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ABSTRACT: MoO, is an effective host and catalytic material for
electrochemical hydrogen evolution reaction in the form of
composites, heterostructures, core—shell structures, and doped
systems. Using pristine MoO, as the electrocatalyst is less known
due to a lack of knowledge of the active sites and their development
during the hydrogen evolution reaction (HER). In this work, we
have correlated the active-site evolution on applying a cathodic
potential to pristine MoO, and the corresponding improvement in
catalytic activity. The activity enhancement is observed as a
progressive reduction of overpotential from 0.62 to 0.42 V (vs
RHE) at 1 mA/cm® during potential cycles accompanied by a
tremendous lowering of the Tafel slope (b) from 127 to 72 mV/
dec. The decreased b value reveals that the developed active sites
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hasten the reaction via a change in the rate-determining step from Volmer to Heyrovsky. The changes in the Mo oxidation states and
the local coordination environment of Mo—O are monitored by advanced X-ray absorption spectroscopy, unfolding the emergence
of active sites in MoO, through a change of Mo—O coordination from octahedral (Oy,) to the coordinatively unsaturated distorted
Oy, environment with a lowering of the Mo—O coordination number and oxidation states of Mo ions. The key thermodynamic and
kinetic parameters, namely, the change in Gibbs free energy for hydrogen adsorption on the catalyst surface and the kinetic
activation barrier related to the HER rate-determining step for both activated (MoO,_,) and pristine MoO,, have been simulated

and rationalized with the experimental results.
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B INTRODUCTION

Electrochemical water splitting is an emerging technology for
renewable hydrogen production."”” Water electrolysis consists
of two half-cell reactions: hydrogen and oxygen evolution.’
Many non-noble-metal-based electrocatalysts are reported for
the electrochemical hydrogen evolution reaction (HER e
Among them, metal oxides are considered to be more
accessible with respect to various aspects of synthesis,
availability, and flexibility.” They are amenable to property
tuning by varying the metal to oxygen ratios or facile coupling
with other active systems through heterostructure formation
and core—shell structures such as oxide/sulfide, oxide/carbide,
oxide/nitride systems, etc." " Generally, metal oxide-based
HER catalysts have poor activity as their hydrogen adsorption
free energy is far away from zero (AGy« # 0).'"'* Hence,
strategies involving doping, defect engineering, and coupling
with other active HER materials are adopted to improve the
activity.”'* 7' In the case of pristine MoO; and MoO,, the
intrinsic weak electrocatalytic HER activity can be drastically
improved through oxygen-deficient defect engineering. It has
been shown that mesoporous MoO;_, and a-MoOj; can be
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O local environment, Mo oxidation state, HER kinetics

enabled for HER catalysis by introducing Mo®" ions or oxygen
vacancies.””” On the other hand, MoO, is an excellent
conductive material.”**> However, the as-synthesized, pristine
MoO, exhibits poor HER activity due to a lack of active sites
and is often post-treated or combined with other active
materials to enhance HER activity.”*"*° Hence, generation of
active sites in the pristine MoO, system is of great significance
for its future usage as a catalyst for hydrogen production. Wang
et al. introduced oxygen vacancies in MoO, (grown on Ni
foam) through the hydrazine reduction method, and activity
enhancement was observed.”’ Nanoflower-like MoO, has been
synthesized on nickel foam, followed by post-synthesis
annealing in hydrogen that showed excellent activity close to
that of Pt in an alkaline medium. The authors explain that
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porous morphology, high surface area with good electrical
conductivity, and enhanced Mo*" ions after hydrogen treat-
ment are the reasons for efficient HER.*® In our previous study
of MoO, films grown on fluorine-doped tin oxide by the
hydrothermal method, we have shown that annealing in
hydrogen significantly improves the HER activity and observed
a change in MoQ, crystallite plane orientation upon hydrogen
annealing.”” In the case of Ni-incorporated MoO,, the
enhanced HER activity and stability obtained in an alkaline
medium are explained due to the presence of Ni influencing
the surface charge concentration and shift in the active sites
from Mo to O at the interface with upraising of the O 2p
orbital in MoO,, thereby strengthening hydrogen adsorption.”
In another report, Ni doping in the MoO, lattice is seen to
modulate the electron density at MoO, by causing electron
deficiency in neighboring O sites, and this catalyst exhibits high
HER and HOR activity in acidic electrolytes.” Hierarchically
structured 1D MoO, synthesized in ionic liquid is reported to
exhibit excellent HER activity in acidic medium. The superior
activity is explained due to the high surface area, many active
sites at kinks and edges, and good charge transport.”” In the
case of highly dispersed MoO, in nitrogen-doped porous
carbon nanosheets supported on Ni foam, the authors explain
that the better HER activity in alkaline media is caused by
abundant pores, superior electrical conductivity, specific
surface area, and synergic effect between N-doped carbon
and MoO,.””

In most cases of pristine MoO,, synthesized by various
routes or those subjected to post-synthesis treatment, there is a
lack of understanding of the formation of active sites or defects
responsible for improving HER activity. In a recent theoretical
paper, S—H Lin and Kuo addressed the tuning of defects in
MoX, for achieving free energy of hydrogen adsorption close
to zero. For MoO,, the variation of the x atom in defective
MoO,_, from 0.0625 to 0.25 helps to attain optimum
hydrogen adsorption energy and enhanced HER activity’
but requires experimental support. There is a need to
comprehend the identification of such active- or defective-
site development and the local environment of Mo in the
active state of catalysts for designing efficient catalysts for
sustainable hydrogen production.

In order to investigate the active or oxygen-deficient
defective site formation, we have subjected MoO, films on
fluorine-doped tin oxide (FTO) substrates to potential cycling,
The as-synthesized MoO, shows poor HER activity, while it
gets improved with electrochemical cycling in an acidic
medium. The activity enhancement is analyzed through
overpotential, Tafel slope, and impedance study. In this
manuscript, we present a systematic investigation of the surface
composition, local geometry, and oxidation state of Mo in
pristine and electrochemically activated MoO, by X-ray
absorption spectroscopy and X-ray photoelectron spectroscopy
to unfold the active-site formation. A reduction of Mo-ion
oxidation states generating MoO,_, as the active material after
electrochemical activation, along with a change in the local
coordination of MoO, from octahedral (O;) to coordinatively
unsaturated distorted Oy, during HER and a lowering of Mo—
O coordination number, is revealed. Additionally, a theoretical
study is presented revealing that the formed sites in the in-situ-
generated MoO,_, surface can drastically lower the hydrogen
adsorption free energy, AGysx close to zero, with Heyrovsky as
a rate-determining step for enhanced electrochemical hydrogen
production. The study aims to provide a better understanding
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of the active sites of pristine MoO, in imparting better HER
activity.

B MATERIALS AND METHODS

Materials. Anhydrous citric acid (C4HgO, purity 99.5%) is
purchased from Spectrochem. Pvt. Ltd. Ammonium heptamolybdate
tetrahydrate ((NH,)¢Mo,0,4,-4H,0, purity > 99%) is purchased from
Merck. Fluorine-doped tin oxide (FTO)-coated glass (SnO,/F,
resistivity < 7 Q/sq) is purchased from Shilpa Enterprises, India.
65% of nitric acid is purchased from Merck. 0.5 M H,SO, solution
(pH 0) is prepared from 98% (Merck) concentrated sulfuric acid, and
all electrolyte solutions are prepared from ultrapure (type-1) water.

Synthesis of MoO,. The synthesis route earlier reported from our
laboratory was adopted.”” The FTO substrates (area of 1 X 2 cm?)
were washed with a 1:1 volume ratio of HNO; and H,SO, solution
followed by ultrapure water and isopropyl alcohol (IPA). 1.2 g of
(NH,)¢Mo,0,,-4H,0 and 1 g of citric acid were dissolved in 40 mL
of ultrapure water, transferred into a Teflon-lined autoclave
containing an inclined FTO (the conductive surface facing down-
ward), and heated in an oven for 16 h at 200 °C. After the reaction,
the autoclave is cooled at ambient temperature, and FTO samples are
taken out and washed many times with ultrapure water. FTO surfaces
are seen to be coated with a brownish black MoO, film. The film is
annealed in vacuum (pressure 107 bar) at 500 °C for 2 h.

Material Characterization. The crystal structures of films on
FTO are probed by a Rigaku Smart Lab X-ray diffractometer
equipped with parallel beam optics, and X-ray diffraction (XRD)
patterns are acquired with Cu Ka radiation incident at a glancing
angle of 0.3°. Raman spectroscopy was used for chemical nature
analysis with an excitation wavelength of 532 nm (Horiba Jobin Yvon
XploRA PLUS V1.2 MULTILINE). The chemical nature of the
samples was examined through a Kratos X-ray photoelectron
spectrometer—AXIS Ultra spectrometer integrated with a charge
neutralization system, magnetic immersion lens, and spherical mirror
analyzer. The monochromatic Al Ka X-rays with an energy of 1486.6
eV were focused on the samples to obtain the high-resolution spectra.
The morphology of the catalyst and crystal structure are monitored
using field emission scanning electron microscopy (FESEM, Tescan-
Mira 3 LMH) and transmission electron microscopy (TEM, TALOS
F200S G2 at 200 kV acceleration voltage). All X-ray absorption
spectroscopy (XAS) measurements were carried out ex-situ at
Deutsches Elektronen-Synchrotron (DESY), Petra III P64 beamline
at Hamburg.34 Mo K-edge XAS was measured using a Si(111)
monochromator and a passivated implanted planar silicon detector
(PIPS) in the fluorescence mode. Multiple scans were accumulated
and later merged to improve the signal-to-noise ratio. The X-ray
absorption fine structure (XAFS) data were processed using Demeter
software package following the standard background subtraction
procedure through Athena software.*® Further fitting details and fitted
data are given in the Supporting Information.

Electrochemical Characterization. The electrochemical studies
were carried out using a CHI760E instrument with a three electrode
setup. Hydrothermally grown MoO, films on FTO, coated with 10 uL
of Nafion (1 wt %), were used as the working electrode; graphite rod
and Hg/HgSOy (s 1,50, Were used as the counter and reference

electrodes, respectively. The electrolyte used was 0.5 M H,SO, at pH
0. Linear sweep voltammetry (LSV) studies were carried out at a scan
rate of 5 mV/s, and electrochemical activation was performed at a
scan rate of 100 mV/s. The cyclic voltammograms (CV) were carried
out at different scan rates in the potential window of —0.34 to —0.44
V vs Hg/HgSO4 (. k,50,) to calculate the electrochemical surface area

(ECSA) of catalysts before and after activation. Impedance spectra
were acquired in the 107* to 10° Hz frequency range.
Computational Details. All the spin-polarized calculations were
performed within the framework of density functional theory (DFT)
using the plane-wave technique as implemented in the Vienna Ab
initio Simulation Package (VASP).*° The generalized gradient
approximation method (GGA) parameterized by the Perdew—
Burke—Ernzerhof (PBE) was used to account for the exchange—
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Figure 1. (a) LSV of MoO, films on FTO during various potential cycling in 0.5 M H,SO, electrolyte with graphite as the counter electrode, (b)
expanded LSV curves of (a) in the desired potential region, and (c) Tafel plots of MoO, before and after electrochemical activation (MoO,_,).

correlation energy.”” The DFT + U method was used to account for
the on-site coulomb repulsion and improve the description of
localized Mo d-electrons in Mo oxides with Uyg = —1.0 eV as
recommended by the previous studies.”® We used the projector
augmented wave potential (PAW) to treat the ijon—electron
interactions. For describing the effect of van der Waals interactions,
the DFT-D2 empirical correction method proposed by Grimme was
applied.*” In all computations, the kinetic energy cutoff is set to be
500 eV in the plane-wave expansion. All the structures were fully
relaxed (both lattice constant and atomic position) using the
conjugated gradient method. The convergence threshold was set to
be 107 eV in energy and 0.01 eV/A in force. For geometry
optimization, the Brillouin zone was sampled using a S X 5 X 1
Monkhorst—Pack k-point mesh, while a higher 7 X 7 X 1
Monkhorst—Pack grid was used to calculate the electronic density
of states (DOS). The climbing image nudged elastic band method
(CI-NEB) was used to calculate the energy activation barriers for
different HER pathways. Six intermediate images were considered
along the minimum energy pathway (MEP) to search for a transition
state. The activation barriers were calculated for all the pathways
using the following equations: AE* = Erg — Ejg and AE = Epg — Ejg,
where IS, TS, and FS correspond to the initial, transition, and final
state, respectively.

The relative free energy of adsorbed atomic hydrogen (H*) was
calculated as***!

AGy+ = AEgs + 020 (1)

where AEy. (i.e, H* adsorption energy) on different MoO, surfaces
were determined using the relation

AEHY = Esurface+H* —E - 1/2’EH2

2)

where E (... and E + H* are total energies of the pristine and H*
adsorbed surfaces, respectively, while Ey, is the energy of H, in the

surface

surface

gas phase.

In order to model (110) surface of MoO,, we considered a five-
layered periodic rectangular slab of the cell (5.73 X 7.47 A%) with 48
atoms (16 Mo and 32 O atoms are used, 1:2 ratio), while the defected
MoO, (110) (i.e, MoO,_, (110)) surface was modeled with a
rectangular five-layered periodic slab of the surface cell (5.56 X 7.44
A?) with 42 atoms (16 Mo and 26 O atoms are used, 1:1.63 ratio). A
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vacuum layer of 20 A was used in the direction perpendicular to the
surfaces (along the Z-direction) to avoid spurious interactions
between the neighboring slabs. The nearest distance between the
two adsorbed hydrogen atoms in the adjacent supercell is ~6 A.

B RESULTS AND DISCUSSION

The MoO, film on FTO obtained by hydrothermal synthesis is
subjected to potential cycles under electrochemical conditions
in the applied potential range of 0 to —0.66 V vs
RHE (iR corrected)- Interestingly, the HER activity improves
significantly with an increasing number of potential cycles in
the acidic medium in terms of the increased current density
and lowering of overpotential (Figure 1a,b). The surface of the
as-synthesized MoO, can be considered to become activated
during the potential cycling process. The linear sweep
voltammetry (LSV) of the as-synthesized MoO, film on
FTO in 0.5 M H,SO, electrolyte (pH 0) gives a current
density of 1 mA/cm? at an applied potential of —0.61 V, and it
gradually reduces to —0.50 V after 2000 cycles (Figure lab).
Furthermore, the overpotential at a current density of 1 mA/
cm? gradually reduces to —0.48, —0.46, and —0.42 V,
corresponding to 3000, 5000, and 8000 activation cycles,
respectively. The 8000 cycles of activated MoO, are denoted
as MoO,_,. The oxygen-deficient defects in MoO, might arise
through the following electrochemical reduction reactions i
and ii

MoO, + x-H* + x-¢” — MoO,_,(OH), (i)
MoO,_,(OH), + x-H" + x-e” » MoO,__ + x-H,0
(i)
The above in situ electrochemical reduction reaction is
assisted by the hydrogen evolution reaction. The above type of
reduction mechanism has been reported for the chemical
reduction of MoOj into MoO, during hydrogen annealing.**
The LSV curves without iR corrections are given in Figure Sla.
The activation could be effectively monitored only until 8000
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cycles due to the gradual peel-off of the MoO, film from FTO
caused by electrochemical reaction conditions such as highly
acidic pH and prolonged electrolyte exposure with an
increasing number of potential cycles. Hence, we see a slight
increase in overpotential for the 10,000 potential cycles, from
—0.42 (8000 cycles) to —0.44 V (10,000 cycles), at a current
density of 1 mA/cm? due to the film instability (Figure S1b).
The LSV for bare FTO under similar potential cycling
conditions indicates degradation of FTO and is given in
Figure S2.

Overall, the HER potential gets lowered by 0.2 V at 1 mA/
cm? during electrochemical activation of MoO, (8000 cycles of
activation) (Figure 1b). The Tafel slope also shows a drastic
decrease from 127 mV/dec for the as-synthesized MoO, to 72
mV/dec for electrochemically activated MoO,_, (Figure 1c).
The lowering of Tafel slope indicates faster kinetics for HER
on the activated surface with a probable change in the rate-
determining step, which will be discussed later in this section.

The activation process of pristine MoO, during electro-
chemical cycling offers an ideal system for probing the
evolution of active sites without the influence of any dopants.
Any insights concerning the active sites of MoO, could be
revealed by characterizing MoO, itself before and after
activation. Hence, we have utilized the electrochemical
activation process to understand the active-site formation in
MoO, with detailed morphological, structural, and chemical
environment analysis of the pristine and activated systems.

A comparison of the XRD patterns of the pristine MoO,
with that of activated MoO,_, is presented in Figure 2. The
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Figure 2. XRD patterns of (a) activated MoO,_, and (b) pristine
MoO, and (c) simulated XRD pattern of monoclinic MoO,.

pristine MoO, shows diffraction peaks at 26.10, 37.25, 53.69,
60.80, and 66.71° that correspond to (011), (200), (220),
(310), and (—402) planes of monoclinic MoO,, respectively
(JCPDS no. 65-1273) (Figure 2b).* The pattern does not
show any significant changes after electrochemical activation
(Figure 2a), indicating that the active state of the catalyst does
not undergo any bulk changes in its crystal structure during
cycling and HER. The FTO peaks are not observed in XRD
and might be due to the thick MoO, film on FTO and data
acquisition being performed in the grazing incidence mode.
The transmission electron microscopy (TEM) images
exhibit disc-like crystallites for MoO, with a d spacing of
0.34 nm corresponding to the (011) plane of monoclinic
MoO, (Figure 3a,b). The electrochemical activation does not
seem to alter the morphology of MoO, (Figure 3c) or the
crystallite structure (Figure 3d). The selected area electron
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200

Figure 3. (a,b) TEM and HRTEM images of pristine MoO,. (c,d)
TEM and HRTEM images of activated MoO,_,. Insets show
corresponding SAED patterns.

diffraction (SAED) patterns of MoO, before and after
electrochemical activation are given in the insets of Figure
3a,c. The observed diffraction spots belong to (011) and (200)
planes of monoclinic MoO,. Field emission scanning electron
microscopy (FESEM) images of the as-synthesized, pristine
MoO, film on FTO and the catalyst surface after electro-
chemical cycling also show similar crystallite morphology
(Figure S3).

The chemical changes of MoO, and its activated state,
MoO,_,, are analyzed by Raman spectroscopy. The Raman
spectra show peaks at 197, 222, 348, 486, 564, and 727 cm™
for the as-synthesized MoO, (Figure 4). The Raman peaks at

2000+ ——Mo0,
0 199 ——MoO,,,
% 1600 4
€ 733
=
§ 1200
2 800
[72]
S
£ 400
04

200 300 400 500 600 700 800 900
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Figure 4. Raman spectra of the as-synthesized and electrochemically
activated MoO,.

727 and 564 cm ™! belong to stretching vibrations of Mo—O(I)
and Mo—O(II) groups in the MoO, lattice.** The other peaks
at 486, 348, 222, and 197 cm™! are attributed to the phonon
vibration modes of MoO,.””** The electrochemically activated
MoO,_, gives the blue-shifted peaks at 199, 224, 35S, 491,
568, and 733 cm™!. Camacho-Ldpez et al. studied the Raman
spectra of MoO,, transformation from monoclinic MoO, to a-
MoOj through laser irradiation and reported a red shift in the
Raman spectra of the formed intermediate before conversion
into the oxidized state of @-M0O;.*® The blue shift observed
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for MoO,_, is probably due to the reduction of surface-
oxidized molybdenum ions in MoO, during electrochemical
cycling.

XPS was monitored for the activated MoO,_, and compared
with the as-prepared one to understand any changes in the
metal oxidation state during electrochemical activation. The
Mo 3d spectra of the as-synthesized MoO, are deconvoluted
into six peaks to represent the various oxidation states, such as
Mo*,Mo*", and Mo®" ions (Figure 5a) that arise from surface
oxidation. The peaks at 229.57 and 232.80 eV belong to 3d;,,
and 3d;, of Mo*, respectively, and the peaks due to the Mo®*
state appear at 231.20 (3ds/,) and 234.63 eV (3d;/,), whereas
the peaks observed at 232.86 (3d;/,) and 235.95 eV (3d;/,)
can be assigned to Mo®".*

The 3d spectra of activated MoO,_, can also be
deconvoluted into six peaks. The respective peaks assigned
for the as-synthesized MoO, are seen shifted slightly to lower
binding energies for the activated surface, indicating a
reduction to intermediate lower oxidation states (Figure Sb).
Accordingly, the peaks 3d;,, and 3d;,, seen at 228.90 and
232.14 eV, respectively,*® are red-shifted by ~0.7 eV compared
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to those of Mo** of MoO, which can be denoted as Mo'* ions
(close to the Mo*" state). The oxidation state of Mo'* ions can
be considered in between 3+ and 4+, indicating a reduced state
of Mo*".* Similarly, 230.48 (3ds/,) and 233.75 eV (3d;,) can
be assigned to Mo™" in the reduced state of Mo**, and that of
Mo® state is reduced to Mo™ at 232.65 (3ds,) and 235.25 eV
(3d;/,). Both Mo™" and Mo"" peaks are slightly red-shifted
compared to the original positions of Mo** and Mo®" ions
(Figure Sa,b), and hence, the oxidation states of these ions are
slightly lower than those of Mo®* and Mo®* ions (5§ > m > 4 in
Mo™ and 6 > n > § in Mo"™), and this has been further proved
by X-ray absorption spectroscopy (XAS) study. The O Is
spectra of MoO, are deconvoluted into three peaks such as O1
(lattice oxygen), O2 (defective site oxygen), and O3
(hydroxyl/surface adsorbed oxygen species) at $30.10,
531.56, and 533.05 eV, respectively (Figure S4).°”°" The
activated MoO,_, gives O1, 02, O3, O4, and OS peaks at
529.84, 532.06, 533.08, 533.76, and 535.62 eV, respectively.
The additional O4 and OS peaks arise from the Nafion binder
used during electrochemical studies (O4—oxygen belongs to
the sulfonate group of Nafion, and O5—oxygen in the ether
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functional group of Nafion) (Figure $4).°> The enhancement
of the O2 peak relative to the O1 peak indicates the generation
of defects in MoO, after electrochemical activation.”® The
various percentages of O1, 02, and O3 species in MoO, and
MoO,_, are shown in Table SI.

In order to glean further information about the development
of MoO,_, active sites and their local environment during
activation, X-ray absorption spectroscopy (XAS) studies of the
as-synthesized and electrochemically activated samples are
performed. The X-ray absorption near-edge spectroscopy
(XANES) of the as-synthesized MoO, gives the pre-edge
around 20004.67 eV, and these features arise from 1s(Mo) —
4d(Mo) + 2p(O) electronic transition (Figure 6a). While this
transition is forbidden for the regular MoOg octahedron (Oy),
it becomes allowed for Mo systems with a distorted
octahedron.”® The amplitude of pre-edge depends on the
degree of MoOg Oy, distortion, 4d(Mo)/2p(O) orbital mixing,
tetrahedral coordination, and coordinatively unsaturated
distorted octahedral Mo sites,”” and in summary, the variation
in Mo K pre-edge can be related to MoOgq distortion with
lowering of the coordination environment. The white line
peaks of the as-synthesized MoO, are observed at 20024.4S
eV, and they are seen slightly shifted to a lower energy of
20023.93 €V in the electrochemically activated MoO,_, arising
from dipole-allowed 1s(Mo) — Sp(Mo) transition (Figure 6b
inset). In the molybdenum compounds, the white line
represents O, geometrical features, and any changes are
related to the distortion of the O, geometry.”* The MoO, pre-
edge intensity (A in Figure 6a) slightly improves after
electrochemical activation (Figure 6a inset). Furthermore, it
represents the local environment/geometry of the catalyst
distortion toward T4/lower coordination with enhancement in
HER activity. The oxidation state analysis by absorption edge
reveals that after activation, the absorption edge moves toward
lower energy than MoO, with a lowering of the white line
intensity B (Figure 6b). The enhancement of pre-edge (A) and
reduction in white line intensity (B) reveal that the active sites
for HER get developed via Oy to Tgy/lower geometrical
transition in addition to the reduction in oxidation states of
Mo (Figure 6a,b).

The Fourier transformed extended X-ray absorption fine
structure spectra (FT-EXAFS) of MoO, before and after
activation are given along with the pattern acquired from
standard MoO; (Figure 6¢). The spectra of the activated
MoO,_, show a pattern similar to that of MoQ,, rather than
MoO;, implying that the local environment of the activated
catalyst closely resembles that of the as-synthesized MoO,
(Figure 6¢). However, a closer inspection of the FT-EXAFS of
synthesized and activated MoO, catalysts given in Figure 7
reveals a slight reduction in the Mo—O and Mo—Mo
coordination shell indicating the geometrical transition (O
— Tgy/lower) associated with a slight decrease of the
coordination number of Mo—O and Mo—Mo shells. We
have fitted the first-shell FT-EXAFS data of the as-synthesized
and electrochemically activated MoO, (Figure SS). The initial
average local coordination number of Mo—O gradually
changes from 5.42 to 5.26 with the lowering of its oxidation
state (Table S2 and Figure SS) and supports the surface defect
formation in the active state of the catalyst for HER. This is
reflected in the HER current density enhancement and
lowering of the Tafel slope after 8000 potential cycles, as
shown in Figure lc. The altering of the Tafel slope reveals a
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Figure 7. FT-EXAFS of the as-synthesized and electrochemically
activated MoO,.

change in the rate-determining step of HER, as explained
below.

Generally, the hydrogen evolution reaction proceeds
through the following three steps,

1. Volmer step,

H" +e - Hy, b=120 mV/dec

The adsorption of the hydrogen ion by the Volmer step is
followed by hydrogen gas evolution by the Heyrovsky or Tafel
step. In the Heyrovsky step, the H' ions interact with H,g4,
species by transferring an electron from the electrode surface.
In the Tafel step, the two adsorbed hydrogen ions interact and
generate H,. Both é)ossible steps are given below with their
Tafel slope values,

2. Heyrovsky step,

H"+Hgy +e - H, b=40 mV/dec

3. Tafel step,

2H 4 — H, b=30 mV/dec

The as-synthesized MoO, gives a Tafel slope value of 127
mV/deg, close to 120 mV/dec, indicating that the Volmer step
is the slow step with poor hydrogen adsorption. The activated
MoO,_, shows a Tafel slope value of 72 mV/dec, much lower
than that of pristine MoO,. The obtained Tafel slope value
vividly indicates that HER on the MoO,_, catalyst surface
follows the Volmer—Heyrovsky reaction mechanism, with
Heyrovsky being the rate-determining step, which is consistent
with the earlier studies.””*® DFT study has further validated
the HER mechanism on these catalyst surfaces. In order to
assess consequent changes on electrochemical surface area
(ECSA) during MoO, activation, ECSA values are estimated
before and after electrochemical activation (Figure S6). The
synthesized MoO, gives an ECSA of 37.42 cm? which greatly
improves to 58.57 cm’ after electrochemical activation and
supports the development of active sites for hydrogen
evolution. A comparison table of HER activity of the reported
MoO,-based systems is given in Table S3.

In order to rationalize the enhanced HER activity of the
activated MoO, (MoO,_,) over a bare MoO, catalyst surface,
we have performed a first-principles-based density functional
theory (DFT) study using the VASP simulation package® for
both MoO, and MoO,_, systems and evaluated the
thermodynamic and kinetic parameters related to hydrogen
evolution reaction on the catalyst surfaces. As revealed from
HRTEM and XRD analysis, the surface-exposed plane of
MoO, (110) is considered to be the active plane for
electrochemical HER.***” Moreover, electrochemically acti-
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Figure 8. Optimized structures of H*-adsorbed (a) MoO, (110), (b) MoO,_, (110) surfaces, (c) free energy diagram for H* adsorption on
different MoO,, (110) surfaces for HER, (d) comparison between DOS plots of MoO, and MoO,_, (110) surfaces (the positions of d-band centers
(Eq) are indicated by the thick red bars), energy activation barriers for (e) Tafel, and (f) Heyrovsky step of HER on the MoO,_, (110) surface.

vated MoO, is experimentally proven to be the oxide-deficient
MoO, (MoO,_,) surface through XPS and XAS analysis. The
(110) surface of monoclinic MoO, consists of the surface-
exposed terminal as well as bridging oxygen atoms, while on
that of MoO,_,, these surface-exposed terminal oxygen atoms
are absent with Mo—O active centers exposed (Figure S7a,b).
Here we have considered MoO,_, (x = 0.37) based on the
Mo—O local average coordination number of ~$.26. More
importantly, the active hexacoordinated Mo center exhibits
octahedral geometry in pristine MoO,, while the active Mo
center in activated MoO,_, is coordinatively unsaturated with
distorted octahedral geometry. This finding corroborates well
with the XAS analysis. Interestingly, this difference in the
coordination environment of surface-exposed active Mo sites is
expected to play a crucial role in HER.

The free energy diagram of H* adsorption on the catalyst
surface is considered to be the key 6physical quantity to evaluate
the HER activity of a catalyst.""*®" The calculated change of
Gibbs free energy for the most stable adsorption of hydrogen
(AGy+) on various MoO, surfaces is 1.19 and —0.26 eV,
respectively, for bare MoO, and MoO,_, catalysts (Figure 8a—
c). The less stable hydrogen adsorption sites with correspond-
ing AGy: values are shown in Figure S8. However, the
adsorption of H* on a bare MoO,(110) surface is
thermodynamically unfavorable with a positive AGy: (1.19
eV). In contrast, a stronger and thermodynamically favorable
H* adsorption is observed for the MoO,_, (110) surface with
AGy: = —0.26 eV. This difference in adsorption behavior can
be attributed to the exposure of the active Mo center. On the
bare MoO, (110) surface, due to the presence of terminal and
bridging oxygen centers, H* adsorption is substantially
hindered on the octahedral Mo center, leading to unfavorable
adsorption. Instead, H* adsorption on the MoO,_, (110)
surface is highly facile and favorable due to surface-exposed
and active, coordinatively unsaturated distorted octahedral Mo
centers. According to the Sabatier principle, the most active
catalytic site will have moderate hydrogen adsorption energy,
with AGyy+ being close to zero.”’ Hence, MoO,_, (110) is a
better HER surface than bare MoO, (110).
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The strong bonding interaction of H with the MoO,_,
(110) surface is well understood using the density of states
(DOS) analysis. As evident from the DOS plot of H*-MoO,_,
(Figure S9a), the generation of the H 1s state is in the vicinity
of —4.5, —6.5, and —7.8 eV (asterisk marks indicate a
contribution from H 1s). Moreover, the projected density of
states (PDOSs) analysis overwhelmingly exhibits the bonding
interaction between H 1s and Mo s, p, and d-orbitals.
However, even though there is a contribution from the Mo Ss
orbital, the Mo Sd orbital mainly contributes to the Mo—H
bond on MoO, (110) surfaces (Figure S9b). The relatively
stronger H* adsorption and hence better HER activity of the
MoO,_, (110) surface can be further justified by analyzin(g the
positions of d-band centers (DBCs) of the catalysts.””"" As
shown in Figure 8d, the DBC for the MoO,_, (110) surface is
—1.12 eV, while that for the MoO, (110) surface is —1.25 €V,
indicating optimal H* adsorption and enhanced HER activity
on the MoO,_, (110) surface.

Besides thermodynamics, kinetics also plays a crucial role in
catalysis.*"** To rationalize the detailed HER mechanism, we
have calculated the activation barriers for two plausible
pathways: Volmer—Tafel and Volmer—Heyrovsky (Figures 8
and S10 and Table S4). As depicted in Figure S10, the
activation barrier for the H* adsorption step (i.e., Volmer step)
is 5.18 €V which is higher compared to the evolution step (i.e.,
Tafel and Heyrovsky step) on the bare MoO, (110) surface,
indicating that Volmer is the rate-determining step (r.d.s.) on
this surface. Besides, the bare MoO, (110) surface also exhibits
very high activation barriers of 4.10 and 4.85 eV, respectively,
for the Tafel and Heyrovsky process, suggesting slower HER
kinetics. On the other hand, substantially reduced activation
barriers (0.90, 1.10, and 0.98 eV) are observed for Volmer,
Tafel, and Heyrovsky steps on the MoO,_, (110) surface,
indicating much faster HER kinetics in this case. As evident
from energy activation barriers, the Heyrovsky step is more
favorable over the Tafel on the MoO,_, (110) catalyst surface
due to its lower activation barrier. Hence, from the kinetic
study, it can be concluded that the MoO,_, (110) surface
follows the Volmer—Heyrovsky HER mechanism, with
Heyrovsky being the r.d.s. This mechanistic study corroborates
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with the experimentally determined reaction mechanism based
on the Tafel slope value. Hence, based on thermodynamic and
kinetic parameters, it can be concluded that MoO,_, (110) will
exhibit improved HER performance compared to the bare
MoO, (110) surface, which is indeed observed experimentally.

The electrochemical impedance spectra of synthesized and
activated MoO, are carried out at an applied potential of —0.55
V vs RHE (Figure 9). The impedance data are fitted with the
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Figure 9. Impedance spectra of the as-synthesized and electrochemi-
cally activated MoO, at —0.55 V vs RHE (without iR correction).

equivalent circuit shown in Figure S11, and the obtained
parameters are given in Table SS. R; is solution resistance, R1
and CPE1l are resistance and constant phase element
(represents capacitance) for hydrogen adsorption, respectively,
and R2 and CPE2 represent charge-transfer resistance and
capacitance for hydrogen evolution reaction, respectively
(Table S$5).°° The lower charge-transfer resistance for
MoO,_, (764 Q) compared to synthesized MoO, (148.4
Q) supports improved HER activity with in-situ-generated
active sites.

B CONCLUSIONS

The hydrogen evolution activity of poorly active as-synthesized
MoO, is enhanced through in situ electrochemical activation.
The gradual development of active sites and concurrent
increment in HER activity are obtained by potential cycling.
The X-ray absorption study reveals that the active sites start to
develop by lowering the Mo—O coordination environment
from octahedral (O,) to coordinatively unsaturated distorted
octahedral with a reduction of the oxidation state and
coordination number as compared to synthesized MoO,.
The overpotential of electrochemically activated MoO,_, is
lowered by 0.2 V at 1 mA/cm?® compared to MoO, with a
drastic reduction of the Tafel slope from 127 to 72 mV/dec.
The theoretical study reveals that the lowering of hydrogen
adsorption free energy, AGy: close to zero, on the in-situ-
generated active sites with surface oxygen defects significantly
enhances HER activity. The energy activation barrier analysis
for various elementary steps of hydrogen evolution reaction
unveils that the generated active sites accelerate the reaction
rate by altering the rate-determining step from Volmer to

Heyrovsky.
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