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Abstract

The oxygen evolution reaction (OER) requires electrodes that are not only catalytically active,
but also stable under harsh electrochemical environments to enable efficient, durable technologies.
Our recent report of a stable amorphous Nij 5Sby 50, OER photoanode established Ni-Sb-O as an

important system for computational understanding of both the structural and catalytic behavior of
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these complex oxides. In the present work we show that Ni,Sb; 1O, with x> 0.33 crystallizes into
a previously unknown phase. Guided by experimental x-ray diffraction, we use density functional
theory calculations to perform a prototype phase search to identify a broad family of stable and
metastable mixed rutile and hexagonal-like phases for x = 0.33, 0.50, and 0.66 compositions. For
the identified phases, we predict favorable oxygen vacancy formation energies for Ni-rich
compositions under the reducing synthesis conditions which match measured Ni K-edge x-ray
absorption spectra. The calculated overpotential for the most active site decreases with increasing
Ni content, from 0.91 V (x = 0.33) to 0.49 V (x = 0.66), which captures the experimentally
observed trend. We find the active site changes from the Ni-O-Sb bridge to a Ni-O-Ni bridge at
increasing Ni concentrations, rather than the commonly studied singly under-coordinated sites.
Finally, detailed Pourbaix analysis of the identified phases show excellent electrochemical
stability, consistent with experimentally measured low metal ion concentrations in the electrolyte
of photoelectrochemical cells. Collectively, our consideration of an ensemble of structures enables
identification of the most catalytically prolific structural motifs, aiding the understanding of
crystalline and amorphous catalysts and elucidating the co-optimization of activity and durability

in nickel antimonates.
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Introduction

One strategy to economically reduce the amount of CO, in the atmosphere is solar
photoelectrochemical generation of chemical fuels in which light, CO,, and H,O are converted
into higher order hydrocarbons.! These hydrocarbons can either be used as fuels, chemical
feedstocks, or permanently sequestered. One of the limiting factors preventing commercialization
of such a device is the lack of a suitable photoanode for the oxygen evolution reaction (OER).? A
suitable photoanode must not only have a low overpotential for the OER to improve overall
efficiency, but also be durable enough to prevent corrosion or degradation under the highly
oxidizing conditions.> While many metal oxides have been studied as photoanodes, metal
antimonates represent an interesting class of materials with excellent operational stability.

Recently, combining high throughput experimentation methods and theory, nickel-antimony
oxides were investigated for photo-electrocatalysis of the OER.* It was shown that an amorphous
Ni,Sb, ,O, photoanode with a Ni cation ratio of x = 0.5 meets the requirements of operational
stability, visible photo-response, and appreciable photovoltage. While the amorphous nature of
this photoanode creates a new pathway for development of stable photoanodes that lack crystal
anisotropy, the absence of a definite periodic bulk structure poses challenges for a direct
computational study>.

Prior computational and experimental studies of transition metal-antimonides for oxygen
reduction and evolution reactions have discussed trends in activity and electrochemical stability.5~
However, experimentally, these studies generally synthesized crystalline stoichiometries of

MSb,0¢ (x = 0.33) and do not consider either antimony-poor (x > 0.33), or amorphous
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compositions. In the present work, we discover that amorphous, Ni-rich antimonates crystallize
above 700 °C into a phase with no existing prototype, demonstrating an insufficient understanding
of phase behavior in this composition system. The prior computational studies on rutile
antimonates considered only the pristine, OH-terminated, and O-terminated surfaces with only
metal-ontop active sites, leaving a breadth of catalyst compositions, structures, surface
terminations, and active sites unexplored. Furthermore, while the effects of oxygen vacancies were
considered for rutile Mn-Sb-O systems!?, oxygen vacancies have yet to be studied in the Ni-Sb-O
system. Collectively, our new experimental findings and the limited knowledge of this system
highlight the need for computational identification of (meta)stable atomic structures in this family
of nickel antimonates, especially for Ni rich (x > 0.33) compositions.

A Ni-Sb-O composition library is annealed at high temperatures to crystalize the previously
reported amorphous phase. Density functional theory (DFT) screening is used to identify
symmetries and structural prototypes observed in the XRD data, and the overall bulk
thermodynamic stability of candidate structures is evaluated under reaction conditions. The
stability of oxygen vacancies is considered and their impact on the Ni oxidation state was verified
by comparing simulated and measured X-ray adsorption spectroscopy (XAS). DFT analysis of the
identified structures suggest Ni-O-Sb bridge site as active OER site, which were not considered in
previous studies on metal antimonates. Both the overall electrochemical stability and calculated
overpotential as a function of Ni metal ratio agrees with the experimental observations. Our
combined experimental and theoretical characterization of the high temperature annealed Ni-Sb-

O photoanode materials extends our understating of metal antimonate (photo)electrocatalysts and
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provides a computational framework to study amorphous structures by generating families of

representative crystal structures to calculate relevant properties.

Methodology

Experimental Methods

Composition Library Synthesis. Continuous composition libraries of Ni,Sb, O, were synthesized
by reactive co-sputtering of Ni and Sb metal sources using 103 W and 55 W radio-frequency power
supplies, respectively, at room temperature in a custom-designed combinatorial sputtering
system.”? The composition gradients were attained by positioning Ni and Sb sources in a non-
confocal geometry. The deposition proceeded in mixed O, (0.9 mTorr) and Ar (5.1 mTorr) with
108 Torr base pressure and was followed by a post-deposition anneal in a Thermo Scientific box
oven in flowing air at 700 "C. Two kinds of 4-inch diameter substrates were used: i) SiO,/Si (170
nm thermal oxide served as a diffusion barrier) for phase identification, and ii) glass with a
conductive SnO,:F (FTO) coating, which served as the electrical back contact to the film for OER
(photo)electrochemical tests.

Composition and Structure Characterization. The Ni,Sb; O, metal oxide compositions were
characterized by x-ray fluorescence (XRF) to obtain values of x = Ni / (Ni+Sb) with ca. 1 at.%
relative uncertainty. The oxygen signal, and thus stoichiometry z= O / (Ni+Sb), is not detectable
by XRF experiment. These measurements were performed using an EDAX Orbis Micro-XRF
system with an x-ray beam approximately 2 mm in diameter. The Ni K and Sb L XRF peak

intensities were extracted from the Orbis software and converted to normalized compositions using
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the sensitivity factor for each element calibrated by commercial XRF calibration standards
(MicromatterTM).

The composition libraries were further characterized by x-ray diffraction (XRD) for bulk
crystal structure and phase distribution. XRD was acquired using a Bruker DISCOVER D8
diffractometer with Cu Ka radiation on a series of evenly spaced positions along the composition
gradient. The diffraction images were collected using a 2D VANTEC-500 detector and integrated
into 1D patterns using DIFFRAC.SUITE EVA software. Phase identification proceeded by
identifying candidates in the International Crystallography Diffraction Database (ICDD) that best
match the integrated 1D XRD patterns.

XAS Measurements. XAS at Ni K-edge and Sb K-edge were measured at beamline 7-3 of Stanford
Synchrotron Radiation Light source ([SLAC], CA, USA). The intensity of the incident X-rays was
monitored using an Ar-filled ion chamber (Sb K-edge) and an N,-filled ion chamber (Ni K-edge).
The Ni,Sb; O, samples were measured in fluorescence mode using a 30-element Ge detector
(Canberra). An Sb foil and a Ni foil were used for XAS energy calibration. The first inflexion point
of the Ni foil spectrum and Sb foil spectrum were calibrated to 8333.0 and 30491.0 eV. The data
for Ni,Sb;_,O, was recorded in continuous scan mode.

TEM Characterization. An FEI DualBeam focused ion beam/scanning electroscope was used to
prepare a cross-sectional TEM specimen in the specific region tested for photoelectrochemical
measurement. TEM experiments were carried out in an FEI Tecnai Osiris FEG/TEM instrument
operated at 200 kV in bright-field mode. Selected area electron diffraction (SAED) patterns were

taken using the same machine. The energy-dispersive x-ray spectroscopy (EDX) elemental
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mapping was acquired using Bruker Quantax. This characterization was performed by Eurofins
EAG Precision TEM in Santa Clara, California.

OER Catalytic Measurements. The OER performance of the Ni,Sb, O, catalysts (deposited on
FTO/XG glass and annealed at 700 “C) and a NiO catalyst (deposited on FTO glass and annealed
at 610 °C) was evaluated using a previously reported scanning droplet cell'! (SDC) with flowing
O,-saturated pH 10 aqueous electrolyte (0.1 M boric acid with 0.085 M potassium hydroxide and
0.25 M sodium sulfate, pH adjusted to 9.76, referred to as pH 10). The 3-electrode cell includes a
Pt counter electrode, Ag/AgCl reference electrode, Gamry G 300 potentiostat, and custom
LabVIEW software. Each selected Ni, Sb,_,O, composition was characterized by 3 steps: i) a slow
cyclic voltammetry (CV) from 1.23 to 1.73 V and back to 1.23 V vs RHE at a scan rate of 0.01 V
s'1; ii) a chronoamperometry (CA) measurement at 1.73 V vs RHE for 10 s; then iii) a two fast CV
cycles between 0.73 V to 2.23 V vs RHE at a scan rate of 0.05 V s!. A droplet contact area of
approximately 0.02 cm? was used for calculation of current density. The overpotential at 10 mA
cm? for each composition was obtained from the last CV cycle.

OER Photoelectrochemistry Measurements. PEC measurements were performed with toggled
LED illuminations in an aqueous pH 10 borate-buffered electrolyte with 0.1 M sodium sulfite as
the sacrificial hole acceptor. Four sequential CA were measured at 1.23 V vs RHE under a series
of 4 LEDs from 3.2 to 2.1 eV, immediately followed by a CV under 3.2 eV LED starting from
1.23 V vs RHE with a cathodic sweep and an anodic sweep back to 1.73 V vs RHE at a rate of

0.02 Vsl
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Theoretical Methods

Electronic Structure Calculations. First-principles, spin-polarized, electronic structure calculations
were performed using density functional theory (DFT) in the plane-wave basis and with projector
augmented wave (PAW) pseudopotentials as implemented in the Vienna ab-initio simulation
package (VASP)!213, For Antimony, a pseudopotential with explicit d electrons was chosen,
Sb_GW(554d"95p). Calculations were performed with the PBE functional with a Hubbard U
correction term'*!5 optimized on experimental bulk formation enthalpies to 3.0 eV to account for
on-site localization of Nickel d-electrons. For bulk geometry optimization, the plane wave energy
cut-off was 600 eV, and the force convergence was 0.02 eV / A, and a gamma-centered k-points
grid of 25 / A was used. Surface slabs were generated using the DFT-optimized bulk lattice
constants with two fixed layers, two free layers, and 20 A of vacuum, and were relaxed using the
500 eV wave energy cut-off and 0.02 eV / A force convergence criteria.

XAS simulations. The FEFF9 program'® was used for the ab initio calculation of K-edge X-ray
absorption near edge spectra (XANES) for Ni from DFT optimized structures. The adsorbing Ni
atom was placed in the center of a cluster with radius of 10 A. Simulation settings were chosen
consistently with recent benchmarking work against experimental spectra!” and those used in the
Materials Project®. Calculated spectra intensities were averaged over all symmetrically distinct Ni
atoms, with gaussian smearing (¢ = 0.01), and linearly scaled so the intensity of the first peak was
L.5.

Surface Pourbaix and OER Overpotential Calculations. The surface Pourbaix diagrams were

constructed from free energies of H,O, H,, *OOH, *OH, and *O intermediates on RHE scales as
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used previously.? The Gibbs free energies included a room temperature correction, zero-point
energy, vibrational enthalpy, and entropic contributions as calculated using the harmonic oscillator
approximation.
The OER thermodynamics was computed based on the following elementary steps in single
site mechanism via OOH* under alkaline conditions':
OH +* — *OH + ¢
OH + *OH — *O + H,O + e
OH + *O — *OOH + e
OH + *OOH — O, + H,O + *
The theoretical overpotential is given by,

n (V) = max[AG . o, AG . o — AG » 0iAG + oo — AG + 0, 4.92eV — AG, pon] /€~ — 1.23V
where the adsorption energy of each intermediate is calculated from DFT on the most active
surface calculated from the surface Pourbaix Diagram!®, and the energetics of the coupled proton
and electron is given from the computational hydrogen electrode scheme!3.

Bulk Pourbaix Calculations. The bulk Pourbaix diagram was generated using the Pourbaix module
in Pymatgen®*2!, To construct the diagram, experimental energetics were used for ionic species
and the calculated free energy of formation of all solid-state phases included zero-point energy

and entropy contributions. Each metal ion concentration was set to 10° M.
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Figure 1: (a) The 2D XRD heatmap constructed from a series of 21 XRD patterns along the composition
gradient of the Ni,Sb; O, library. This composition library was deposited on SiO,/Si substrate with Ni
concentration x from 0.19 to 0.75 and subsequently annealed at 700 °C in air. The three horizontal dashed
lines mark compositions of interest of x = 0.33, 0.49, and 0.63, where the latter 2 compositions contain
XRD signals that do not correspond to known Ni-Sb-O phases. (b) The XRD patterns of these three
compositions are shown with calculated XRD stick patterns from the disordered prototype crystal structures
that were identified from the XRD-guided structure search. These structures have space groups of (c)
P4,/mnm (rutile), (d) Pnnm, and (e) P6;/mmc (hexagonal) aligned with the x = 0.33, 0.49 and 0.63 spectra,
respectively. In (c), (d), and (e), red circles are oxygen atoms and brown atoms/polyhedra are metal sites.
The P4,/mnm. phase has metal site occupation of Ni,Sb( ), while the proposed Pnnm and P6;/mmc

prototypes have 50% vacancy on each metal site resulting in Ni,,,Sb(_x» occupations.

Results

XRD Analysis and Prototype Identification
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Figure 1a shows the XRD heatmap?? for the Ni-Sb-O composition library on SiO,/Si annealed
at 700 °C in 0.2 atm O,. The examples of raw XRD images of samples in Figure 1a and 1b are
shown in Figure S1, where uniform intensity diffraction rings indicate an equi-axed, powder-like
crystallite distribution within the thin film samples, and the major peaks and their positions do not
depend on the support. We refer to the experimentally synthesized compositions with the
convention Ni,Sb;,O,, where x = Ni/(Ni+Sb) indicates the Ni metal ratio and z = O/(Ni+Sb)
represents the oxygen stoichiometry. At the composition x = 0.33, the diffraction peaks are well
explained by a cation-disordered rutile Nig33SbgecO, prototype (Figure 1c) with space group
P4,/mnm and fitted lattice constants of a=b = 4.662 A and ¢ = 3.068 A. For x> 0.72, a weak NiO
signal is observed. At intermediate compositions, 0.33 < x < 0.65, the samples crystallize into
phase(s) whose XRD patterns are unknown (no matches when searching in the ICDD database).
When the same composition library is annealed at a lower temperature of 610 °C, the x = 0.33
composition crystallizes into the same cation-disordered rutile P4,/mnm prototype, while
compositions with 0.33 < x < 0.5 partially crystallize into this prototype, and compositions with
0.5 < x < 0.65 remain amorphous (Figure S2), demonstrating the new phase(s) exhibit a
crystallization temperature between 610 and 700 °C.?

We make two observations in these spectra which support the claim of a new phase. Firstly,
compared to the XRD pattern of x = 0.33 (Figure 1b red line) of the cation-disordered rutile
prototype Nig33Sb O, the (110), (210), (220), and (002) peak intensities are partially or
completely suppressed in the spectra for x = 0.49 and 0.63 (Figure 1b blue and green lines).

Suppression of the (110) diffraction peak intensity cannot be explained by a preferred crystalline
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growth axis along a perpendicular direction (e.g., preferred growth along the (001) direction)
which would result in suppression of comparable diffractions peaks such as (211), which is not
observed. The suppression of diffraction intensity at 27° is thus intrinsic to either the form or
structure factor of an unknown phase. Secondly, the peaks from the cation-disordered rutile
P4,/mnm structure shift in this range, which could result from the overlap with the new unknown
phase, indicating that the new phase(s) forms for all compositions x between 0.33 and 0.67.
Additionally, the peaks of the unknown phase(s) appear to shift to lower 26 (higher d-spacing) for
x> 0.52, suggesting the new phase(s) support a range of cation stoichiometries.

To identify the new phase discovered by this combinatorial XRD study, we conducted a search
of space group prototypes starting from known phases from Ni-Sb-O and related antimonate
systems. Cation-disordered rutile prototype (Figure 1c) is composed of an oxygen sublattice with
space group P4,/mnm and a disordered metal cation sublattice with space group 14/mmm and
fractional occupation Ni,Sb(;x). XRD peaks at 38° and 40° are caused by scattering from the
oxygen anion sublattice and are experimentally conserved at increasing Ni concentrations. Other
peaks involving scattering from the cation sublattice, such as the (110) peak at 27° for x> 0.5 are
suppressed in intensity. These two observations lead us to propose new structures that maintain
the oxygen sublattice of the rutile structure while altering the cation sublattice space group. By
invoking the Cmmm space group for the cation sublattice, the prototype structure is orthorhombic
with space group Pnnm (Figure 1d). Compared to the disordered rutile cation sublattice with two
metal sites, the Pnnm prototype introduces two additional sites at the (0.5, 0, 0) and (0, 0.5, 0.5)

interstitial positions and the occupation of all cation sites changes to Niy,»Sb(.x» with 50%
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vacancy. Adding these cations results in destructive interference of scattering along the (110)
plane due to glide symmetry??, which eliminates the peak at 27° while unaffecting the other peaks.
Fitting the lattice parameters of the Pnnm prototype to the x = 0.49 XRD pattern (a =b = 4.652 A,
¢ = 3.02A) shows excellent alignment between the predicted and observed peaks.

In addition to the Pnnm prototype, we find the oxygen anion sublattice of the B-Ni(OH),
layered structure (space group P6s;/mmc) also generates oxygen scattering peaks at 38° and 42°.
The B-Ni(OH), cation sublattice has one cation at the (0, 0, 0) position, is in space group P6/mmm,
and generates a strong XRD peak at 19° due to the (001) plane. Following a similar procedure as
above, we consider adding a cation in the (0, 0, 0.5) position which maintains the overall cation
sublattice space group P6s;/mmc and causes destructive interference in the (001) direction,
eliminating the intensity of the 19° peak (Figure S3). To maintain an overall density comparable
to disordered rutile and B-Ni(OH),, the occupation of both cation sites again is set to Nix»Sb(x)2
with 50% cation vacancy (Figure 1e). Fitting lattice constants of the P6;/mmc prototype to the x =
0.63 spectra (a=b =291 A, c=4.72 A, a=f=90°, y=120°), also results in a good fit to the
experimental data for x = 0.63. These results indicate the discovery of Pnnm and/or P6;/mmc

nickel antimonate structures.

Identification of Stable Ordered Structures from Grand Potential Phase Diagram
Computational evaluation of the stability of the proposed Pnnm and P63;/mmc prototypes is
challenged by the mix of Ni, Sb, and vacancies on the cation sublattice. To perform density

functional theory simulations, we identify the lowest energy ordered configurations of each
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prototype as a representative phase of local crystallites in the experimental samples. Under the
synthesis conditions of constant temperature and fixed oxygen partial pressure, the formation
energy of a given Ni,Sb; O, phase is calculated by the grand potential energy,

AE¢(NiySby _;0,) = E(Ni,Sby _ ,0,) —xpn; — (1 — x)isp —2[ho,
where u is the chemical potential of the respective element. Chemical potentials of Ni and Sb are
calculated such that the formation energy of the most stable unary metal oxide is set to zero, e.g.,
AE f(NiO,Sb204) =0 at T =700 °C, and 0.2 atm O,. The oxygen chemical potential under
experimental conditions is calculated as

po=uo(T,P) + kyTin(p/p°),
where 4 is the Boltzmann constant, 7'is temperature, p is the oxygen partial pressure in atm, and
2 is the reference pressure of 1 atm. The reference oxygen chemical potential, ug(T,P), was
calculated relative to the experimental formation energy of water at 0 K and 1atm,
$y(0K, 1 atm) = AHPFS(0 K, 1 atm) — %AHZ‘;T(O K, 1atm) — (—241.826 kJ/mol).

Formation energies calculated from DFT include both electronic and zero-point-energy

contributions. The temperature dependence of uJ is taken from experimental values®*2.
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Figure 2: (a) Grand potential phase diagram comparing the formation energy, AE;, at oxygen chemical
potential of -5.79 eV (700 °C and 0.2 atm O,) including discovered disordered Pnnm and P6;/mmc
prototype structures. The convex hull connects the thermodynamically stable phases as a function of
composition shown with the black line, with labeled compositions for the phases on the convex hull. The
crystal structure of the most stable phase identified for each composition is (b) x=0.33 R-Ni,Sb,01,, (c) x
=0.50 R-Ni,Sb,0s, (d)/(e) x=0.66 R-Ni Sb,O,, and hex-NicSb;0,5 respectively. (f) Structure of Ni;Sb,Oy4
pyrochlore structure is used to determine the metastability limit, since this is an experimentally known
phase that resides well above the DFT energy hull. Structures in (b, c, d, e, f) correspond to the labeled
points in (a). For each crystal structure, Sb octahedra are orange, Ni atoms and octahedra are gray, and

oxygen atoms are red.

We construct a one-dimensional phase diagram of the formation energy including many
different ordered structures of the fitted disordered prototypes to identify the most stable structure
at different Ni/Sb ratios. For the Pnnm prototype (Figure 1d) we consider orderings in a supercell
of (I1x1x3) for x=0.33 and x=0.66 and (1x1x2) for x = 0.5 which tests mixing along the c-axis.
Additionally, we consider (v2xv/2x2) supercell for x = 0.5 which allows for mixing along the ab-
plane. Similarly, for the P6;/mmc space group prototype, we calculate the DFT-energy of (3x3x1)
ordered supercells for x=0.33, 0.50 and 0.66. For each supercell, the starting fractional occupation

of all disorder-cation sites is identical and chosen to achieve an overall stoichiometry of Ni,Sb;.
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«0,. Since these supercells do not have fractional site occupancy, their formal space group will be
lower in symmetry than the structures of Figures 1c, d. However, assessing the stability of the
supercells in the context of the Ni-Sb-O grand potential phase diagram will provide insights into
the thermodynamics of the cation-disordered structures derived from experimental XRD patterns.

Calculating the energy of all combinations of ordered occupations for each structure would be
infeasible (over 59 thousand orderings for the x = 0.5 disordered rutile structure alone), we
therefore limit our search to the symmetrically distinct orderings within 1.5 eV/atom of the lowest
predicted Ewald electrostatic energy.?! We also include in our preliminary structure survey
additional structure prototypes from other known metal antimony oxides in the ICSD® with
appropriate Ni substitution for non-Sb cations. Phase stability for all phases was compared by
calculating the grand potential formation energy (Figure 2) with a fixed oxygen chemical potential
corresponding to the experimental annealing conditions of 0.2 atm O, and 700 °C. The structures
used for DFT calculations are referred to with unit cell stoichiometries and integer subscripts, to
differentiate them from the experimental and cation-disordered prototype compositions.

The predicted stable monometallic oxides under synthesis conditions are rutile antimony oxide,
R-Sb,04, and NiO which are consistent with the observed peaks in the XRD patterns for Sb and
Ni rich phases respectively. The only stable mixed Ni-Sb-O phase on the convex hull is tri-rutile
(R-NiSbyOyo) at x=0.33 and AE; = -0.5 eV / metal atom (Figure 2b). The DFT-optimized lattice
parameters are a =b=4.72 A, c=9.36 A, which is within 2% of that calculated in the experimental
XRD pattern. In this most stable configuration, there are two symmetrically equivalent Ni atoms

with maximum dispersion and all oxygen atoms are symmetrically equivalent. The oxygens are
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coordinated with two Sb atoms and one Ni such that along the c-axis there exists an equal number
of Sb-Ni, Sb-Sb, and Ni-Ni edge shared octahedra. The local magnetic moment for Ni is ~1.7 ug
with no net moment observed for either Sb or O corresponding to formal +2, +5 and -2 oxidation
states. The calculated bandgap is 0.45 eV indicating a semiconductor; however, the magnitude of
the bandgap is much less than experimental measurements of 1.6-2.83 eV2%27, Additionally, the
antiferromagnetic and ferromagnetic configurations are approximately the same energy and only
differ by 0.003 eV / metal atom which is much more similar in energy than previous calculations
of this phase*. These two apparent discrepancies (smaller bandgap and similar ferromagnetic and
antiferromagnetic energies) are explained by the choice of the Hubbard U parameter for Ni (U.g=
3), which was chosen to minimize the error in enthalpy of formation across nickel oxides with
multiple oxidation states rather than bandgap (Figure S4) and is lower than that used in other
works?8.

No other calculated structures for x = 0.50 or 0.66 lie on the convex hull and therefore predict
the synthesized phases to be metastable. We estimate the metastability limit from a pyrochlore
phase (NisSbsO4, mp-1190650), which has been experimentally synthesized (Figure 2f) under 0.2
atm O, and 450 °C annealing conditions?®. This pyrochlore phase is above the convex hull, with
AELy1, pyrochiore = 0.61 €V/ metal atom as calculated at its synthesis conditions. We therefore
estimate the upper bound of metastability in the Ni-Sb-O phase based on the energetics of this
pyrochlore structure, and any phase with AE,; < 0.61 eV / metal atom may be synthesizable. The
pyrochlore structure is not a viable candidate for the observed phases in this study because of the

dissimilarity between the calculated and observed XRD pattern.



Journal of Materials Chemistry A

For the x = 0.5 composition the lowest energy phase we could identify was a metastable bi-
rutile (R-Ni,Sb,0g) with AEy,; = 0.30 eV/metal atom (Figure 2c¢). The metastable bi-rutile is a
(1x1x2) supercell of the rutile structure with stacking of alternating Ni and Sb edge shared
octahedra along the c-axis. No magnetic moments are observed on either Sb or O, and the Ni
magnetic moment is 1.1 indicating +5, -2, and +3 oxidation states of Sb, O and Ni, respectively.
Antiferromagnetic and ferromagnetic configurations are approximately the same energy with
AE., — AEg, = 0.002 eV/metal atom. The calculated bandgap is 0.29 eV and is similar to that
calculated for x = 0.33. Experimentally, x = 0.33 and x = 0.5 compositions also share similar
bandgaps.

We identified two structures of similar formation energy for the Ni-rich, x = 0.66, phase. The
most stable ordered structure of the Pnnm disordered prototype is tri-rutile (R-NiySb,O,,) with
AEp = 0.73 eV/metal atom. Stacking along the c-axis occurs in a similar configuration to x=0.66
with Sb and Ni atoms swapped (Figure 2d). In the unit cell, there are two magnetically distinct Ni
atoms, one pair of edge sharing Ni octahedra has moments of 0.63 pug and another pair of edge
sharing Ni octahedra has moments 0.73 pg which does not correspond to the formal Ni +3.5
oxidation state. Instead, slight magnetic moments on the oxygen are observed, indicating a more
covalent and possibly less stable Ni-O bond in this Ni-rich configuration compared to either x =
0.50 or x = 0.33. The AE,,; = 0.72 eV/metal atom is above the approximate metastability limit,
and its DFT electronic structure is metallic, which does not align with the experimental observation
of a similar band gap for all compositions 0.33 < x < 0.67, motivating further refinement of the

computational model for this phase in the following section.
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The second phase identified for x=0.66 is an ordered configuration of the P6;/mnc hexagonal
prototype phase (hex-NigSb;O,g). This hexagonal phase is composed of two layers of alternating
Ni-rich and Sb-rich layers (Figure 2e) with an identical formation energy AE,,; = 0.72 eV/metal
atom which is also above the metastability limit. This configuration minimized the electrostatic
Ewald electrostatic energy for the x = 0.66 composition and is in a space group found in other
metal antimony oxides prototypes including Mn(SbO3), (mp-25043) and Hg(SbO3), (mp-754065).
There are six Ni atoms in the unit cell with three distinct Ni magnetic moments: within the Ni rich
layer there are three with 0.926 ug (Ni*?) and two with 0.09 pg (Ni**), and 0.18 (Ni**) in the Sb-
rich layer. The magnetic moments do not correspond to formal oxidation states, instead indicating
a more covalent and possibly less bonding character between the Ni and oxygen. This structure is
ferromagnetic with an overall magnetic moment of 3 pg and has a calculated bandgap of 0.30 eV
which is nearly identical in magnitude to that calculated for both x=0.50 and x = 0.33.

Having identified the most stable ordered-structures consistent with the identified disordered
prototypes and XRD patterns, we calculate the XAS spectra for further comparison of the Ni

oxidation states with experiments.
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Figure 3: (a-d) XAS Ni K-edge comparisons for Ni,Sb,,O, for (a) x = 0.33, (b) x=0.50, and (c, d) x =

0.66. Experimental spectrum for each composition is shown with a solid black line. Simulated spectra are

shown in color for the calculated rutile (a, b, ¢) and hexagonal (d) structures. Solid colored lines represent

calculated structures with no oxygen vacancies (z = 2). Dotted lines represent calculated structures with

most-stable oxygen vacancies (z< 2), which generally shift the Ni K-edge to lower energies. (e) The energy

above hull (AE,,;) of each calculated structure as a function of relative oxygen chemical potential (Apo).

The color and line style correspond to the same calculated structure as in (a-d). Vertical dashed lines mark

the reducing synthesis and oxidizing OER measurement conditions. The metastability limit (shaded gray

region) is defined as the AEy,; for pyrochlore-Ni,Sb,O; at 0.2 atm O, and 450°C. Under synthesis

conditions, oxygen vacancies have a positive formation energy for x = 0.33 and 0.50 and a negative

formation energy for x = 0.66. Under OER conditions, oxygen vacancies are unstable at all Ni

concentrations.

Stability of Oxygen Vacancies and effect on Ni XAS Spectra
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Using the synthesized thin films with x=0.33, 0.49, and 0.63, Ni K edge spectra were acquired
and found to not vary considerably despite the substantial differences in composition and phase
(Figure 3a-3d, solid black lines, plotted together in Figure S5). By comparing the K-edge positions
to reference NiO and NiOOH spectra, the Ni oxidation state is estimated to be +2.5 for all Ni/Sb
ratios. However, the compositions of the identified phases from our grand potential diagram for x
=0.33, 0.50, 0.66 are Ni»SbsO¢ Ni,Sb,0g, NisSb,0;, which have formal Ni oxidation states of +2,
+3, and +3.5 respectively. For x = 0.33, Ni is formally more reduced than measured, and in x =
0.50 and 0.66 Ni are more oxidized than measured. The simulated Ni K edge spectra of these
oxidized phases (Figure 3a-3d, solid-colored lines) has increasing edge energy with increasing
formal oxidation state, causing a discrepancy between the measured and simulated spectra that
increases with increasing Ni concentration.

To address this discrepancy, we consider the effect of oxygen vacancies on the Ni oxidation
state and evaluate their thermodynamic stability. The formation energy for oxygen vacancies,
AE})OK?,E, as a function of oxygen chemical potential for a given structure relative to the fully

oxidized structure is,
AE Poriy;
= E(NiSb1 —x0; —n) — E(NixSb1_x07) + npo = AEpu(NixShy <07 —n) — AEpun
(leSbl — xoz)
where nis the stoichiometric number of oxygens removed from the simulated cell. We consider n
=1 for x=0.33 (R-Ni,SbsO1,.,), n=1, 2, 3 for x= 0.5 (R-Ni,Sb,0g.,), and n=1, 2, 3, 4 for x=
0.66 (R-NigSb,0,, and hex-NigSb;O;5,). Similar to our approach for calculating cation

occupation geometries, we limit the search space for possible configurations with multiple
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vacancies by only performing a DFT relaxation on the symmetrically distinct structures within 1.5
eV/metal atom of the lowest predicted Ewald electrostatic energy for that stoichiometry.

The formation energy of a single oxygen vacancy for x = 0.33 (R-Ni,Sb40O;) is very large at
0.39 eV/metal atom and is unfavorable even under very reducing experimental conditions. The
presence of the oxygen vacancy did not change the Ni magnetic moment (1.7 pg) compared to the
fully oxidized composition and did not impact the simulated XAS spectra with both in reasonable
agreement with the experimental spectra (Figure 3a). Even though the formation energy of R-
Ni,Sb4O,; is within the metastability limit (Figure 3e red dashed line), we do not expect any
oxygen vacancies to form for x = 0.33 due to the large driving force to completely oxidize to R-
Ni,Sb40, (Figure 3e solid red line).

For x = 0.50, there are two symmetrically distinct oxygen atoms. The first is 2-coordinated
with Ni (single coordination with Sb) and the second is singly coordinated with Ni (2-coordination
with Sb). The 2-Ni-coordinated oxygen is more weakly bonded and thus exhibits the lower
vacancy formation energy of AE,QOK?,{: = 0.06 eV/metal atom. Introducing a single oxygen atom
vacancy changes the magnetic moment on both Ni atoms to 1.7 pg and lowers Ni oxidation as
reflected in the simulated XAS spectra (Figure 3b) with the edge of R-Ni ,Sb4O7 shifting to lower
energy and in good alignment with the experimental data. Further reducing the system and creating
a second oxygen vacancy (R-NisSbsOg¢) is more unfavorable with AE]QOK?{= 0.24 eV/metal atom

and introduces additional peaks along the simulated K-edge inconsistent with the experimental

spectra (Figure S6). The overall formation energies of both the reduced R-Ni,Sb,O7 and oxidized
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R-NiySb,Og structures are within the metastability limit and may co-exist under synthesis
conditions (Figure 3e solid and dashed blue lines).

The Ni-rich x = 0.66 composition is most easily reduced and stabilized by the presence of
oxygen vacancies. Starting from R-NiySb,O,,,, sequentially introducing oxygen vacancies is
energetically favorable for n = 1, 2, 3 with AEZy% of -0.02, -0.03, and -0.05 eV / metal atom
respectively. Three oxygen vacancies (R-NiySb,Oy) resulted in the lowest energy configuration
with AEp,; = 0.65 eV / metal atom (Figure 3e, green-dashed line), and the shift of formal oxidation
state to Ni*? is reflected in the low Ni K edge energy (Figure 3c). Similarly for hex-NigSb3Og.p,
the first three oxygen vacancies are thermodynamically favorable with hex-NigSb;0,5 found as the
most stable with AE/QOK%: -0.1 eV/metal atom and AE,,;; = 0.62 eV/metal atom (Figure 3e, cyan-
dashed line). At this composition, half the Ni atoms in the unit cell are +3 with magnetic moments
of 1.63 ug and half are +2 with magnetic moments of 0.9 ug. For both R-Ni ,Sb,0;, and hex-
NigSb3;0;g, introduction of oxygen vacancies resulted in similar hull energies, and shifted the
simulated Ni-K edge to lower energies in better alignment with the experimental spectra. While
the most energetically stable stoichiometry we identified for x = 0.66 is hex-NigSb;Oys, it is
possible that alternate or larger supercell vacancy configurations may exhibit lower formation
energies.

In total, the computational structures best supported by XRD and XAS experiments are R-
Ni,Sb,O1,, R-Ni,Sb,07, hex-NigSb;05 and R-NigSb,Oy, with a propensity for oxygen vacancy
formation that increases with increasing Ni concentration. While oxygen vacancies may be

kinetically stabilized after synthesis, their unfavorable energetics under OER conditions (Figure
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3e) suggest that near-surface oxygen vacancies will be filled during electrochemical operation,
motivating the study of vacancy-free structures for studying OER catalysis and Pourbaix
energetics.
Identification of OER Surface Coverage

We first identify the relevant surface coverages on multiple surface facets for each composition
and consider the activity on the standard rutile (101) and (110) surfaces for each of the three
compositions, and on the (100) surface for the hex-NigSb;0;5. On both the (101) and (110) surfaces
we consider two types of active oxygen sites: single coordinated on-top sites on either a Ni (O,-
N) or Sb atom (O,.-S) and double coordinated (O,.) bridge sites which have not been extensively
investigated in these systems (Figure 4). The types of bridge site differ between each of the

compositions, either between two Ni atoms (O,.-NN), two Sb atoms (O,.-SS), or a Ni-Sb bridge

(110) (101)

R-NiSb,0; g

R-NISHO, e S

R-Ni,SbOp e

hex-Ni,SbOg

Figure 4: Most common surface under reaction conditions for (a, b) R-NiySb,0y,, (c, d) R-Ni3;Sb;0y,, (e, f)
R-Ni,Sb,01,, and (g) hex-NigSb;045. (a, ¢, €) show (110) surface terminations, (b, d, f) show (101) surfaces,
and (g) is the (100) surface. The bridge O, sites are most catalytically active (see Figure 5), while the top-
O, sites are empty and only activated under much higher potentials not realized during OER experiments.

Surface Pourbaix diagrams for all surfaces and compositions given in Fig S7.
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(O,.-NS). The most stable surface terminations for each of the available oxygen sites under
reaction conditions were determined by sequentially oxidizing each active site and calculating the
surface Pourbaix Diagram (Figure S7).

The most active surfaces on both (110) and (101) surfaces for all compositions included vacant
top sites (Figures 4a-g), with the differences between various Ni compositions arising solely from
the terminations of the different bridge sites. Both O,.-NS and O,.-SS bridge sites on x = 0.33
(110) and (101) surfaces are all oxygen terminated, with nickel remaining in the +2 oxidation state
(Figure 4 a,b). Similarly for R-Ni,Sb,Og (x = 0.5), the (101) O,.-NS site, and (110) O,-SS, and
0,.-NS sites are oxygen terminated (Figure 4c,d). However, on the (101) surface there is an
additional OH terminated O,.-NN site with the additional charge compensated equally between
the two nickel atoms (Figure 4d). We also note that the Ni,Sb,Og (110) primitive surface has two
symmetrically distinct sites for each O,.-NS and O;.-N. For x = 0.66, on the (110) surface, the Oy-
NN site is most easily oxidized, and O terminated under OER conditions, and the remaining O,-
NS bridge site is the most active and predicted to be OH terminated (Figure 4e). An identical trend
is observed on the (110) surface: O,.-NS oxygen terminated, and O,.-NN are OH terminated
(Figure 4e). For hex-NigSb;O5, we only considered the (100) termination corresponding to the
most prevalent peak in the observed XRD pattern (Figure 1b, green line) and find its termination
very similar to the rutile configuration with oxygen at the O,.-NS sites, and OH at the O,.-NN site

(Figure 4g).
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Figure 5: Experimental evaluation of OER activity in pH 10 borate-buffered electrolyte. The five
as-synthesized compositions are labelled by their respective Ni concentration, x, with each initial
(anodic) sweep shown as a solid line and the subsequent (cathodic) sweep shown as a dotted line.
The inset shows the portion of each CV with current density above 0.1 mA cm™ on a logarithmic
scale, with dashed black lines showing characteristic Tafel slopes.
The Measured and Calculated OER Overpotentials

Experimental evaluation of OER activity was carried out in pH 10 electrolyte on a series of 4
Ni,Sb;_,O, compositions annealed at 700 °C as well as a Ni-O electrode (x = 1) annealed at 610
°C. Cyclic voltammograms (CVs) are shown in Figure 5, revealing substantial compositional
variation in activity with x= 0.33 showing the lowest activity but also lowest apparent Tafel slope,
approximately 110 mV dec"!. The Tafel slopes of the more Ni-rich samples are less well-defined
and are generally larger, up to 190 mV dec-!. The overpotential at a current density of 10 mA ¢m

is used as an activity descriptor, which for the x = 0.33 sample requires an extrapolation as shown

in the inset of Figure 5. Additional photoelectrochemical characterization (Figure S9) and TEM
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analysis of the Nigs,Sby 430, film after PEC experiments (Figure S10) further support the proposed

structures and show similar microstructures and composition as shown in our previous work.*
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Figure 6: (a) Activity volcano in the binding energy descriptor space with a minimum observable
overpotential of 0.3 V vs RHE. Symbols indicate the oxygen coordination for the binding site, color
indicates composition as shown in (b), and the surface index is labeled for each point. Remaining unlabeled
O sites are (101). The sites generally cluster into three regimes, represented by the O,.-N sites, active Ni-
Sb bridge, and inactive bridge sites. Underlying activity volcano is given from the scaling relationship
Goon = 0.73Goy + 3.483. (b) Calculated overpotentials for each active site and surface as a function of
composition. Empty circles indicate experimental overpotentials obtained in the pH 10 electrolyte at the

current density of 10 mA cm™.



Journal of Materials Chemistry A

To further understand the OER activity of these systems, we calculate and plot the two main
binding energy descriptors for each site on the active surface termination shown in Figure 4,
AG:+oy, and AG+ -AG+oy, and the associated activity volcano (Figure 6a, individual data points
given in Table S2) based on a fitted scaling relationship between AG:oop and AG:oy (Figure S8).
Some general trends among the adsorption energies across types of active sites, surfaces, and
composition are observed. Firstly, the activity of the top sites is generally limited by the
unfavorable binding energy of *OH and are clustered in the top right corner of Figure 6a and are
not very active with overpotentials > 0.8V 