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ABSTRACT: Electrochemical water splitting using earth-abundant
materials is crucial for enabling green hydrogen production and
energy storage. In recent years, molybdenum trioxide (MoO;), a
semiconducting material, has been proposed as a candidate catalyst
for the oxygen evolution reaction (OER). Here, we advance nickel
(Ni) doping of MoOj; as a strategy to increase the activity and
stability of the material during alkaline electrochemical water
splitting, thereby overcoming the typical activity-stability trade-off
encountered with OER catalysts. The instability of MoOj in alkaline
media can be mitigated by doping with Ni, whose oxide is stable
under such conditions. Using density functional theory (DFT) with
Hubbard corrections, we show that Ni doping reduces the
thermodynamic OER overpotential on the MoO; basal plane to
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0.64 V. Experiments demonstrate that Ni-doped MoOj; requires an overpotential of 0.34 V for an OER current density of 10 mA/
cm” (and 0.56 V at 100 mA/cm?), as opposed to a value of 0.40 V for pure MoOs. Further, Ni-doped MoOj, exhibits a lower Tafel
slope of 74.8 mV/dec, compared to 98.3 mV/dec for the pristine material under alkaline conditions. While Mo leaches in alkaline
conditions, X-ray photoelectron spectroscopy reveals enhanced stability with Ni doping. Overall, our work advances Ni-doped MoO,
as a promising water-splitting electrocatalyst and provides new insights into its OER mechanism and stability in alkaline media. More
generally, the work sheds light on choosing a dopant to increase a material’s activity and stability, which will also find applications in

other catalytic materials.
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Bl INTRODUCTION

Hydrogen (H,), an important industrial gas, has also emerged
as a promising alternative to fossil fuels. Its application areas
include energy production in fuel cells and several industries,
such as fertilizer manufacturing, metal processing, and
biomass/petroleum hydrotreating.”” Conventionally, H, is
produced using steam methane reforming, a process that
releases a considerable amount of carbon dioxide (CO,) into
the atmosphere. Concerns about global warming have
necessitated the discovery of alternative synthesis routes to
produce green (i.e., CO,-emission-free) H,, the most
promising of which are thermochemical’ and (photo)-
electrochemical™ water splitting. Electrocatalytic H, produc-
tion offers an efficient route to enable the conversion of
renewable electricity into H,, thereby facilitating effective
energy storage and conversion.”” The cathodic hydrogen
evolution reaction (HER) and the anodic oxygen evolution
reaction (OER) are the fundamental half-cell reactions
involved in water splitting. Notably, the OER is kinetically
© 2025 The Authors. Co-published by
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sluggish due to the presence of four proton-coupled electron
transfer steps,”” and the high energy requirement for making
oxygen—oxygen bonds (O=O0), which hinder both the
advancement and scalability of water-splitting technology.”
Under alkaline conditions, wherein hydroxide ions are
involved, the OER can be written as 4OH™ — O, + 2H,0
+ 4e”. Overall, this reaction requires 4.92 eV of energy per O,
molecule produced at room temperature and 1 bar pressure,
representing a significant energy input.'’ Therefore, developing
and exploring stable, economically viable, and highly efficient
catalysts for the OER beyond the conventional iridium and
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ruthenium-based oxide catalysts is of utmost significance in
generating environmentally friendly H,.

Inexpensive transition metal-based oxide materials have
become the focus of intense research attention due to their
proven effectiveness in gas/analyte sensing, energy conversion/
storage devices, and electro/photocatalysis.''~"* In recent
decades, there has been significant exploration into transition
metal-based OER electrocatal?rsts, including nickel and iron
oxides and (oxy)hydroxides,"*'> driven by the goal of reducing
dependency on expensive and limited noble metal-based
catalysts. Although noble metal oxides like IrO, and RuO,
are currently the most active OER catalysts in acidic
conditions, they are hindered bZ material scarcity and a loss
of activity over extended use.'®'” Conversely, while affordable
transition-metal hydroxides and oxyhydroxides (Ni, Co, Fe)
are effective OER catalysts in alkaline electrolytes,'®"" they
face significant challenges due to high overpotentials and a
trade-off between activity and stability, which limits their
practical application, similar to other catalysts.””*" An optimal
catalyst should offer a balanced dissolution rate that is neither
too fast nor too slow so it is both stable and active.

Molybdenum trioxide (MoO;) is garnering attention for its
versatile structural and functional properties among transition
metal oxides. Its ability to modify oxidation states through
electron acceptance in d orbitals contributes to its adaptabilitzr,
making it promising for diverse technological applications.”>**
In this regard, modulating the electronic structure is crucial in
improving the catalytic activity and stability of a catalyst. It can
be achieved by elemental doping,”*~*° defect engineering,””**
and deposition on a suitable host material.”® Tuning the
electronic configuration of the catalyst by doping can
significantly influence the binding energy of the intermediate
species involved in the OER mechanism. Stability and activity
are crucial required properties of any catalyst,”” and it has been
shown that dopants can dramatically reduce the OER
overpotential on many catalyst materials.”””" Nickel is a
nonprecious metal and has been reported as a promising
dopant due to its efficient catalytic activity.”***~** Ni dopant
atoms can alter the doped catalyst’s oxidation state, electronic
structure, and surface area, improving catalytic activity. For
instance, doping Ni at an octahedral site in the surface layer of
Co;0, reduced the simulated thermodynamic OER over-
potential from 0.46 V to 0.34 V.*>* In another study, Ni doping
significantly enhanced the measured OER activity of a Bi,WOj
electrode, demonstrating a comparatively low overpotential of
0.242 V along with high stability.”” Additionally, 3% Ni-doped
CuS nanocrystals demonstrate significantly improved OER
activity, with an overpotential of 0.39 V to achieve a current
density of 10 mA cm™2 and a Tafel slope of 96.8 mV/dec,
outperforming undoped CuS.>> Overall, Ni doping has
emerged as an effective strategy to enhance the water-splitting
activity of various materials. Accordingly, this work examines
the OER activity and stability of pure and Ni-doped MoO;,
employing quantum-mechanical density functional theory
(DFT) calculations alongside experiments to develop efficient
and inexpensive Ni-MoOj-based OER electrocatalysts.

Previously, molybdenum sulfide, carbide, and their deriva-
tives have been employed as HER catalysts.”” ™" However,
their utilization as OER electrocatalysts remains infrequent,
with limited reported instances in the literature. Several
previous studies focused on using noble metals to improve the
OER activity of MoOj;. For example, Ag doping in MoO;
significantly enhanced its OER activity under alkaline
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conditions.”® Additionally, an IrO,/MoQ; hybrid reduced
the overpotential by 0.11 V compared to the benchmark
catalyst IrO,, leading to similar required overpotentials of 0.34
V and 0.36 V, respectively, under acidic and alkaline
conditions, at a current density of 10 mA cm™2"’ Researchers
have also explored doping MoO; with non-noble metal
dopants. For example, Li et al. synthesized a bifunctional
MoO;/Ni-NiO composite nanomaterial using a sequential
electrodeposition technique. This composite, again under
alkaline solution conditions, demonstrated outstanding electro-
catalytic properties, with a low overpotential of 0.062 V at 10
mA/cm?*’ The very low overpotential in this study is likely
due to the deposition of ultrafine MoOj; and Ni nanoparticles
on amorphous NiO nanosheets, which could have led to a
larger electrochemically active surface area. However, using
ultrafine nanoparticles led to the sample being investigated to
show 2.1% chronopotentiometric deterioration over 20 h of
catalyst testing. In another study, Kim et al. enhanced the OER
activity of MoOj; by incorporating Li ions into its structure
through the lithiation of MoOj; nanoparticles deposited on
carbon fiber paper, resulting in an overpotential of 0.46 V at 10
mA/cm? in aqueous KOH."' Another recent theoretical study
explored the use of alkali metals in enhancing the OER activity
of transition-metal doped monolayer MoO;.** Moreover,
MoO; patches have also demonstrated effectiveness in
enhancing the catalytic activity of Ni oxyhydroxide nanosheets,
exhibitingg an overpotential of 0.26 V at 10 mA/cm? in aqueous
NaOH.* Additionally, Kundu et al. created oxygen vacancies
in NiMoO, nanorods within a two-electrode system, showing a
current density of 10 mA/cm? with an overpotential of 0.36 V
in 1 M KOH.* Despite this progress, previous experimental
work has not explored inexpensive transition-metal doping, for
example, using nickel, to enhance the OER activity of MoOj.
Moreover, a key aspect that has received insufficient attention
is the stability of MoO; under alkaline conditions, wherein
most experimental studies, as seen above, have investigated its
OER activity. Note that MoO; is an acidic oxide known to
dissolve in alkaline solutions,” but no study on electro-
chemical water splitting has examined this point. In this regard,
it is well-known that materials that transform under reaction
conditions to a derivative form could lead to higher activity.*’
Nevertheless, this possibility has not been probed for either
pure or doped MoOs.

To address these knowledge gaps, in our work, we
thoroughly investigate the OER activity of pure and Ni-
doped MoOj; using DFT and experiments to understand the
OER mechanism on the MoO; basal plane and the stability of
the material under alkaline solution conditions. The rationale
for using Ni is that, since the oxides of Ni are stable under
alkaline conditions, while MoOj is not, doping with the former
element could improve not only the stability, but also the
activity of MoOj by offering a balanced dissolution rate of the
material. We employ Hubbard corrections in DFT (DFT + U)
to accurately model the localized nature of the 3d and 4d
electrons, respectively, in the Ni and Mo ions in the material.
This approach corrects the self-interaction error prevalent in
conventional DFT and allows a reasonable description of redox
free energy changes. Our theoretical results reveal that Ni
doping of MoOy; is favorable, demonstrating a reduction in the
thermodynamic OER overpotential by 0.49 V compared to
bare MoOj;. Our experimental results, in qualitative agreement
with the theoretical predictions, support the doping of MoOj;
by nickel to obtain promising OER activity. We synthesize the
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catalyst using a solid-state route and characterize it via X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and scanning electron microscopy (SEM). Linear sweep
voltammetry is used to determine the current density—applied
potential relationship, and chronopotentiometry is employed
to study the stability of the developed catalyst. We determine
the overpotential required for an OER current density of 10
mA cm™ to be 0.34 V. We also show that Mo does indeed
leach under the alkaline conditions of the OER, an aspect that
has been ignored in the literature. Nevertheless, we
demonstrate that Ni doping of the material reduces the extent
of Mo leaching. Overall, we provide detailed insights into the
OER reaction mechanism on both pure and Ni-doped MoO;
and advance Ni doping as a promising strategy to enhance the
OER activity and stability of MoO; under alkaline solution
conditions.

B METHODS

Details of the DFT Calculations. The electronic energy of all the
intermediates was calculated via spin-polarized DFT + U calculations
using the Vienna Ab initio Simulation Package (VASP), which
employs plane wave basis sets."”*® The projector augmented wave
(PAW) formalism was employed to model the ion-electron
interactions*”** with a kinetic energy cutoff (E ) of 450 eV. The
Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional®'
with Hubbard corrections via the rotationally invariant approach
proposed by Dudarev et al.** was employed, with the U-J values of 6.3
eV (ref 53) and 5.5 eV (ref 54) for the Mo and Ni atom centers,
respectively. The DFT method, combined with the rotationally
invariant on-site repulsion model, depends on a single parameter, U-J.
To determine this value for Mo, Coquet and Willock used the atomic
spin density from a cluster model as reference data. By optimizing the
model and varying the U-J value, they observed a strong linear
correlation between the spin population and U-J. The selected U-J
value for Mo ensured the best agreement between the results of
cluster and periodic models.>® For Ni, Li and Selloni determined the
U-J value using linear response theory, which analyzes the system’s
response to perturbations in electronic occupations. This approach
ensures an accurate representation of Ni's electronic structure by
optimizing the U-J parameter, accounting for electron—electron
interactions, and minimizing the influence of periodic images.>* For
the bulk MoOj structure, the Brillouin zone was sampled by the
Monkhorst—Pack k-point grid method,® and a 5 X 3 X 5 k-point
mesh was decided after testing various grid meshes. The k-point mesh
and E., were selected based on a 1.0 meV/atom convergence
criterion for the system’s ground-state energy. We considered a 3 X 3
supercell with four MoOsj layers for the catalyst surface. Furthermore,
a vacuum of 20 A was used perpendicular to the surface to exclude the
interaction between periodic images, and for this model, a 3 X 1 X 3
k-point mesh was used. The self-consistent energy convergence
criterion was chosen to be 107 eV, and the structure was allowed to
relax to a force threshold of 0.01 eV/A. Moreover, dipole corrections
to the DFT energy and DFT forces were also enforced in the
direction perpendicular to the surface using the IDIPOL = 3 and
LDIPOL = .TRUE. tags, respectively, in the VASP input file. In the
case of molecules, ie., water and hydrogen, dipole corrections were
applied in all three directions by employing IDIPOL = 4 in place of
IDIPOL = 3. We used Gaussian smearing with a width of 0.01 eV to
improve DFT convergence by distributing the occupation of states
around the Fermi level.

Details of the Free-Energy Calculations. The computational
hydrogen electrode (CHE) framework, developed by Nerskov et al.,
was employed to determine the thermodynamics of the elementary
reactions using a proton-coupled electron transfer (PCET) path-
way.”*” The CHE framework provides a straightforward route to
relate the electrochemical potential of electron—proton pairs to the
Gibbs free energy of hydrogen molecules. Under standard conditions
(pH=0, T=298.15S K, p = 1 bar), the standard Gibbs free energy of a
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single electron—proton pair is taken to be half of the standard Gibbs
free energy of a hydrogen molecule in the gas phase. While the free
energies of electrochemical elementary steps scale linearly with the
applied potential, nonelectrochemical elementary steps are considered
unaffected by the applied potential. The standard Gibbs free energy of
gaseous molecule i (G?(g>) was calculated as follows

0 DFT DFT
Gig) = Eiy) + ZPEy,

+ (H'(298.15K) — H(0K) — TS(298.15K))* (1)
where Ei[(’;T represents the DFT energy of isolated molecule i in
vacuum, ZPE}?;T is the zero-point energy of the isolated molecule,
HO(T) is the experimental standard enthalpy at temperature T K, and
S°(T) is the experimental standard entropy at temperature T K. The
DFT and zero-point energy calculations were conducted using the
PBE + U theoretical framework, and experimental standard enthalpy
and entropy were obtained from the NIST-JANAF thermochemical
tables.”® We included an additional term to determine the Gibbs free
energy of a water molecule in the liquid phase. This term,
AGg_)I(298.15 K), represents the Gibbs free energy of condensation
of water molecules (—8.6 kJ/mol, sourced from the NIST-JANAF
thermochemical tables>®) at room temperature and is added into the
above formula. After calculating the Gibbs free energy of the gaseous
hydrogen (G?{z(g)) and liquid water molecules (G?{zo(l)): the Gibbs

free energy of the gaseous oxygen molecule ( G(C)Jz(g)) was determined
by ensuring that the free energy change during the OER is 4.92 eV at
298.1S K:
0 _5n0 0
Go,(9) = 2000 ~ 20, + 492V (2)
The vibrational zero-point energies (ZPEs) for the gaseous species
were calculated by summing up the contributions of N normal modes

. . N1 ,
using the expression Z/’ [Ehl/l] where h denotes Planck’s constant

and v; represents the vibrational frequency of each normal mode.
These normal modes were determined by DFT-PBE + U. Note that,
in the case of the hydrogen molecule, there is one normal mode (N =
1), and for the water molecule, there are three normal modes (N = 3).
The Gibbs free energy of the various adsorbed species (G') involved
in the OER was calculated as follows

Gio = EiDFT + B — TS, 3)
where EPFT is the DFT + U-calculated potential energy of the MoO;
lattice (bare/doped) with the intermediate species, E,;; and S,;,; are
the vibrational internal energy and vibrational entropy of the MoO;
lattice (bare/doped) with intermediate species, respectively, and T is
the temperature in kelvin. Note that the pressure—volume energy
term is not considered for adsorbed intermediates due to its negligible
effect in the solid phase. The following expressions were used to
calculate the vibrational internal energy and vibrational entropy

vib,i

3N, h
1 Lji
vib,i = Z [zh’/ﬁ + P _ 1}

j (4)

3N, .

Ji —phy;
TSy = ), [T—l =3 In(1 — ¢ ”")]

joLe (s)
where v; are the 3N; normal modes for the N; surface atoms in the

]l
. . . , 1 .
intermediate, h is Planck’s constant, and f§ = o (where kg is the
B

Boltzmann constant). The normal modes were calculated for all the
absorbed species on the surface as well as for H, and H,O molecules
by using central differences where the atoms were displaced from their
respective relaxed positions in all positive and negative directions
(using the NFREE = 2 tag) with a displacement of 0.005 A. We
employed the programs developed by Henkelman et al. to enable the
dynamical matrix calculation in VASP to obtain the normal-mode
frequencies.*”
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Figure 1. Standard Gibbs free energy profile for the OER on the Mo-terminated (010) facet in pristine MoO;. Inset figures depict top views of the
relaxed structures. In these structures, molybdenum atoms are shown in lilac, oxygen in red, and hydrogen in green. The black outline denotes the
active site in each intermediate. Results are shown for three different applied potentials (0 V in red; 1.23 V, the thermodynamic OER potential, in
green; and 2.36 V, the determined thermodynamic onset potential, in purple).

Experimental Procedures. Reagents. Ammonium molybdate
tetrahydrate ((NH,)¢Mo,0,,-4H,0, SD Fine Chem. 99%), nickel
nitrate hexahydrate (Ni(NO,),-6H,0, SD Fine Chem., 99%), Super P
carbon black (Sigma-Aldrich), Nafion (5 wt %, Sigma-Aldrich), and
RuO, (Sigma-Aldrich, 99.9%) were procured from the listed suppliers
with the stated purity. Merck Milli-Q water was used throughout the
experiments.

Catalyst Preparation. The synthesis of pure and Ni-doped MoO;
was carried out via a solid-state route. For Ni-doped MoQO;,
ammonium molybdate tetrahydrate was thoroughly mixed with a
10% molar ratio of nickel nitrate hexahydrate using a mortar and
pestle. The resultant mixture was then pelletized and annealed in air at
450 °C for 12 h (heating rate = 10 °C min™") in a muffle furnace. For
pure MoO;, nickel nitrate hexahydrate was excluded from the
synthesis.

Catalyst Characterization. The phase and structural features of
the synthesized catalysts were observed by analyzing X-ray diffraction
(XRD) patterns on an X-ray diffractometer (PANalytical X'Pert Pro,
Cu Ka, 1 = 1.5406 A, 40 kV, 40 mA). Surface morphologies were
inspected using field emission scanning electron microscopy
(FESEM) (UltraS$, Carl Zeiss AG) equipped with an EDS detector
and a thermal field emission source (W) operating at 0.1—-30 kV).
The presence of various chemical elements and their oxidation states
were determined by an X-ray photoelectron spectroscopy (XPS)
AXIS ULTRA DLD (Kratos) spectrometer employing a mono-
chromatic Al Ka 1486.6 eV excitation source. The Brunauer—
Emmett—Teller (BET) surface areas of MoO; and Ni-doped MoO,
were measured using a Quantachrome Autosorb iQ2 analyzer.

Electrochemical Measurements. The catalytic activity of pure and
Ni-doped MoO; toward the OER was investigated using a CH
Instruments, Inc. electrochemical workstation (760E, USA). All the
electrochemical analyses were conducted at room temperature with a
three-electrode configuration. Before the electrochemical studies, the
catalyst was ground thoroughly with Super P (a conductive agent) in
a weight ratio of 3:1. One mg of this mixture was then well dispersed
in 95 uL of ethanol and 5 yL of Nafion. After sonication to achieve a
uniform dispersion, S uL of this ink was coated onto a rotating ring
disk electrode (RRDE; used as a working electrode), with a Pt wire as
a counter electrode; for RuO,, a glassy carbon electrode was used as
the working electrode. For the chronopotentiometry and chronoam-
perometry stability tests, instead of an RRDE, a graphite sheet
electrode was used with 100 L of the ink coated onto it. Depending
upon the electrolyte used, reference electrodes include Hg/HgO for
alkaline and Ag/AgCl (in 3.5 M KCl) for acidic media. The
electrochemical measurements were performed in freshly prepared 1
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M KOH or 0.5 M H,SO, electrolyte at room temperature.
Polarization curves (linear sweep voltammetry) were recorded at a
scan rate of 10 mV/s, and chronopotentiometry curves were recorded
at a constant potential without iR-compensation. All potentials were
reported relative to the reversible hydrogen electrode (RHE):

0
Eue = Efg/ngo + 0.089pH + Eyyg o

(6)
)

0
Egge = Exg/agar + 0.059pH + Eyp

B RESULTS AND DISCUSSION

Investigation of the OER Activity on the Mo-
Terminated (010) Facet of Bare and Ni-Doped MoO;
Using DFT + U. We considered orthorhombic MoO; because
it is the most stable structure of the material.*”®" Table S1 in
the Supporting Information shows that the calculated lattice
parameters matched reasonably well with experimentally
determined ones.”” Details regarding the computational
parameters used are provided in the Methods section (see
also Tables S2—S4). We analyzed the OER activity of the
asymmetric oxygen active site of @-MoOj at the Mo-terminated
(010) facet. This particular facet forms the basal plane of MoO,
and has been investigated for its catalytic properties in previous
studies.”> We also considered the O-terminated (010) facet
(Figure S1), but it exhibited 0.35 and 0.56 V higher
overpotentials for bare and Ni-doped MoO;, respectively,
compared to the Mo-terminated (010) facet (Table SS). The
creation of an asymmetric oxygen vacancy is more favorable
than a symmetric oxygen vacancy (by ~1.2 eV) and is
energetically comparable to the formation of a terminal oxygen
vacancy (within ~0.15 eV), which can facilitate easier oxygen
desorption, a crucial elementary step in the OER cycle, at the
asymmetric oxygen site in MoOj (Table $6).*>%* Additionally,
hydrogen atom adsorption at this site is significantly more
favorable compared to other oxygen sites (the binding energies
of hydrogen adsorbed at asymmetric, terminal, and symmetric
oxygen atoms on the MoO; (010) surface were determined to
be 2.99, 2.77, and 2.11 eV, respectively).”** It is also
noteworthy that a previous study ruled out the OER activity of
MoO; monolayers at the asymmetric oxygen-active sites of the
O-terminated (010) facet.”” Our calculations (Table S7)

https://doi.org/10.1021/cbe.4c00160
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Table 1. Standard Gibbs Free Energy Changes Associated with the Elementary Steps Involved in the OER on the Mo-
Terminated (010) Facet in Pristine and Ni-Doped MoO; Obtained Using PBE + U Calculations”

Elementary Steps AG in Pure MoO; (eV)

1 A0 + H,0 - A00H + (H + ¢7) 236 (= 1.13 V)
2 AQOOH — A0, + (H' + ") 121
3 Ao, AL, 028
4 A . H,0 > 40H, 0.17
s AOH, »> AOH + (H' + ") —0.27
6 AOH > A0 + (H' +¢7) 118

Elementary Steps AG° in Ni-Doped MoO; (eV)

A0+ H,0 - 40, +H + (H +¢) —-0.90
Ao, + H —> A0, + (H' + &) 1.56
Ao, AL, 0.49
A 11,0 > AoH, 0.04
AoH, > AOH + (H' + &) 1.85

AOH - A0 + (H' +¢7) 1.87(n = 0.64 V)

“Note that H’ refers to a proton that gets attached to a nearby oxygen atom in the surface layer of the catalyst, as seen in Figure 2.

A0(OH)H .
cre

AG =-0.45eV/ pg =.0.90 eV

AG =1.85eV

— Original pathway

AG =-0.45eV

AG =1.42 eV 400
A0
" b
AG =1.87eV
AG =1.64eV

AOH
H*+ e
H*+e /
“% AG =0.04eV

—— AQ(OH)H and A00' mediated pathway

H,0,

H* +e

AG =1.56 eV

IAG =-0.67 eV
He+e
n=0.64 eV o,
AG =0.49 eV
A

H0

AOH,

— H,0, formation pathway

Figure 2. Top views of relaxed structures involved in the associative OER mechanism following three different pathways, determined using the PBE
+ U method for Ni-doped MoOj. The standard Gibbs free energy change during each elementary reaction is indicated for all the respective steps.
Molybdenum atoms are shown in lilac, oxygen in red, hydrogen in green, and nickel in blue. The overpotential exhibited is 0.64 V.

match the reported results but using the PBE level of theory
rather than PBE + U.

We considered the following intermediate moieties involved
in the associative OER mechanism: oxo (40), hydroperoxo
(AOOH), hydroxo (AOH), aqua (AOH,), and dioxo (40,),
where A is the adsite (see Figure 1).'”*° Figure 1 shows the
standard Gibbs free energy profile and the PBE + U-optimized
structures of all the adsorbed intermediate configurations
involved in the OER cycle on undoped MoOj;. Further, Table
1 reports the standard Gibbs free energy change (AG®) in each
elementary step during the OER mechanism. Recall that the
evolution of O, from two molecules of H,O needs four proton-
coupled electron transfer (PCET) steps.”” Each elementary
reaction step involves distinct intermediates adsorbed on the
electrocatalyst. Thermodynamically, the evolution of a single
0, molecule involves the Gibbs free energy (AG) change of
4.92 eV at room temperature. Accordingly, an ideally eflicient
catalyst requires a AG® of 1.23 €V for each of the four PCET
steps.”® In this regard, the potential-determining step (PDS) is

245

the electrochemical elementary step with the highest positive
AG’ throughout the OER process, and thermodynamic
overpotential corresponds to the difference between AG°
incurred during the PDS and the standard AG® associated
with the OER per electron transferred (1.23 eV).> Therefore,
the first elementary reaction step in Table 1, i.e. the
dissociative adsorption of a water molecule converting the
oxo intermediate (A0) to the hydroperoxo intermediate
(AQOOH), is the PDS with the overpotential () equal to 1.13
V on pure MoOs.

In Table 1, we present the thermodynamically most
favorable OER mechanism on pure and Ni-doped MoOj; via
four PCET steps and two nonelectrochemical adsorption/
desorption steps, with the free energetics determined using the
CHE framework (more details in the Methods section). In this
framework, the free energy of a proton—electron couple is
equal to half that of a hydrogen gas molecule, as the standard
hydrogen electrode reaction (H, — H* + e7) is assumed to be
at equilibrium. Nevertheless, when reported versus the
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Figure 3. (A) PXRD pattern of MoO; with an orthorhombic crystal system and (B) PXRD patterns of bare and Ni-doped MoO;. High-resolution
XPS spectra of (C) Mo 3d and O 1s, (D) Ni 3p, Mo 3d, and O 1s. FESEM image of (E) MoO; showing platelet type morphology and (F) Ni-
doped MoOj; showing agglomerated morphology along with the platelets.

reversible hydrogen electrode (RHE), the reaction Gibbs free
energies do not change even when the reactions are written via
hydroxide (OH™) ions rather than protons (H") due to the
cancellation of Nernstian pH effects. Accordingly, the reported
thermodynamics are versus the RHE and are independent of
the pH of the medium, being equally applicable at a pH of
14.0, with the reactions written via OH™ ions. Note that for
modeling Ni-doped MoOj;, we considered a doping config-
uration where one out of nine Mo surface ions was replaced
with a Ni ion, resulting in approximately 11% Ni doping.
Additionally, we explored a higher doping level by replacing
two out of nine Mo surface ions with Ni ions, resulting in 22%
Ni doping (Figure S2). However, this increased doping
concentration led to an undesirable rise in the OER
overpotential, from 0.64 to 1.21 V (Table S8). This suggests
that excessive Ni incorporation adversely affects the activity of
the catalyst. Note that this finding agrees with our
experimental results as well, as can be seen later in the text.
In Figure 2, we depict the detailed OER mechanism on Ni-
doped MoO;, comparing the typical associative OER pathway
with a lattice-oxygen(O')-assisted Rathway and the hydrogen
peroxide (H,0,) pathway via the A#O(OH)H intermediate.
The OER cycle starts with the adsorption of a water
molecule on the oxo (40) group to produce the hydroperoxo
(AOOH) group, which is the PDS for the mechanism on pure
MoO;. In the next step, the hydroperoxo (AOOH) group
deprotonates to yield dioxo (AOZ). Subsequently, the dioxo
(AOZ) group is released as an O, molecule in a non-
electroactive step. The vacancy of the asymmetric oxygen atom
is filled by a terminal oxygen (explaining why the vacant site is
not visible in Figure 1). Going forward, another non-
electroactive step produces the aqua (AOH,) group by a
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water molecule adsorbing on the vacant (4) site. In the
penultimate step, the aqua (AOHZ) group deprotonates to the
hydroxo (AOH) group, following which the hydroxo (AOH)
group deprotonates to oxo (A0). Note that, on Ni-doped
MoO;,, the hydroperoxo (AOOH) breaks into a dioxo and a
hydrogen adsorbed to a nearby oxygen, i.e., AQ, + HY, which
changes the PDS to the step involving the deprotonation of the
hydroxo group (AOH) to form the oxo group (AO). This is
also evident in Table 1, where the overpotential for the OER
drops to 0.64 V for the Ni-doped case. We also examined
alternative mechanisms involving (i) a lattice oxygen (O'),
called the OO' mechanism, and (ii) an adsorbed hydrogen
peroxide (H,0,) molecule, represented as AO(OH)H. In the
OO mechanism, the adsorbed oxygen species (A0) forms an
O—O bond with a neighboring lattice oxygen atom that is
nearest to the adsorbed 40O species.”” Initially, AoOH
deprotonates and bonds with the nearest lattice oxygen (O'),
forming AQO!. The 400 species then adsorbs a water
molecule, leading to the formation of the AoOH species
through another deprotonation step (Figure 2). This
interaction enables oxygen evolution through a more eflicient
pathway, reducing the overpotential. These results are
tabulated in Tables S9 and S10. As seen therein, the formation
of both A0(OH)H and 400! requires a prohibitively high
free energy change on pristine MoO;, ruling out these
pathways on the pure material compared to the regular
associative OER pathway. On Ni-doped MoOj3, however, both
these pathways can occur. Nevertheless, we find that on Ni-
doped MoOj, the formation of AQ, + H' is more favorable
than the desorption of H,0, (Table S10 and Figure 2),
indicating that H,0, will not be formed, but rather the OER
cycle will complete.
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We note that Ni doping significantly alters the electronic
structure of MoOj by introducing localized states within the
band gap and modifying the density of states (DOS) near the
Fermi level through the hybridization of Ni d-orbitals with the
MoO, lattice (Figure S3). These modifications facilitate
efficient charge transfer by providing intermediate electronic
states, thereby lowering the overpotential required for the
OER. Moreover, we found that the Ni—O bond distance in the
Ni-doped MoOs; lattice is slightly larger than the Mo—O bond
distance in pure MoO3, which could improve lattice flexibility
(Figure S4). This flexibility could help to accommodate the
strain induced during the OER process, possibly preventing
lattice degradation and thus improving the catalyst’s long-term
stability.

Synthesis of the Material and Analysis of Its Surface
Morphology via XRD, XPS, and FESEM. Guided by the
theoretical prediction of the significant reduction in the OER
overpotential of MoO; upon doping with nickel, we proceeded
to prepare and investigate pure and Ni-doped MoOj; for their
OER activity. Briefly, the synthesis of the catalyst was carried
out via a solid-state route using a 10% molar ratio of the nickel
precursor. Additionally, we explored higher nickel molar
concentrations of 20% and 30% (Figure S5), which led to a
deteriorated OER performance. The overpotential values,
measured at a current density of 10 mA/cm?, were determined
to be 0.34 V, 0.36 V, and 0.43 V for nickel concentrations of
10%, 20%, and 30%, respectively, indicating 10% to be the
optimal Ni doping concentration. Thus, all further analysis was
done at a nickel concentration of 10%. The powder X-ray
diffraction (PXRD) patterns in Figure 3A and B correspond to
MoO; and Ni-doped MoO;. These patterns provide insights
into the phase purity and crystal structure of the synthesized
material. The crystal structure of MoOj; is orthorhombic,
belonging to the Pbnm space group (as indexed in the
Inorganic Crystal Structure Database, ICSD #166362).
Notably, we found that the powder XRD pattern of Ni-
doped MoO; shows discernible but not significant alteration
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from the XRD pattern of pure MoOj, indicating the successful
incorporation of Ni into the MoOj crystal lattice rather than
the formation of bulk Ni phases.

Subsequently, XPS was utilized to investigate the oxidation
states of the constituent elements in both MoO; and Ni-doped
MoO;. Accordingly, high-resolution XPS spectra for Ni, Mo,
and O are presented in Figure 3C—D, confirming the presence
of these elements on the surface of the synthesized catalysts.
The high-resolution XPS (HRXPS) spectra of Mo 3d for Ni-
doped MoOj; and pristine MoOj, as shown in Figure S6, reveal
a shift of the Mo 3d XPS peaks toward lower binding energy in
Ni-doped MoO; compared to pure MoO;. This shift can be
ascribed to alterations in the electronic surroundings of the Mo
atoms resulting from the incorporation of Ni ions, as seen in
the DOS calculations. Moving forward, the surface morphol-
ogy of the as-synthesized MoO; and Ni-doped MoO; was
investigated using field-emission scanning electron microscopy
(FESEM). In Figure 3E, irregularly shaped, smaller platelet-
type structures are observed for pure MoO;. However, after
doping with Ni, agglomerated platelets with fine particles
adsorbed on top were observed (Figure 3F), an aspect that
could be probed via Wulff construction calculations in the
future. To better understand the changes in morphology, we
also determined the electrochemically active surface area
(ECSA) of pure and Ni-doped MoO;. Cyclic voltammetry
(CV) measurements were conducted in the non-Faradaic
region at scan rates ranging from 100 mV/s to 500 mV/s, as
shown in Figure S7A,B, which were employed to estimate the
ECSA. The double-layer capacitance (Cg) was derived by
plotting the capacitive current density against the scan rate
(Figure S7C). The calculated Cgy values were 0.21 mF for Ni-
doped MoO; and 0.08 mF for pristine MoO;. Figure S7D
presents the ECSA values, with Ni-doped MoOj; exhibiting a
higher ECSA of 5.25 cm?, which could be attributed to the fine
particles adsorbed on top of the agglomerated platelets. BET
surface area results corroborated the ECSA measurements.
Indeed, Ni-doped MoOj; exhibited a significantly higher BET
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Figure 5. (A) Polarization curves of pure MoO; and Ni-doped MoOj in alkaline media. (B) Tafel plots for pure and Ni-doped MoOj in alkaline
media. (C) Chronopotentiometry of pure MoOj and Ni-doped MoOj at a current density of 10 mA/cm?® (D—F) XPS spectra of (D) MoO; and
(E, F) Ni-doped MoOj; pre (top panel) and post (bottom panel) the OER.

surface area (5.46 m*/g) compared to undoped MoO; (1.13
m?/g), as shown in Figure S8. The higher surface area leads to
the exposure of more sites for interaction with the electrolyte
and could contribute to the superior electrocatalytic activity of
Ni-doped MoO;.

In Figure 4A, we show the fitting of the PXRD peaks to
crystallographic facets. The prominent facets visible therein are
(021), (110), (040), (020), and (060). When the models of
these facets were created (Figure 4B—I), we found that the
(040), (020), and (060) facets are identical to the MoO, basal
plane considered in the DFT calculations, thus supporting our
model of the catalyst material. Furthermore, DFT calculations
revealed that the (021) facet is unstable and undergoes
significant reconstruction (Figure S9), and thus, this particular
facet was not considered for the OER mechanism calculations.

Electrochemical Performance, Stability, and Compa-
rative Analysis of Bare and Ni-Doped MoOj;. Next, the
electrocatalytic performance and stability of pure and Ni-
doped MoOj; were investigated. For carrying out the OER, the
active catalyst was drop-cast onto a rotating ring disc electrode
(RRDE) used as the working electrode. A bare platinum wire
and a Hg/HgO electrode (in 1 M KOH electrolyte, i.e., a pH
of 14.0) served as the counter and reference electrodes,
respectively. It is noteworthy that the OER catalytic activity of
both pure and Ni-doped MoOj in acidic media (0.5 M H,SO,)
was found to be very low. The polarization curves (at a sweep
rate of 10 mV/s) at pH 14.0 in Figure SA were utilized to
calculate the overpotential values for pure and Ni-doped MoO;
at a current density of 10 mA/ cm? under alkaline conditions.
The linear sweep voltammetry (LSV) curves for Ni-doped
MoO; showed an overpotential value of 0.34 V, lower than
that of 0.40 V for pristine MoOj;. Notably, this value is also
comparable to RuO,, a benchmark OER catalyst, which
exhibited an overpotential of 0.31 V in alkaline media (Figure
S10). In Figure SB, we carry out Tafel analysis to obtain a
Tafel slope of 74.8 mV/dec for Ni-doped MoO; under alkaline
conditions, which is lower than the value of 98.3 mV/dec for
pure MoO;. We found that the adhesion of the catalyst is weak
on the RRDE due to the rotation of the electrode (stable up to
about 3 h and 25 cycles of voltammetry), and thus long-time
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stability tests up to 24 h were done on a fixed graphite
electrode. The stability of the active catalyst was examined by
chronopotentiometry after coating the catalyst on a graphite
electrode. We found that both pure and Ni-doped MoO,
remained stable for up to 24 h of constant electrolysis, as seen
in Figure SC. Chronoamperometry results can be seen in
Figure S11, revealing a similar conclusion.

Catalytic stability and surface transformations are critical
factors in analyzing the long-term durability of the catalyst.
After continuous electrolysis for 24 h, although pure MoOj;
maintained its catalytic activity without significant changes, as
presented in Figure SC, we found that quantitative XPS®®
reveals the leaching of Mo from the surface in the KOH
electrolyte, as demonstrated by the reduction in the XPS
intensity of the Mo peak pre and post-OER (Figure SD). Note
that leaching could lead to a change in morphology or
increased surface roughness, which is known to reduce the XPS
signal intensity (see Figure S12A for SEM images after the
OER and Figure S13 for the XPS spectra).”” Further, PXRD
characterization revealed that the peak intensity drastically
reduced for several facets, and the loss of the main peaks
confirmed leaching and structural changes after OER
electrolysis (Figure S12B). Nevertheless, the fact that pristine
MoO; provided a stable current under chronopotentiometric
conditions indicates that the leaching of MoO,*~ units®® from
the surface continues to expose fresh active catalyst for at least
24 h. For Ni-doped MoOj, the presence of Ni could promote
the formation of NiOOH/Ni(OH), on the surface, which
could not only enhance activity but also help minimize Mo
dissolution by limiting the exposure of MoO; moieties. As
shown earlier, nickel doping enhances both the electrochemical
and bulk surface areas, thereby increasing the exposure of the
electrochemical active sites of the material to the electrolyte.
Consequently, this reduces the leaching of molybdenum
during electrochemical OER. Moving forward, we found that
the XPS results for Ni-doped MoO; demonstrated a
comparatively higher signal strength for Mo after the OER
(Figure SE), thus indicating an increase in the stability of the
material. In fact, while the two Mo peaks merge into one (as
seen before in a study on nitric acid-treated MoO,%) post the
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OER for pure MoOj, the two peaks of Mo are retained in Ni-
doped MoO;, further indicating the shielding of Mo ions from
the alkaline environment. It is noteworthy that XPS only
probes the topmost layers (within a few nm) of a material, and
thus, the leaching rate is likely slow enough that the catalyst
remained stable up to 24 h, as seen from the chronopotentio-
metric analysis. Finally, the XPS peaks for Ni (Figure SF) do
not change much before and after the OER, implying that the
surface regions incorporating it do not leach in alkaline media.
Notably, the XPS peak intensities for O in Ni-doped MoO;
(Figure S13B) also do not change much before and after the
OER, as most of the O signal detected likely originates from
the adsorbed water molecules rather than the bulk material.”’
In pure MoOj;, however, the O peak broadens (Figure S13A),
indicating the formation of surface hydroxyls after the OER™’
(note the favorable OH formation step for pure MoO; and
more favorable water adsorption on Ni-doped MoOj, as seen
in Table 1). Based on these findings, future work could explore
the effect of higher Ni doping concentrations on the stability of
the material with respect to Mo leaching.

B CONCLUSIONS

We examined the effect of Ni doping on MoOj on its OER
overpotential and stability, demonstrating the doping of an
acidic oxide (MoO;) by an element that forms a basic oxide
(Ni) to be a promising strategy to overcome the activity-
stability trade-off for OER catalysts. We first explored the free
energetics of the OER on pristine and Ni-doped MoO; via
DFT calculations at the Hubbard-corrected generalized
gradient approximation level of theory for the electronic
exchange-correlation interactions. The calculations revealed
that Ni doping led to the following changes in the OER
mechanism: (i) it changed the PDS from the hydroxylation of
the oxo intermediate to form the hydroperoxo intermediate via
dissociative water adsorption to the deprotonation of the
hydroxo intermediate to form the oxo intermediate; (ii) it led
to breakage of the hydroperoxo intermediate to the dioxo plus
adsorbed hydrogen intermediate on the doped catalyst; and
(iii) it reduced the thermodynamic overpotential by 0.49 V.
Apart from the typical associative OER pathway, we showed
that lattice-oxygen and hydrogen-peroxide-mediated pathways
could also occur on the Ni-doped surface of MoO;. Moving
further, experiments showed that Ni doping of MoO; is indeed
favorable, leading to overpotentials of 0.34 V and 0.56 V,
respectively, at 10 mA/cm* and 100 mA/cm* OER current
density. We also demonstrated that Mo leaches into the KOH
solution during the OER via post-mortem XPS, an aspect not
examined by previous studies of the OER on pure as well as
doped MoO;. We further showed that Ni doping reduced the
extent of Mo leaching, as confirmed via XPS spectra. In the
future, one could examine further strategies to stabilize MoOj;
during alkaline water splitting, including the use of higher Ni
doping concentrations. Another possibility is to determine the
photoelectrochemical water-splitting activity of Ni-doped
MoO; to harness the power of solar energy. Overall, our
work proposes Ni doping as a promising strategy to increase
not only the OER activity of MoOj but also the stability of the
material during alkaline electrochemical water splitting,
effectively breaking the usual activity-stability compromise.
Moreover, the underlying principle of choosing a dopant
advanced in this work is more generally applicable. It can be
used to guide the selection of dopants for other electrocatalyst
materials as well. Thus, we hope that our work will significantly
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impact the development of new materials for electrocatalytic
applications.
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