®'° An emerging
technological alternative is the anion exchange membrane fuel cell, which operates at
higher pH, allowing for a wider range of stable materials. In alkaline conditions, transition
metal oxide catalysts have shown a reasonable performance for the ORR.7.811-14 For
these catalysts, efforts have focused on utilizing frameworks such as perovskites to tune
the oxidation state and coordination of the transition metal active site to improve activity,
stability, and selectivity to the 4 e~ ORR.'® Recently, the family of first-row transition metal
antimonates — MSb20s, where M = Mn, Fe, Co, and Ni — have gained interest as
electrocatalysts for a related reaction, the oxygen evolution reaction (OER), due to their
unique properties, such as high electrical and thermal conductivities, tailorable electronic
features, high melting points, exceptional hardness, and chemical resistance to
corrosion.'®-2" In particular, Mn, Ni-Mn, and Co antimonates have shown significant
activity for the OER.'7=9 These promising results for the OER motivate the investigation
of first-row transition metal antimonates for the ORR, which, to the best of our knowledge,
has not been previously reported.

Herein, we use both theory and experiments to systematically study the activity,
selectivity, stability, and nature of first-row transition metal antimonate electrocatalysts for
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ORR. Using density functional theory (DFT), we determine the unique surface
terminations and active sites, the realistic coverages under ORR conditions, and
kinetically-determined activities of Mn, Fe, Co, and Ni antimonates for the ORR, in
comparison with pure metal oxides. Experimentally, these catalysts are synthesized and
rigorously characterized to understand the effect of the antimonate framework on material
properties. The synthesized nanoparticulate antimonates are found to have enhanced
intrinsic activity relative to their corresponding oxides in alkaline environments. Employing
Pourbaix, electrochemical, and material analysis, the antimonates are found to be stable
for the ORR under alkaline conditions. Overall, the first-row transition metal antimonates
are found to be a promising class of materials for ORR and the antimonate structure is
highlighted as a framework for rationally tuning transition metal utilization and selectivity.

2. Methods

2.1 Computational Details

Periodic spin-polarized density functional theory (DFT) calculations were performed using
the RPBE exchange correlational functional,?? a plane-wave basis set with a cut-off kinetic
energy of 500/400 eV for bulk/surface calculations, and the projector-augmented wave
(PAW) method as implemented in the Vienna Ab-initio Simulation Package (VASP
version 5.4.4).2324 PAW pseudopotentials and Hubbard U correction values of 3.9 eV
‘Mn’, 5.3 eV ‘Fe’, 3.32 eV ‘Co’, 6.2 eV ‘Ni’ were selected according to the Materials Project
(MP) database.?® The electronic convergence criterion was 104 eV, while the force
criterion for geometry relaxation was 0.05 eV A-1. I-centered k-point grid of 50/a x 50/b
x 50/c and 30/a x 30/b x 1 with non-integer values rounded up to the nearest integer were
used for bulk and slab calculations, respectively. In all the slabs, the bottom half of the
slab in the vertical z-direction was constrained at the bulk positions, while the top half of
the slab and the adsorbed species were fully relaxed. The slabs were separated in the
perpendicular z-direction by 12 A of vacuum, and a dipole correction was applied. All
crystal structure manipulations and data analysis were carried out using the Python
Materials Genomics package (Pymatgen)?¢ and Atomic Simulation Environment (ASE).2”

ORR catalytic activities of the different surfaces were evaluated based on the recently
developed 4e- ORR kinetic volcano using the microkinetic model for oxides and based
on the theoretical thermodynamic limiting potential (UL), defined as the highest potential
at which all the reaction steps become exergonic by assuming an associative reaction
mechanism with OOH*, O*, and OH* as reaction intermediates.’*22 The computational
hydrogen electrode (CHE) was used to express the chemical potential of the proton-
electron pair (H* + e-), which relates chemical potential of the proton-electron pair with
chemical potential of gas-phase Hz molecule based on the equilibrium p[H*] + ple”] =

%M[Hz(g)] at 0 Urne (where RHE is the reversible hydrogen electrode) and corrects the



driving force with the deviation of the applied potential from the equilibrium situation.?8 In
order to avoid the use of Oz electronic energy, which is difficult to determine accurately
within standard GGA-DFT, the experimental free energy of 2H20 — Oz + 2H2, AG = 4.92
eV was used. The adsorption free energies of these ORR reaction intermediates (AGor,
AGon+, and AGoow+) are calculated as AGadsorption = AEDFT + AEzPE + f0298'15 C,dT — TAS,
where AEprr is the difference in DFT calculated electronic energy, AEzee is the difference
in zero-point energies, f0298'15

C,dT is the difference in integrated heat capacity from 0 to
298.15 K, AS is the change in entropy of the adsorbed species, and calculated with
respect to the catalyst surface, relative to H20(g) and Hz(g) at U=0 V and standard
conditions (T = 298.15 K, P = 1 bar, and pH = 0) (See Supporting Information). The
difference between the equilibrium potential of U = 1.23 V and the limiting potential is
referred as the theoretical overpotential (n), i.e. n=1.23 V — UL. Lower n or higher UL
indicate improved theoretical ORR activity. It is important to note that n should not be
compared directly with a measured overpotential, since the measured overpotentials
depend on the current density.>

2.2 Materials

Used as received unless otherwise noted: antimony chloride (Alfa Aesar, 99.9%),
manganese nitrate tetrahydrate (Sigma Aldrich, =97.0%), cobalt nitrate hexahydrate
(Sigma Aldrich, =98%), nickel nitrate hexahydrate (Sigma Aldrich, 99.999% trace metals
basis), iron nitrate nonahydrate (Sigma Aldrich, 99.99% trace metals basis), ethanol
(Sigma Aldrich, anhydrous =99.5%), ethylenediamine (Sigma Aldrich, 99+%), boron
nitride (Alfa Aesar, 99.5% metals basis), potassium hydroxide (Fisher Chemical, 86.4%
assay), perchloric acid (Honeywell Fluka, 70%), glassy carbon electrodes (Pine Research
Instrument, 0.196 cm? geometrical area, polished), graphite counter electrode, and
Ag/AgCl reference electrode (Fisherbrand, Accumet).

2.3 Synthesis

The antimonate catalysts were synthesized using a colloidal synthesis method, as
reported in the literature.?® Antimony chloride and ethylenediamine are air and moisture
sensitive and must be handled in inert atmosphere in a glovebox. Briefly, 5 mmol of
transition metal nitrate(s) and 10 mmol (2.28 g) antimony chloride (SbCls) were dissolved
in ethanol. 0.5 mL of ethylenediamine was dissolved in ethanol and then added to the
transition metal nitrate-SbCls mixture. The mixture was stirred for 24 h then transferred to
a furnace boat and dried for 8 h at 200 °C. The resulting powder was ground and then
calcined for 5 h at 800° C to produce the antimonate.

2.4 Physical Characterization
X-ray photoelectron spectroscopy (XPS) was performed using a Phi Versaprobe 3 with
monochromatized Al Ka (1486 eV) radiation. The spectra were calibrated to the
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adventitious C 1s peak at 284.8 eV. Using CasaXPS software, peak fitting was performed
with Shirley backgrounds and Gaussian-Lorentzian line shapes. Powder x-ray diffraction
(PXRD) data were obtained using a D8 Venture single crystal diffractometer (Bruker,
A=1.5418 A). Transmission electron microscopy (TEM) experiments were carried out in a
FEI Titan 80-300 kV Environmental TEM operated at 300 kV. The TEM was equipped
with an image corrector which allows 0.07 nm resolution for high resolution TEM imaging.
Selected area diffraction patterns were taken using the same machine and were
calibrated using a standard Si [110] diffraction pattern. Scanning transmission electron
microscopy with energy dispersive x-ray spectroscopy (STEM-EDS) and STEM annular
dark field (STEM-ADF) was performed with a probe size of 0.3 nm to map elemental
composition of the catalysts. The STEM-ADF images were taken with convergence
angles of 19-25 mrad. Soft x-ray absorption spectroscopy (XAS) data for O K-edge and
Mn, Fe, Co, and Ni L-edges were collected at the Stanford Synchrotron Radiation Light
Source (SSRL) on BL 8-2 in total electron yield (TEY) mode, with a probe depth of 10 nm.

The collected data were normalized to the L2 edge jump after subtraction of the pre-edge
region with the Athena and Larch softwares.3%-31 MnO2, Mn203, Mn foil, Fe(ll1)Ox, Fe foil,
Co0, Co foil, NiO, Ni foil, Sb204, and antimony-doped tin oxide (ATO, Sb20s) were used
as standards. Sb Lz and L1 edges at 4130 eV and 4700 eV, respectively, were collected
on BL 4-1 at SSRL in transmission mode under He atmosphere to avoid the x-ray
attenuation from air, while Mn K-edge at 6540 eV was measured on the same beamline
with similar configuration. Sb204, ATO, MnO2, Mn3O4, and Mn20s were used as
standards. The data were normalized by the edge-jump after subtraction of a linear pre-
edge with the Athena and Larch softwares.3%3!" N2 physisorption (BET) experiments were
carried out on a Micromeritics 3Flex instrument. The samples were degassed under
vacuum at 250 °C for 12 h prior to N2 adsorption at liquid nitrogen temperature. X-ray
fluorescence (XRF) measurements were conducted in a Spectro Xepos HE XRF
Spectrometer.

2.5 Electrochemical Characterization

Electrochemical measurements were conducted using a rotating disk electrode (RDE) in
0.1 M KOH electrolyte purged with Oz or N2 with a graphite counter electrode. Selectivity
for the 2e- versus 4e- ORR was measured using a rotating ring disk electrode (RRDE)
with a Au ring collection efficiency of 21%, as calibrated using the Fe(CN)s®—Fe(CN)s*
redox couple. The Ag/AgCl reference electrode was calibrated using a reversible
hydrogen electrode. The iR losses were compensated during the measurement at 85%,
using the series resistance of the cell measured at 100 kHz. Electrochemical activity was
measured using cyclic voltammetry employing a Biologic VSP-300 Potentiostat. All
voltammograms were corrected for background current by subtracting the N2 baseline.
The working electrodes were prepared by drop casting the catalyst inks onto the glassy
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carbon electrodes for a catalyst mass loading of 0.25 mg cm2ge0 and catalyst to carbon
ratio of 4:1. A typical ink composition consisted of 2.0 mg of catalyst sonicated in 0.3 mL
of IPA with 6 uL of Nafion with 0.5 mg of vulcan C.

3. Results and Discussion

3.1 Theoretical Insights on First-row Transition Metal Antimonates

DFT calculations were performed following the systematic theoretical framework
developed in our previous study? to investigate the ORR catalytic activity of the first-row
transition metal antimonates, MSb20s, where M = Mn, Fe, Co, and Ni. In the first step, we
gathered the tetragonal antimonate structures with the P42/mnm [136] space group
(Figure 1A) from the Materials Project (MP) database?® and optimized the bulk structures
(Figure S1). It is important to note that FeSb20s, CoSb20s, and NiSb20s only exist in
P42/mnm [136] space group, while there are multiple possible space groups for MnSb20s.
Among the P321 [150], P31m[162], PA2/mnm[136] and C2/m [12] space groups available
for MnSb20s, the P42/mnm [136] bulk unit cell was selected for consistency with the
experimentally observed structure (see Section 3.2). The band gap calculated using the
HSE functional for MnSb20s, FeSb20s, CoSb20s, and NiSb20e with the P42/mnm [136]
space group are 0, 0, 0.92, and 1.33 eV, respectively.?° The metallic nature of MnSb20s
and FeSb20s and the relatively low band gap of CoSb20s and NiSb20s suggests
promising electrical conductivity of first-row transition metal antimonates. In addition to
the first-row transition metal antimonates, we further selected Sb20s with a space group
of C2/c [15] and Sb204 with a space group of Pna21 [33] for our theoretical study. Next,
surface structures that fulfill stoichiometry from their respective optimized bulk structure
were generated up to a maximum Miller index of 1, resulting in (100), (110), (001), and
(101) surfaces for the first-row transition metal antimonates (Figure 1A, S2). Pymatgen
generated multiple surfaces with different O-atom terminations for a given Miller index,
and the surface with the lowest energy was selected for activity studies. For the tetragonal
antimonates, the Miller index with the lowest surface energy was the (110) surface,
followed by the (100), (101), and (001) surfaces, respectively. The lowest surface energy
for the (110) surface agrees well with the experimentally determined strongest diffraction
peak for the (110) surface from x-ray diffraction (XRD) patterns for tetragonal crystal
systems with the P42/mnm [136] space group (see Section 3.2). As the coverage of
reaction intermediates could significantly impact the local environment of the active site,?
it is important to determine the most relevant surface coverage under the ORR reaction
conditions to calculate the electrocatalytic activity. Therefore, surface Pourbaix
diagrams?®3 were constructed at three extreme coverages — pristine (*), OH*-terminated,
and O*-terminated (Figure S3). The surface coverage at the ORR-relevant potential of
0.8 V vs RHE were selected for further activity calculations. Finally, we proceeded to



calculate the energetics of all the ORR reaction intermediates (OOH*, O*, and OH*) and
determined the theoretical activity for antimonates surface facets.

The calculated ORR activities (Figure 1B) of first row antimonates are plotted against the
AGon descriptor using the 4e- ORR kinetic volcano based on the microkinetic model
recently developed for oxides.'* Additionally, linear scaling relations for ORR
intermediates and a two-dimensional volcano plot, which indicates the theoretical ORR
overpotential, norr, using AGoon- and AGon- descriptor energies, are shown in Figure
S4 and Figure S5, respectively. Based on the scaling relations, we observe that almost
all of the oxide surfaces considered in this study follow a linear scaling relation of AGoon-
= AGon- + 3.2 eV (Figure S4A), indicating the universal nature of bonding between OH*
and OOH*.21:34. We further observe that most of the ORR reaction intermediates adsorb
weakly on the oxide surfaces (Figure S4), placing these catalysts on the weak adsorption
region of the ORR activity volcano. Unlike transition metals where the O* intermediate
adsorbs strongly on hollow sites, on oxides, O* adsorbs weakly at top sites.’ This weak
adsorption of O* at the top sites of oxide surfaces shows a significant response to the
electric field and results in upshift of the right leg of the volcano and significantly higher
activity on oxide surfaces at a higher pH compared to a lower pH (Figure 1B).'* Based
on the 4e- ORR kinetic volcano, MnSb20s shows the highest theoretical activity followed,
in descending order, by CoSb20se, NiSb20s and FeSb20s. ORR reaction intermediates
adsorb strongly on the surface Sb active site moieties and result in low activities, and thus
the theorized active site for MSb20gs is the transition metal site. Theoretical activities of all
the considered antimonate surfaces are presented in the two-dimensional volcano plot in
Figure S5. The calculated theoretical limiting potentials for the (110), (100), (101), and
(001) surfaces on MnSb20s are 0.19, 0.16, 0.41, and 0.81 V, respectively (Figure S6).
Similar trends were observed for the other antimonates, indicating that ORR activity is
strongly dependent on the surface-active site moieties. Moreover, these trends highlight
the importance of studying facets other than the most stable surface facet (usually
determined from XRD) for a given material. Based on our theoretical ORR activity
analysis, we determine that all the antimonates are sufficiently active for ORR, and in
particular MnSb20s emerges as the first-row transition metal antimonate with the highest
calculated ORR activity.
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Figure 1. DFT calculated ORR activity on first-row transition metal antimonates (A)
Unit cell of the bulk tetragonal MSb20s structure with the P42/mnm [136] space group,
where M = Mn, Fe, Co, and Ni, and the considered (110), (100), (101), and (001) surface
structures. The OH* adsorption sites are indicated for clarity. (B) Calculated ORR
activities of surfaces considered in this study plotted on the 4e- oxide ORR kinetic volcano
at 0.8 Vrue. Arrows indicate the shift in the right leg of the volcano due to field effects:
activity increases at high pH and decreases at lower pH.

Pure transition metal oxides of Mn, Co, Fe, and Ni have been extensively studied for the
ORR.” Among these oxides, MnOx are well known alkaline ORR electrocatalysts.'12 Mn
can exist in several different oxidation states (+2, +2.67, +3, and +4), depending on the
crystal structure. Though the ORR activity of MnOx depends on a variety of factors
including chemical composition, crystallographic phase, oxidation state, morphology and
surface area, it has been shown that the ORR activity of different MnOx materials typically
increases in the order of MnO < MnsOs < Mn3O4 < Mn203 and the activity of MnO2 strongly
depends on its crystallographic phase.” Among these materials, Mn3O4 and Mn203 are
widely studied due to their considerable ORR activities. Based on a combined
experimental and theoretical study, Su et al.'' demonstrated Mn203(110) as the active
surface for alkaline ORR. The spinel-type Cos04, which has Co with +2 and +3 oxidation
states occupying its tetrahedral and octahedral sites, respectively, is the most employed
catalyst for ORR compared to other cobalt oxides such as CoQ.3° The surface structure
of Cos04 can also affect its ORR catalytic activity, which is attributed to the density of
Co?* content.'® Pure oxides of Ni and Fe have also been confirmed to be active towards
ORR but to a lesser extent than MnOx.8



The calculated activities of pure oxides are plotted on the 4e- ORR kinetic volcano
(Figure 1B). Furthermore, Figure S6 summarizes the calculated limiting potentials for
the antimonates and corresponding pure oxides. A more positive limiting potential
indicates a higher activity and is therefore desirable for catalysis on cathodes in fuel cells.
Mn20s demonstrates a high theoretical activity towards ORR in agreement with the
experimental literature.™ Interestingly, the theoretical activity of MnSb206(001) surface is
higher than the previously studied Mn203(110) surface. Similar to MnSb20s, the rest of
the first-row transition metal antimonates show higher intrinsic activity compared to their
corresponding oxide surface (Figure 1B and Figure S6). Based on our DFT results, we
identify that all the antimonates are sufficiently active for ORR, and in particular MnSb20s
emerges as the first-row transition metal antimonate with the highest ORR activity.

3.2 Materials Characterization of Transition Metal Antimonates

As discussed in the previous section, theoretical studies predict that transition metal
(where M = Mn, Fe, Co, Ni) antimonate catalysts are active for the ORR. Furthermore,
this class of materials shows particular promise for enhancing metal oxide performance
by tuning metal active sites and increasing activity on a per-metal site basis. Experimental
validation of these predictions is important both to benchmark the computational
techniques and to understand the ORR performance of these previously unexplored
materials. Mn and Ni antimonates have previously been studied in the thin film
morphology for the OER,'-'® demonstrating conductivity and substantial stability.
However, utilization of thin film oxides for the ORR is more complex because of the
incompatibility of the standard glassy carbon disk substrate with the high temperature
oxidation process needed to produce the transition metal antimonate film.35 For this
reason, the materials were synthesized in a nanoparticle morphology and subsequently
deposited on the glassy carbon substrate with a conductive carbon support. For
nanoparticulate synthesis, the metal nitrate precursor was added to a mixture of antimony
chloride and ethylenediamine dissolved in ethanol and subsequently mixed for 24 h at
room temperature under air.2° The resulting product was dried and then calcined at 800°C
for 5 h under static air to produce the final crystalline transition metal antimonate.

As shown by the theoretical investigation, the material properties and ORR activity of the
catalyst are highly dependent on the crystal surface structure (Figure S6). Figure 2A
shows the powder XRD measurements of the 4 catalysts and reference structures. The
strongest peaks for all the materials are at ~27.1°, 35.1°, and 53.2°, corresponding to the
(110), (101), and (211) planes of the rutile MSb20e structure with space group P42/mnm
[136]. There are also some low intensity peaks corresponding to MnSb204 (space group
P42/mbc[135]) in the Mn diffractogram and Sb204 (space group Pna2i[33]) in all of the
synthesized catalysts. For simplicity, the Mn antimonate will be referred to as MnSb20s,
corresponding to the dominant crystal phase. Diffractograms for the transition metal
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oxides synthesized under analogous conditions (but without the Sb precursor) are shown
in Figure S7. While XRD gives bulk structural information, TEM can be used to further
understand the local variations in particle size, shape, and crystal structure. Previous
studies have found that surface area and exposed facets of the nanoparticles have the
largest effect on activity,3¢ and therefore we focus on these properties of the materials to
best compare them. TEM images in Figure 2B and Figure S8 show that the particles are
typically ovoid in shape, with dimensions below 40 nm. CoSb20s is an exception with
rectangular particles reaching up to 100 nm in length. Overall, the particles are
heterogeneous in size, shape, and agglomeration, so BET measurements were used to
determine the surface area (without carbon). The measured BET surface areas, which
range from 2.57 m? g-! for CoSb20s to 8.36 m? g-! for NiSb20s, are reported in Table 1.
Beyond morphology, selected area diffraction patterns (SADPs) and fast Fourier
transform (FFT) analysis of high resolution (HR)-TEM images were used to probe the
crystal structure, crystallinity, and faceting. The particles are highly crystalline and the
rings in the SADP match well with the results observed by XRD (Figure 2, Table S1).
FFT analysis shows the d spacings and angles between planes for the individual particles
(Figure S8), further confirming the majority rutile structure for all catalysts.

MnSb,0, &
s i
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ﬂ\ A FeSb,0s N\
IR .V, SO | O M D A
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2 Theta

Figure 2. Structural and Morphological Characterization of the Antimonates
Structural characterization of the antimonate catalysts: MnSb20e (red), FeSb20e (green),
CoSb206 (blue), NiSb20s (purple), and Sb204 (gold). (A) XRD diffractograms with
reference structures: MnSb20s (red, ICSD 74380), MnSb204 (dark red, ICSD 243444),
FeSb20s (green, ICSD 40344). CoSb20e (blue, ICSD 203094), NiSb20s (purple, ICSD
426852), and Sb204 (gold, ICSD 153154).3” (B) TEM images and SADP analysis of
crystallites. Clockwise from top left: MnSb20s, FeSb20s, CoSb20s, and NiSb20es. BET
surface areas are included for reference. List of d-spacings and planes from the SADPs
can be found in the Table S1.
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In addition to the physical properties of the material, it is also important to understand the
composition, oxidation state, and geometry of the active site, particularly as these
compare to the pure metal oxides. The quantitative compositions of the powders were
determined by XRF and are listed in Table 1. The transition metal percentage of the total
metal for the antimonates was ~30 — 45%, comparing well with the expected 33% for the
MSb20s structure. Although analysis is complicated by the overlap between the Sb 3d
and O 1s spectra (Figure S9), the approximate elemental composition calculated from
XPS spectra is in agreement with the XRF within the errors of each technique (Table 1).
The oxidation state of Sb in each compound was determined by fitting the Sb 3dae
spectrum, which has no overlap with the O 1s signal. The antimonates have primarily
Sb®* character, with the Sb 3da2 peak centered at ~540.3 eV, as is expected for the rutile
structure (Figure S9).38 NiSb20es and FeSbh20s also have small Sb3* contributions, with
an additional peak at ~539.3 eV, corresponding to average Sb oxidation state of 4.8 and
4.33, respectively.

Table 1. Summary of Characterization for Antimonates and Oxides

BET ™
(m?/g) (XPS)
MnSb,04 Ovoid 6.02 33 38 44 100 2+
FeSb,04 Ovoid 3.87 33 35 38 67 3+
CoSb,0; | Rectangular 2.57 33 28 38 100 2+
NiSb,0¢ Ovoid 8.36 33 29 44 90 2+

We can gain further insight into the nature of each element in the bulk of the compounds
using Sb, Mn, Fe, Co, and Ni L edge x-ray absorption spectroscopy (XAS) (Figure 3).
Using the shape and position of the spectra, we aim to understand the state of the
transition metal in the antimonate as compared to pure oxides, as well as to understand
if and how the antimony varies based on the identity of the transition metal. The Sb Ls
and L1 edges probe the 2ps2 to 5d and 2s to 5p transitions, respectively, and have several
features that can be used to identify the oxidation state and coordination environment of
the Sb (Figure 3A, S10). In particular, the position of the L1 absorption edge is indicative
of oxidation state.340 The L1 spectrum for Sb204 shows two peaks, at 4702 and 4707 eV,
corresponding well to the approximately 50:50 mixture of Sb(lll) and Sb(V) expected for
this structure. Comparatively, the L1 spectra for Sb20Os and the antimonates show only
one distinct peak at ~4706 eV, indicating primary Sb(V) character for all, as was found as
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the majority oxidation state via XPS for Mn, Co, and Ni. Derivatives of the L1 spectra show
that there are two possible peaks at ~4701 and ~4704 eV, corresponding to Sb(lll) and
Sb(V), respectively.3® The Mn, Co, and Ni antimonates show only the higher energy peak,
however the Fe antimonate exhibits both peaks, indicating a mixture of Sb(lll) and Sb(V)
(Figure 3A), as supported by the XPS data showing only Sb(V) character (Figure S9). In
the Ls spectra, the position and shape of the first peak of the absorption edge, which
provide a fingerprint for the Sb coordination environment, are highly similar with sharp,
well-define peaks for the antimonates (Figure S10). This indicates a highly crystalline
local environment, in contrast with the broader features and higher local disorder found
in the Sb204.3%41 We can thus conclude that the state of the Sb is very similar in the Mn,
Co, and Ni antimonates, but shows more mixed character in the Fe antimonate.

Finally, the transition metal L2,3 edge (Figure 3B-E) and XPS 2p (Figure S11) spectra
allow us to compare the state of the transition metal in the antimonate versus a pure
oxide. This data is discussed in more detail in the Supporting Information and the
comparison is summarized in Table S2. Specifically, for XAS we can use the shapes of
the spectra to probe the local geometry, while the peak positions in XPS can be used to
identify the transition metal oxidation state. It should be noted that both XAS in TEY mode
and XPS are sensitive to the top 5-10 nm, but although both techniques involve the 2p
electrons, the transitions measured are different. Thus, while the techniques are
complementary, they provide different information about the material.
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Figure 3. XAS analysis of the antimonates and oxides (A) Sb L1 XAS spectra and
FeSb20s (green), CoSb20s (blue), NiSb20s (purple), Sb204
(gold), and Sb20s (black). Ls and L2 edges of the antimonate and oxide references for (B)
Mn, (C) Fe, (D) Co, and (E) Ni. Dashed lines in (A) are guides to the reader, indicating
the features as 4702 and 4707 eV in the normalized Sb L1 spectra and the features at
4700 and 4704 eV in the derivative Sb L1 spectra that correspond to the Sb(lll) and Sb(V)
states, respectively.
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For Mn antimonate, the Mn oxidation state is determined to be 2+ on the basis of semi-
empirical fitting of the Mn 2p XPS spectrum to Mn(II)O (Figure S11A), as well as the
positions of the pre-edge and sharp main edge features in the Mn L23 edge spectrum
(Figure 3B).*? In agreement with XRD, the XPS spectrum for the Mn203 reference is fit
to Mn3+. These conclusions are in agreement with the DFT-computed Bader charges for
Mn in the antimonate and in the oxide (Figure S12). For both Fe antimonate and oxide,
the Fe 2p XPS spectrum is fit to an average of Fe(lll) species (Figure S11B) and the two
main peaks in the Fe Lz spectra correspond well to octahedral Fe3* (Figure 3C).43:44
Taken together with the XRD pattern showing small peaks corresponding to the Sb204
structure and the average 4.33+ oxidation state of Sb from XPS and XAS, we conclude
that the Fe sample is a mixture of the Fe(lll)Sb(111/V)20s and Sb(lll/V)204 structures. For
the Co antimonate, the oxidation state is identified as 2+, due to fitting of the Co 2p XPS
to Co(Il)(OH)2 (Figure S11C) and the position of the main and shoulder peaks in the Co
L2,3 edge spectra, which match well with a Co(Il)O reference and correspond to octahedral
Co?* (Figure 3D).*5*7 The XPS spectrum of the synthesized oxide reference fits to a mix
of tetrahedral Co?* and octahedral Co3* sites in Co3Oa4. Finally, the Ni L23 edge spectra
for both the Ni antimonate and oxide are consistent with octahedral Ni** sites (Figure
3E).“® While the Ni 2p spectrum for the oxide is fit to Ni(ll)O, the antimonate is best fit
Ni(ll)(OH)2, perhaps due to air exposure (Figure S11D).

Summarizing the oxidation states of transition metals in the antimonate structure, we have
found the dominant states to be Sb(V), Mn(ll), Fe(lll), Co(ll), and Ni(ll). We have defined
the structure, morphology, composition, and chemical nature of the active site of the four
transition metal antimonates in order to understand the effect of the transition metal on
the antimonates and the antimonate framework on the transition metal. These results are
compiled in Table 1.

3.3 Electrochemical Characterization

With a clearer picture of the physical and chemical nature of the antimonate catalysts,
and evidence of their close comparability with the structures predicted by theory, we
probed their ORR performance to determine their material property-activity relationships.
The electrochemical activity of the catalysts was studied in a three-electrode cell
configuration, utilizing a rotating (ring) disk working electrode, graphite counter electrode,
and Ag/AgCl reference electrode, under alkaline conditions in 0.1 M KOH. ORR
performance, including activity and selectivity, was assessed using cyclic voltammetry in
an RRDE for all catalysts. Unless otherwise specified, all ORR activity data is presented
in triplicate (three separate samples).
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Figure 4A shows the total ORR performance of each transition metal antimonate and
pure oxide in comparison with transition metal-free Sb20a4, glassy carbon, and vulcan
carbon. In good agreement with the theoretical activity predictions, MnSb20s is found to
have the highest onset potential of 0.82 V vs RHE at 0.1 mA cm2ge0, While the other
antimonates have similar onset potentials between 0.70 and 0.72 V vs RHE. The
antimonates all show onsets higher than the glassy carbon, vulcan carbon, and Sb204
controls, but generally have similar cyclic voltammetry profiles compared to their
respective transition metal oxides. On its own, vulcan carbon has a high BET surface area
(~ 380 m? g') and demonstrates poor specific activity. To understand the role of the
carbon support, the Mn antimonate and oxide catalysts were tested without the vulcan
carbon. Overall, without the conductive support the performance is lower, but the trends
between antimonate and oxide are maintained (Figure S13). This result, which we would
expect to hold for the other catalysts considered in this work, indicates that the trends we
observe are not due to the vulcan carbon. To understand if the antimonate provides an
activity enhancement beyond the pure oxides, metrics for intrinsic activity must be
determined. Herein, we use mass activity, based on the mass loading of the transition
metal (TM; the predicted active site based on theory calculations) and specific activity,
based on the total loaded real surface area of the catalyst from BET. Figure 4 shows
plots of the potential versus the logarithm of the kinetic current density, normalized by the
transition metal mass (Figure 4B) and the BET surface area (Figure 4C). The MnSb20e
demonstrates the highest mass and specific activities, with 29.6 A g'tm and 0.068 mA
cm2get at 0.7 V vs RHE, compared to 8.4 A g'tm and 0.0083 mA cm-2get for the Mn203
synthesized in this study (Figure 4D). Some literature manganese oxides show higher
activity than the Mn20s3 in this work, such as an a-MnQOz2 that demonstrated ~10 A g'mno2
at 0.8 V vs RHE,*® however there is significant variation in manganese oxide performance
based on the exact structure, oxidation state, and surface facets.”'"'> The enhancement
is significant because previous literature has shown ORR activity to increase with
increasing oxidation state of Mn;” this indicates that the antimonate framework creates
and stabilizes favorable Mn?* active sites. Notably, the antimonates all have higher mass
and specific activities than their respective oxides, with Co and Fe demonstrating
significant enhancements on mass and specific activity bases, respectively. Despite their
high onset potentials, in the kinetically-limited regime both Mn antimonate and oxide have
large Tafel slopes of 130 and 170 mV/decade, respectively (Figure S14). In contrast, the
other oxides and antimonates have similar Tafel slopes of 50-70 mV, which could suggest
that they have similar active sites. This is particularly interesting in the case of Co, since
the Co sites are different between the oxide (octahedral Co?* and tetrahedral Co3+) and
the antimonate (Co?* only). This is in agreement with literature findings of increased ORR
activity of Co oxide with increasing 2+ character, indicating that it is the dominant active
site in the oxide.’™® Overall, we can conclude that, in agreement with theoretical
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predictions, MnSb20s is the most active of the mixed metal oxides. Furthermore, the high
mass and specific activity of MnSb20s relative to the Sb-free Mn20s indicates that the
addition of antimony increased the per-site activity of Mn, showing that the antimony oxide
framework has promise for improving transition metal site utilization.
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Figure 4. ORR Performance of the Transition Metal Antimonates and Oxides (A)
Stacked ORR cyclic voltammetry plots comparing vulcan carbon (VC, black), glassy
carbon (GC, gray), and Sb204 (gold) to MnSb20s (red) and Mn20s (pink), FeSb20e (dark
green) and FeOx (light green), CoSb20s (blue) and Co3z04 (light blue), and NiSb20e (dark
purple) and NiO (light purple) in 0.1 M KOH at 1600 rpm. All data are N2-subtracted;
vulcan carbon, glassy carbon, Sb204, and CosOa4 are reported in triplicate, while all other
oxides and antimonates are reported in quadruplicate. Plots of potential versus the
logarithm of the (B) mass activity (kinetic current density normalized by transition metal
mass loading) and (C) specific activity (kinetic current density normalized by BET surface
area) with (D) corresponding mass and specific activities for each catalyst at 0.7 V vs
RHE. (E) Plot of 2e~ selectivity versus potential calculated from the RRDE measurements.

In addition to determining the overall ORR activity, it is important to understand the
selectivity of each catalyst to 4e- vs 2e~ ORR. The 2e- selectivity calculated from RRDE
measurements is shown in Figure 4E. MnSb20es and Mn203 are observed to have low
overall 2e- selectivities at all potentials, whereas FeSb20s, FeOx, and CoSb20e all show
decreasing 2e- selectivity with increasing overpotential. NiSb20e alone shows
significantly different selectivity from its corresponding oxide, with significant 2e-
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selectivity, ranging between that of glassy carbon (~90%) and vulcan carbon or Sb204
(~60%). The substantial 2e- selectivity and current density for NiSb20e¢ at 0.6 V vs RHE
of 90% and 0.8 mA cmgeo, respectively, are comparable with the highest performing
metal oxide catalyst in alkaline electrolyte.5%-%2 Thus, although the overall polarization
curves are similar, the differences in selectivity and in Tafel slope (60 and 75 mV/decade
for Ni antimonate and oxide, respectively) indicate that there are mechanistic differences
between the two catalysts due to the antimonate framework.

In summary, we observe enhancements in mass and specific activities for the transition
metal oxides in the antimonate framework. Furthermore, for Ni specifically there also
appears to be a significant difference in catalytic mechanism and 2e- selectivity in the
antimony framework. Overall, we find that the antimonates are active for ORR and that
MnSb20s is the most promising catalyst. This electrochemical evaluation is consistent
with theoretical predictions and highlights the exciting possibilities for tuning activity and
selectivity with mixed metal oxides. The role of the antimony framework in the stability of
the catalysts will be discussed in the following section.

3.4 Electrochemical and Material Stability

The antimonate framework was identified as promising in part due to its predicted and
experimentally observed stability, including in the highly oxidizing and corrosive
conditions of acid OER.'7-'9 Pourbaix diagrams are an invaluable tool for exploring the
corrosion profiles of materials as these diagrams show the most stable species as a
function of pH and applied electrochemical potential. Therefore, we constructed Pourbaix
diagrams (Figure 5) using DFT as implemented in Pymatgen26%3 to investigate the
aqueous stability of the first-row transition metal antimonates under relevant ORR
conditions. In addition to the Pourbaix diagrams, we also plotted the most stable phases
based on the decomposition free energy (AGpbnx) of the first-row transition metal
antimonates at pH = 13. Based on this analysis we determined that MnSb20s is stable
from 0.35 — 1.39 V vs RHE, FeSb20s is stable from 0.37 — 1.11 V vs RHE, CoSb20s is
stable above 0.45 V vs RHE, and NiSb20s is stable above 0.35 V vs RHE. In comparison,
Pourbaix diagrams for Mn and Fe oxides show that the stability windows are 0.49 — 1.32
V vs RHE and 0.10 — 1.57 V vs RHE, respectively, while Co and Ni oxides are only stable
as hydroxides well above the ORR potential window (Figure S15). Thus, the antimonate
framework increases the thermodynamic stability of the oxide within the potential region
of interest for the ORR for Mn, Co, and Ni, while maintaining the stability of Fe.
Experimentally, the antimonates exhibit minimal redox features in the 0.05 — 1.0 V vs
RHE regime, suggesting that the catalysts themselves are not undergoing significant
oxidation or reduction (Figure S16). The stabilization of the Mn?* oxidation state in the
antimonate is particularly interesting in comparison to the transformations observed for
the oxide.>* The stability windows indicate that these first-row transition metal
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antimonates are expected to be stable in alkaline electrolyte under the ORR testing

conditions utilized in this study.
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Figure 5. Pourbaix diagrams of metal antimonates Pourbaix diagrams constructed
with aqueous ion concentrations 10-6 M at 25 °C for the M—Sb—-0O-H20 phases where M
= (A) Mn, (B) Fe, (C) Co, and (D) Ni. Color bar on the right of each graph indicates the
relative stability of the antimonate phases (green = more stable, gray = less stable).
Dashed red lines are the equilibrium potentials for oxygen (Eoz2mz2o0 = 1.23 Vrue) and
hydrogen (En+n2 = 0.00 VrHEe) electrochemistry. Subplots show the stable phases over 0
— 1.5V vs RHE at pH 13.
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Experimentally, we approach stability from two, interconnected perspectives: the
retention or loss of electrochemical performance and the material stability, including any
changes to morphology, structure, and composition. To assess stability under conditions
that place comparable demands on the catalyst material, a 5 h chronopotentiometry (CP)
experiment at 1 mA cm?2geo was utilized. The change in the overpotential needed to
maintain this current density at the beginning and end of the 5 h test is shown for the 4
antimonates and pure oxides in Figure 6A. Most catalysts show loss of performance with
small increases (< 70 mV) in overpotential during the 5 h CP, while MnSb20s, Mn203, and
Co304 show improved performance with small decreases in overpotential. Mass activity
is generally shown to increase or remain constant after testing (as measured by several
CV cycles before and after the 5 h CP), indicating that activity is recoverable with cycling
(Figure 6B, S17). Only CoSb20s, FeOx, and NiO had lower mass activity after stability
testing, decreasing by 15%, 25%, and 50% at 0.7 V vs RHE, respectively.
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Figure 6. Electrochemical and material analysis of antimonate stability 5 h
chronopotentiometry measurements of catalysts at 1 mA cm?2ge in 0.1 M KOH were
conducted. (A) Change in overpotential during the stability test and (B) mass activity at
0.7 V vs RHE before (solid bar) and after the stability test (slashed bar) for MnSb20e (red),
Mn20s3 (pink), FeSb20s (green), FeOx (light green), CoSb20s (blue), CosOa4 (light blue),
NiSb20s (purple), and NiO (light purple) catalysts. (C) Transition metal molar percentage
before and after the stability test for the antimonates from XPS. (D) Mn K-edge XAS
spectra of MnSb20s before and after the stability test, in comparison with Mn20Os after the
stability test (pink). (E) HR-TEM images and SADP analysis of the MnSb20e catalyst after
the 5 h stability test.

To understand the material changes that may occur during electrocatalytic testing,
several materials characterization methods were used. XPS analysis of the films after the
5 h CP experiment shows small to no changes in the transition metal molar percentage
(of transition metal + Sb) for Mn, Fe, and Co, while there is a significant increase in surface
Ni content after testing (Figure 6C). This indicates an enrichment in Ni at the surface of
the catalyst after testing, perhaps due to the formation of surface hydroxide or
oxyhydroxide species as indicated by shifts to higher binding energies in the Ni 2p spectra
(Figure S18), as has been reported frequently in the literature.5556 Quantification of Fe
content after testing was based on the Fe 3p spectra because of strong overlap of the Fe
2p with F 1s signal. The Fe 3p spectra show minimal shifts with testing, with the pretest
and posttest samples corresponding to Fe203. The transition metal 2p spectra after
testing show insignificant changes for MnSb20es and CoSb20s compared to the pre-test,
indicating that the nature of the active site is not changing with testing (Figure S18). Mn
K-edge XAS of the MnSb20e before and after testing shows little change in white line
intensity or edge position, with both edges at a distinctly lower energy than the Mn203
reference (Figure 6D). This indicates that the MnSb20s remains at a lower oxidation state
than the 3+ present in Mn20s. 57 Finally, Figure 6E shows HRTEM images and SADP of
the MnSb20s nanoparticles after testing. The particles are observed to have retained their
size, shape, and crystallinity, with the SADP showing expected peaks for the rutile
structure at 0.239, 0.199, 0.170, and 0.163 nm (Table S1). STEM-EDS mapping of O,
Sb, and Mn for the MnSb20s before and after testing in Figure S19 shows that the
elements are generally evenly distributed across the particle, though areas of low Mn or
Sb concentration may correlate to minority Mn203 or Sb204 phases observed by XRD.
The elements remain well-distributed after testing, indicating that the particles are stable.
Overall, we conclude that the catalysts, and particularly MnSb20s, are substantially stable
materially and electrocatalytically in alkaline conditions.
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Neither the antimonates nor the oxides show appreciable ORR activity in acidic media
(Figure S20). However, it is still important to understand their material stability under
these conditions and whether the antimonate provides a stabilizing framework, as was
hypothesized. Pourbaix analysis at pH 1 shows that the antimonates are expected to be
stable in the ORR potential window at 0.6 V vs RHE and above (Figure S21). To probe
this experimentally, the catalysts were held at 0.6 V vs RHE for 5 h chronoamperometry
experiments in 0.1 M HCIO4. While inductively coupled plasma — mass spectrometry (ICP-
MS) would provide the most accurate information about material stability, this
measurement was not possible due to the difficulty of dissolving Sb. Therefore, XPS was
used to analyze both the TM:Sb ratio and changes in TM oxidation state (Figure $22).
After testing, MnSb20s shows a decrease in Mn content, while FeSb20s and CoSb20s
show small increases in Fe and Co content and NiSb20s shows a large increase in Ni
content. This surface transition metal enrichment for Fe, Co, and Ni may indicate the
formation of Sb-poor hydroxide or oxyhydroxide surface species with testing. The high
resolution Mn 2p spectrum for MnSb20es shows very little change after testing in acid,
while Mn203 exhibits a shift to a higher binding energy (Figure S18). The Fe 3p spectra
show minimal changes for either FeSb20s or FeOx with testing. The Co 2p spectrum for
CoSb206 shows a shift to higher binding energies, in support of the hypothesis of
formation of a surface (oxy)hydroxide, while the CosOs has negligible Co signal; this
shows an enhancement of stability with the antimony framework. This corresponds well
with the increased stability window predicted by the Pourbaix diagrams for Co antimonate
compared to the oxide at pH 1 (Figures S15,21). Finally, the Ni 2p spectra for both
NiSb20s and NiO show a change in shape and position of the peaks, indicating significant
changes to the surface composition. The overall retention of composition and oxidation
state of the antimonates in acidic conditions, with spectra comparable to those from the
alkaline stability test, indicates promising stability, including an enhancement of stability
for Co in the antimony framework.

In this section we have investigated the ORR performance of the transition metal
antimonate catalysts in comparison with the corresponding transition metal and Sb
oxides. In agreement with theoretical calculations, the four antimonates demonstrated
promising activity and stability for the alkaline oxygen reduction reaction, with Mn
antimonate showing the highest performance. Furthermore, Pourbaix analysis indicating
electrochemical stability at ORR-relevant potentials is supported by electrocatalytic and
material stability characterization in alkaline and acidic electrolytes. The distinct activity,
selectivity, and stability profiles observed for the first-row transition metal antimonates
relative to the oxides indicate that the antimonate framework plays an important role in
determining catalyst performance.
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4. Conclusions

In this work, we highlight a combined theory and experiment approach to the discovery
and application of novel electrocatalytic materials for the ORR. Theoretically, we found
that first-row transition metal antimonates are promising ORR catalysts with good oxygen
binding energetics, conductivity, and stability and highlight MnSb20s as a particularly
interesting candidate for experimental testing. Experimentally, the antimonate is found to
provide a framework for tuning the activity of the transition metal oxide active site, as Mn,
Fe, Co, and Ni antimonates showed intrinsic mass activity improvements over the
analogously synthesized transition metal oxides. In agreement with theoretical
calculations, the MnSb20e catalyst had the highest ORR mass and specific activity. The
NiSb20e catalyst showed the most significant impact of the antimonate framework, with a
large increase in 2e- selectivity compared to NiO. Pourbaix analysis was used to identify
the pH-voltage windows of stability for the transition metal antimonates, including
substantial increases in the stable voltage window for Co and Ni in the antimonate
structure compared to the oxides at pH 13 MnSb20s demonstrated significant
electrochemical and material stability, as measured by a 10 mV improvement (decrease)
in overpotential and only 10% loss of Mn over the course of a 5 h chronopotentiometry
experiment in 0.1 M KOH, with no significant changes in morphology, structure, or
composition. This stabilizing, conductive antimony oxide framework will be of interest for
a variety of electrocatalytic applications.
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