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SUMMARY

Eco-friendly, efficient, and durable electrocatalysts from earth-abundant mate-
rials are crucial for water splitting through hydrogen and oxygen generation.
However, available methods to fabricate electrocatalysts are either hazardous
and time-consuming or require expensive equipment, hindering the large-scale,
eco-friendly production of artificial fuels. Here, we present a rapid, single-step
method for producing MoS,/NiF electrocatalysts with controlled sulfur-vacancies
via electric-field-assisted pulsed laser ablation (EF-PLA) in liquid and in-situ depo-
sition on nickel foam, enabling efficient water splitting. Electric-field parameters
efficiently control S-vacancy active sites in electrocatalysts. Higher electric fields
yield a MoS,/NiF electrocatalyst with a larger density of S-vacancy sites, suited
for HER due to lower Gibbs free energy for H* adsorption, while lower electric
fields produce an electrocatalyst with lower S-vacancy sites, better suited for
OER, as shown by both experimental and theoretical results. The present work
opens a horizon in designing high-efficiency catalysts, for a wide range of chem-
ical reactions.

INTRODUCTION

The continuous rise in global energy demand and the growing concern about climate change have kindled
rapid research and development on renewable energy generation and storage.' ™ Hydrogen is an ideal and
sustainable fuel since it has a high energy density and clean combustion when it is burned. Electrocatalytic
water splitting is an effective and environment-friendly method of producing clean hydrogen; however it
requires highly active catalyst materials for the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER). These reactions are responsible for boosting the generation of hydrogen (H,) and oxygen
(0,).>® Platinum (Pt)-based materials and Ru/Ir oxides, due to their strong chemical and corrosion resis-
tance and low overpotential, are best electrocatalys for HER and OER, respectively.””'* But, these electro-
catalysts materials are not naturally abundant and expensive, which makes it hard to use them in industrial-
scale production of hydrogen.'>"® In addition, most of the known electrocatalysts are not suitable for both
HER and OER activities in the same electrolyte medium due to their incompetency to activate and operate
in awide pH range.'”?° Therefore, there have been increasing efforts in developing simple and facile ways
to produce high-efficiency and low-cost bifunctional electrocatalysts from earth-abundant materials.”’ =’

Molybdenum disulfide (MoS,) is an excellent non-noble metal electrocatalyst for HER due to active sulfur
atoms and bandgap alignment with the hydrogen redox potential.”**" It is considered as a bifunctional
electrocatalyst and a promising alternative to Pt and RuO, due to its earth abundance, relatively low
cost, high catalytic activity, and excellent stability in acidic as well as alkaline media.*’ " However, several
studies found that only the edges of 2D MoS; flakes or the surfaces of MoS; nanostructures have active sul-
fur atoms, but most of the atoms in the volume or at the basal planes are inactive.**® Significant research
efforts have been invested to physically or chemically enhance the electrocatalytic efficiency of MoS; either
through edge site engineering or by enhancing the intrinsic activity of edge sites through chemical
doping.”’~*° The first strategy of edge site engineering is focused on increasing the edge/surface sites
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intrinsic activity of edge/surface sites by modifying the bandgap using chemical doping or surface
functionalization. %>~/

Another strategy, potentially most effective but less explored, is by activating sulfur atoms on the basal
plane of MoS,, the majority of the inert materials in the bulk, to fully utilize most of the materials in the vol-
ume to enhance its electrocatalytic efﬁciency.%'w Therefore, a simple, efficient, and environment-friendly
method for generating S-vacancy in the basal plane/volume of MoS, NPs is highly desirable. Very recently,
there have been limited research efforts in activating S-vacancy sites at the basal plane of MoS; to enhance
its electrocatalytic HER performance.”® > However, these studies either require costly equipment or multi-
step time-consuming operations, which limit the application of S-deficient MoS, electrocatalysts.”>"5=>
For example, argon or hydrogen plasma post-processing treatments on chemical vapor deposition or mo-
lecular beam epitaxy-grown MoS, flakes were used to generate S-vacant MoS, electrocatalysts.”>* To
realize industrial-scale water splitting, a facile, environmental-friendly, scalable, low-cost, and simple
method is required to generate S-deficient MoS,.

Here, we present an environmentally friendly, single-step, physical top-down technique of electric-field-as-
sisted pulsed laser ablation (EF-PLA) of MoS; target (solid-disc) in water™® for generation of S-deficient MoS,
NPs and their simultaneous dielectrophoretic deposition on nickel foam (NiF), to fabricate ready—to—use8
electrocatalysts on support for overall water splitting. Although pulsed laser ablation in liquid (PLA) offers
several benefits for synthesizing nanoparticles (NPs); however, their usefulness is typically restricted to so-
lution-phase applications.”’ " Specifically, when utilized for electrocatalytic purposes, it is typically neces-
sary to separate the NPs from the solution via centrifugation, disperse them in a mixture of alcohol and Na-
fion, and redeposit them onto a glassy carbon electrode before conducting electrochemical
measurements.®” So, we are using an electric-field-assisted pulsed laser ablation (EF-PLA) method, that
gives us a ready-made electrocatalysts that doesn’t require any further processing. The applied external
electric field across laser-produced plasma (LPP), containing Mo and S ions, forces S ions to migrate from
the nucleation and growth region to produce S-deficient and positive surface charged MoS, NPs. The as-
produced positive surface charged MoS, NPs gets di-electrophoretically deposited on the negatively
biased NiF substrate to fabricate MoS,/NiF electrocatalysts. The applied electric field effectively controls
the S-active sites present in the electrocatalysts and, as a result, the HER and OER performances of the elec-
trocatalysts. MoS,/NiF electrocatalyst produced at higher electric field (40V/cm) has highest density of
S-vacancy sites. Experimental and density functional theoretical (DFT) calculations have shown that a
MoS,/NiF electrocatalyst with a higher density of S-vacancy sites is better suited for HER due to a lower
Gibbs free energy (AGy+) for H* adsorption. Therefore, MoS,/NiF electrocatalyst produced at 40 V/cm elec-
tric field shows 150-mA/cm? cathodic current density at an overpotential of ~310 mV with the Tafel slope as
low as 66 mV/dec. Conversely, a MoS,/NiF electrocatalyst produced at a lower (10 V/cm) electric field ex-
hibits a comparatively higher S/Mo ratio is found more suitable for the OER with the Tafel slope as low as
71 mV/dec. Importantly, when the highest S-vacant electrocatalyst and the lowest S-vacant electrocatalyst
samples are assembled as cathode and anode, respectively to build a two-electrode cell, the cell requires
only 1.63 V of potential to drive 10 mA/cm? of current density with an excellent stability. This work opens a
horizon in designing of high-efficiency catalysts, beyond MoS,, for a wide range, beyond HER and OER, of
chemical reactions.

RESULTS AND DISCUSSION

Synthesis and structural characterizations of MoS,/NiF electrocatalysts

Scheme 1 illustrates our novel top-down approach of EF-PLA synthesis of MoS, NPs and their in-situ dielec-
trophoretic deposition on a high-purity Ni-foam (NF) conductive substrate. NF is selected as the substrate
due to its multidimensional electron transport pathway and interconnecting porous networks. A pulsed
laser beam irradiates surface of a MoS; target, submerged in water, at the solid-liquid interface to produce
a high-temperature, high-pressure, and high-density laser-produced plasma (LPP) in the presence of an
external electric field (Scheme 1A). The LPP contains Mo and S ions. In general, liquid confined LPP plume
has a cluster formation zone, where species from the plasma plume assemble to make nuclei, and these
nuclei grow with the consumption of ionic species from the plasma to generate NPs.®**% In the course
of nucleation and growth, the ratio of S and Mo ions in MoS, NPs can be controlled using the density
and dynamics of positively (Mo**) and negatively (5°7) charged species in the cluster formation zone of
the LPP. The applied external electric field can force S ions, lighter ions of the plasma, to migrate from
the LPP toward the positive electrode and the density of S ions that could be migrated depends on the
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Scheme 1. Schematic illustrations of synthesis of MoS, NPs and their in-situ dielectrophoretic deposition on a
high-purity Ni foam conductive substrate

(A-C) (A) Electric field assisted pulsed laser ablation (EF-PLA) in water for the generation of sulfur-deficient MoS, NPs and
their simultaneous electrophoretic deposition on substrate. Step I: Migration of a few sulfur ions from the laser-produced
plasma towards the positive electrode and step II: clustering of the rest of the cationic and anionic plasma species to
generate positive surface charged MoS, NPs and their di-electrophoretic deposition on the negatively biased substrate
to make MoSx/NiF electrocatalysts. Sketches of MoS, NPs with (B) higher x value (lower S-vacancy) in MoS, NPs produced
under lower electric field, and (C) lower x value (higher S-vacancy) under higher electricfield. In (C) a greater number of Mo
and S-vacancy sites are available for H* adsorption for the high HER performance.

magnitude of the applied electric field (Step I: Scheme 1A).°”"" The remaining ionic species in the LPP
could assemble to form positive surface charged MoS]* NPs, where the values of x (S/Mo ratio) and surface
charge (n) depend on the rate of the S ions migration from the LPP. This rate depends on magnitude of the
applied electric field. The as-produced positive surface charged and S-deficient MoS}* NPs can get dielec-
trophoretically deposited on the negatively biased Ni foam to fabricate a ready-to-use MoS,/NiF electro-
catalysts (Step Il: Scheme 1A).”%’? The S-vacant sites in the MoS, NPs unveil Mo sites having comparatively
lower Gibbs free energy (AGy) for the H* adsorption.”” The higher applied electric field can produce a
higher density of S-vacancy sites and unveil a larger number of Mo atoms for a higher density of H* adsorp-
tion in HER and vice versa (Schemes 1B and 1C).

The normalized UV-visible absorption spectra of the colloidal solution of MoS, NPs generated at
different magnitudes of the applied electric field are shown in Figure 1A (see Figures STA and S1B). A
strong absorption peak observed at ~235 nm can be assigned as the blue-shifted convolution of C,
D, and Z excitonic peaks of MoS, NPs/QDs’*~"¢ and can be considered as a characteristic absorption
peak of MoS; NPs/QDs.”” The blue shift (see Figures S1B-S1D) in the characteristic absorption peak
at a higher electric field demonstrates the formation of smaller size particles (see STAR Methods section
and Figure S1D).”®% The decrease in the size of NPs with an increase in the applied field may be asso-
ciated with the quicker electric-field-induced transfer of the growing NPs from the growth zone to the
bulk solution.
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Figure 1. Optical, structural, and compositional characterizations of MoS, NPs

(A) The UV-visible absorption spectra of MoS, NPs produced in the solution under different electric fields.

(B-D) The inset shows an enlarged view, (B) the XRD spectra of MoS, NPs deposited on ITO-coated glass slides under
different electric fields. The Raman spectra of MoS, NPs electrophoretically deposited on ITO-coated glass slide and
Solid Mo$S; target in the frequency range of (C) 100-900 cm™" and (D) an enlarged view in 350-450 cm™".

For the X-ray diffraction (XRD) measurements, two ITO-coated glass electrodes were used instead of Ni
foam, and a similar procedure was followed to deposit corresponding MoS, NPs on the substrate. The
XRD results of MoS, NPs deposited on negatively biased ITO-coated electrodes are shown in Figure 1B.
A strong diffraction peak observed at 26 = 32.8° (PDF# 73-1508) corresponding to the reflection from
(100) plane, with an interlayer (d) spacing of 0.272 nm, indicating preferential growth of a typical lamellar
structure along the c axis. The 15 to 20 times lower intensities of all the other diffraction peaks, observed
atwider angles, over the (100) peak shows quasi-monocrystalline nature of the as-produced MoS, NPs (see
Figure S2A and S2B). The intensity of a diffraction peak from a lattice plane is a result of the constructive
interference of X-ray photons diffracting from different layers of that plane. Therefore, a decrease in the
intensity of diffraction peak and increase in its FWHM exhibit synthesis of smaller-sized QDs with a fewer
number of layers (see Figures S2A and S2B). The crystallite size of the MoS, NPs, estimated from the Scher-
rer's formula, produced at 10, 25, and 40 V/cm of external electric fields are ~8, 69, and 66 nm, respectively
(see Figure S2B). As we have two parallel electrodes, the NPs are depositing on both the electrodes. There-
fore, for comparasion, we also performed XRD measurements of MoS, NPs deposited on the positively
biased ITO-coated electrode at an electric field of 10 V/cm. Interestingly, we observed that the crystalline
nature of the MoS, NPs at different electrodes are quite different (see Figure S3). Unlike the c-axis grown
NPs on the negative electrode, the XRD of NPs deposited on the positive electrodes shows reflection char-
acteristics (002) peak at 26 = 14.50° of few-layer MoS,. The Raman spectroscopy is a common, simple, and
highly reliable tool to investigate crystal structure of nanocrystals. Figures 1C and 1D show the Raman
spectra of the bulk MoS; target used in the laser ablation and EF-PLA produced MoS, NPs under different
applied electric fields. The Raman scattering peaks observed at ~287, ~382, and ~407 cm ™" are character-
istic, E;, E;g, and Ayq vibrational modes of hexagonal 2H MoS,. As compared to the bulk MoS;, the Raman
spectra of the samples produced with EF-PLA show a blue shift in the Raman vibrational modes with

~25 ecm™! separation (Ak) between Egg, and Ajg4 vibrational modes and enhancement in the relative
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Figure 2. The XPS spectra of EF-PLA-fabricated MoS,/NiF electrocatalysts
(A and B) (A) Mo 3days and (B) S 2p peaks for MoS,/NiF@40 (bottom row), and MoS,/NiF@10 (top row).

intensity. The observed blue shift can be attributed to an increase in the surface strain due to nanoparticle
formation while relative increase in the Raman intensity can be associated with an increase in out-of-plane
motion of the sulfur atoms. Decrease in the Raman intensity for the MoSx/ITO@40V sample compared to
MoSx/ITO@25 shows increase in the S-vacancy sites. The decrease in the value of Ak for sample pro-
duced at the higher electric field indicates, and supports the XRD results, decrease in the number of
layers grown in the c direction of the MoS, NPs. To prove that the application of an external electric field
during EF-PLA can control S-vacancy in the MoS, NPs, we performed X-ray photoelectron spectroscopy
(XPS) measurements to investigate the chemical composition of as-produced MoS, electrocatalysts (see
supplemental information Figure S4). Since XPS is a surface sensitive technique, therefore roughness of
NiF may affect XPS results of MoSx NPs. To avoid this issue, we electrophoretically deposited MoSx NPs
on ITO-coated glass substrates. A high-resolution XPS spectra of Mo3d (Figure 2A) and S2p (Figure 2B)
species from the MoS, electrocatalysts fabricated under 40 V/cm (MoS,@40; lower panel) and 10 V/cm
(MoS,@10; upper panel) of applied electric fields are shown in Figures 2 and S4. A doublet peak of
Mo 3d at 229 and 232.3 eVs, which can be attributed to the Mo 3ds,, and Mo 3d3, lines, respectively,
of the Mo** oxidation state of MoSy, is seen in the XPS spectra of both the samples. Since Mo ions of
LPP are oxidized by O or OH ions of the plasma-induced plasma (PIP) produced at the LPP-water inter-
face, an additional peak appears at 235.4 eV corresponding to the Mo®* oxidation state, indicating the
presence of MoOs. This has been reported for a number of metal-liquid combinations.®* The photoelec-
tron peak observed at ~226.4 eV corresponds to the sulfur 2s state. The populations of Mo®* and Mo**
valence states were 27 and 73% respectively in the MoSx@10V electrocatalyst sample. The corresponding
S2p spectra (Figure 2B) were deconvoluted into two peaks centered at ~162.8 eV. The S2p peak at the
lower electron binding energy can be assigned to the bridging and/or apical sulfur, while the one with
higher electron-binding energy can be associated with the terminal/unsaturated sulfur atoms. An
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Table 1. Summary of XPS data for as-prepared MoS, samples

MoSx/ITO samples Mo** Mo®* Sbridg. Sterm. Ss.o
MoS,/ITO@10V 230.41/232.5 235.7 162.2 - 168.9
MoS,/ITO@40V 230.9/232.81 235.9 161.8 163 -
Sterm/Sbridg. S-O/Stotal Mo**/Mo®* Stotal/Mo** Comp.
MoS,/ITO@10V - 0.64 2.71 (Mo**: 73%, 1.77 MoS; 77
Mo®*:27%)
MoS,/ITO@40V 1.25 = 5.28 (Mo**: 84%, 0.36 MoSo.36

Mo®*:16%)

additional XPS peak centered at ~168.6 eV can be assigned to the -S-O bond associated with the oxida-
tion of sulfur atoms.

From these XPS data, we can see that 3ds/, (~232.3 eV) peak of Mo** and 3d (~235.4 eV) peak of Mo®* get
shifted toward the higher energy side, while 3ds,, (~229 eV) peak get shifted toward the lower energy side
in the samples produced at the higher applied electric field. Similarly, XPS peaks corresponding to S2p3/»,
S2p12, and S-O are shifted to the lower energy values in the electrocatalysts produced at higher electric
field. As can be seen from Table 1, the populations of Mo** (Mo®*) are 73% (27%), and 84% (16%) in the
MoS,/NiF@10, and MoS,/NiF@40 electrocatalysts, respectively. The percentage of oxidized sulfur atoms
(S-O bonds) gets increased, while the ratio of terminal S to bridging S (Sierm/Sbridg) gets decreased with
an increase in the applied electric field. From the XPS investigations, we can conclude that the
S-vacancy in as-produced MoS, samples increased while the oxidation of Mo (i.e., the population of
Mo®* and consequently the synthesis of Mo,O3) is decreased in the electrocatalysts fabricated at the higher
electric field. The Sioral to Mo** ratios are 1.77 and 0.36 resulting the formation of MoS; 77/NiF and MoSg 3¢/
NiF electrocatalysts at 10, and 40 V/cm of applied electric fields, respectively. It has been reported previ-
ously that an increase in the percentage of S-vacancy sites in MoS, decreases the electronic bandgap en-
ergy and AGy- resulting an increase in the HER performance.’®!” Additionally, the increase in the S-O
signal intensity, i.e., increase in the interface of sulfide and oxide can further increase the electrocatalytic
performance of MoS, electrocatalysts.®’ The compositional information of the MoS, samples, extracted
from the corresponding XPS spectrum, is summarized in Table 1.

Figures 3, S5, and S6 show the scanning electron microscopy (SEM) images of different EF-PLA-fabricated
MoS,/NiF electrocatalysts. Itis clear from these images that the NPs are uniformly deposited on the porous
3D skeleton of the Ni foam (see Figures S5 and Sé for details). Lower resolution SEM images (First row of
Figures 3A-3D) reveal a layer-by-layer deposition of NPs on the Ni foam, with a somewhat higher rate of
deposition near the edges owing to stronger electric fields (see the second column of Figure S5C). As dis-
cussed on the previous pages, the NPs produced at a higher electric field are smaller in size with narrower
size distribution; therefore corresponding electrophoretically deposited film has substantially reduced
fractures and higher packing density (right panel of Figures S5A-S5C). Compositional data obtained
from EDS spectra (see Figure S7) are similar to those obtained from XPS studies, with S/Mo ratios of
1.11 and 0.48 in the MoS,@40 and MoS,@10 electrocatalyst samples, respectively.

Figures 3E-3H show transmission electron microscope (TEM) images (second row of Figure 3) and corre-
sponding size distribution (third row of Figure 3) of as-synthesized MoS, NPs. The NPs produced at a lower
(25V/cm) electric field has a larger average size (48.5 nm) and a wider size distribution (33.1) over the NPs
(average size; 12.4 nm: distribution; 11.8 nm) produced at a larger electric field (See Figures 3G and 3H).
We performed high-resolution TEM (HR-TEM) measurements for the NPs produced at 40V/cm of applied elec-
tric field (Figures 31-3K). Figure 3 (i) shows that the NPs have a crystalline core and a quasi-crystalline shell. A
higher magnification imaging of the quasi-crystalline shell layer (Figures 3J and 3K) shows presence of 5-7 nm
crystals in an amorphous matrix. Analyzing lattice fringes (Figure 3K) of these nanocrystals shows interplanar
spacings of 0.229, 0.250, and 0.272 nm corresponding to (103), (102), and (100) planes of MoS; NPs.

HER performance of MoS,/NiF electrocatalysts

A three-electrode configuration with an alkaline (1M KOH) electrolyte medium was used to measure the
electrocatalytic HER performance of various as-prepared MoS,/NiF electrocatalysts.
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Figure 3. Structure and surface morphology characterizations of MoS,/NiF electrocatalysts

(A-D) The SEM images of different as-fabricated electrocatalysts (A) Bare NiF (B)MoS,/NiF@10, (C) MoS,/NiF@25, and (D)
MoS,/NiF@40 electrocatalysts (Scale bar 1 mm).

(E-K) (E and F) TEM images and (G and H) corresponding size distribution of (E and F) MoS,/NiF@25, and (F and H) MoS,/
NiF@40 NPs, (I-K) HR-TEM image of MoS,/NiF@40 NPs.

These electrocatalysts had not undergo any post-processing treatment, loading, or adhesive coating. Fig-
ure 4A depicts the iR-compensated linear sweep voltammetry (LSV) curves of different MoS,/NiF electro-
catalysts with the LSV curve of Pt wire for comparison (see non-iR-compensated LSV curves in Figure S8). At
a given overpotential, the MoS,/NiF@40 electrocatalyst shows the maximum current density; therefore it is
the best performer among the three samples. For example: At an overpotential of 300 mV (see vertical
dashed line in Figure 4A), the current density (100 mA/cm?) for MoS,/NiF@40 sample is about 4 times
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Figure 4. HER performance of different MoS,/NiF electrocatalysts and Pt wire electrode
(A-D) (A) LSV curves, (B) Tafel slopes, (C) histograms for the Tafel slope and overpotentials (mV) for 10, 50, and

100 mA/cm? current densities, (D) corresponding Nyquist plots.
(E) Estimation of double-layer capacitance (Cg4) by plotting the mean of difference in cathodic and anodic currents with

the scan rate.
(F=H) (F) Turnover frequencies for Mo sites (TOFy,) (G) Chronopotentiometry (CP) curve at 10 mA/cm? current density for

24 h, and (H) LSV curves before (dotted black) and after (solid red) 24 h of the CP measurement.

higher than the MoS,/NiF@25 (~26 mA/cm?) and MoS,/NiF@10 (~24 mA/cm?) electrocatalyst samples. The
overpotential (1n10) for 10 mA/cm? of current density is much lower for the MoS,/NiF@40 (199 mV) sample
than the MoS,/NiF@25 (247 mV) and MoS,/NiF@10 (260 mV) electrocatalyst samples. Similarly, the nso
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(272 mV) and M1go (300 mV) overpotential values for MoS,/NiF@40 sample are significantly lower than the
samples MoS,/NiF@25 (nso: 343 mV and m00: 387 mV) and MoS,/NiF@10 (nso: 353 mV and nygo: 408 mV)
produced at the lower electric fields. The HER performance of our MoS,/NiF electrocatalysts are tabulated
with previously reported MoS,-based HER electrocatalysts for comparison (Tables S1, S2, and S4).

Tafel slopes, obtained from the corresponding LSV curves, for the MoS,/NiF@10, MoS,/NiF@25, and MoS,/
NiF@40 samples are 140, 92, and 66 mV/dec, respectively (Figure 4B). We hypothesize that the higher re-
action rate and faster HER kinetics in the MoS,/NiF@40 electrocatalyst are a synergistic effect of the higher
density of sulfur vacancy sites and the larger area of the sulfur-oxygen interface. From Figure 4C and
Table S2 present the Tafel slopes and the various overpotential values for the three EF-PLA generated elec-
trocatalyst samples. The EIS measurements of the electrocatalyst samples (Figure 4D) reveal that MoS,/
NiF@40 has a much lower charge-transfer resistance compared to MoS,/NiF@25 and MoS,/NiF@10 sam-
ples, leading to a faster rate of electron transfer from the electrocatalyst material for the reduction of sur-
face-adsorbed H* in the Volmer step of HER. The electrochemical active surface area (ECSA) for each sam-
ple was calculated from the non-Faradaic section of the cyclic voltammetry (CV) curves recorded at varying
scan rates to better understand the intrinsic activity of the electrocatalysts (see Figure S9). The MoS,/
NiF@40 exhibits the largest Cq value (3.19 mF/cm?) as compared to MoS,/NiF@25 (2.94 mF/cm?) and
MoS,/NiF@10 (0.46 mF/cm?) (Figure 4E) electrocatalysts indicating larger ECSA value for MoS,/NiF@40
(~1.5 cm?) as compared to MoS,/NiF@25 (~1.3 cm?) and MoS,/NiF@10 (~0.2 cm?) samples (see supple-
mental information Table S2).

We further calculated the turnover frequency per surface Mo atoms (TOFy,) to compare the intrinsic ac-
tivity of Mo among different MoS,/NiF electrocatalysts (see STAR Methods for details) fabricated in this
work. The TOFy, of our MoS,/NiF electrocatalysts were compared with those reported previously.”*%%3
As can be seen from Figure 4F, the intrinsic activity of Mo atoms at a given potential (>0.15V versus RHE)
is highest for the MoS,/NiF@40 electrocatalyst, while it is the lowest for MoS,/NiF@10. The difference
between the intrinsic activities of Mo atoms in MoS,/NiF@40 and MoS,/NiF@25 or MoS,/NiF@10 sam-
ples is larger at the higher overpotential. An increase in the density of S-vacancy sites in the MoSx/
NiF samples increases the intrinsic HER activity of Mo sites. As reported previously, the TOFy, value
for S-vacant Mo$S; was even higher than those of the basal plane of 1-T MoS, and MoS; edge sites indi-
cating that the Mo sites in an S-vacant MoS, are more HER active than the Mo sites in an stoichiometric
MoS,.>? At lower overpotentials (<150 mV), the TOFy, values of all the three MoSx/NiF electrocatalysts
are higher than the corresponding TOF values of unstrained S-vacant MoS; and strained S-vacant Mo$S,
electrocatalysts,57 1T-phase MoS; basal plane” and MoS, edge sites®® (see Figure S11). Similarly, we
calculated the turnover frequency per S-vacant site (TOFs_ acancy) (see STAR Methods section and Fig-
ure S10) to compare the intrinsic HER activity of S-vacancy sites and understanding its dependence on
the S-vacancy density. The TOFs_yacancy follows the same trend as the TOFy, where the intrinsic activity
of S-vacancy site increases with its density. For example, MoS,/NiF@40 sample has the maximum density
of S-vacancy (MoSg 2,) sites and the highest value of TOFg_yacancy. Like the TOFy,,, the difference in the
TOFs_yacancy Values between the MoSx/NiF@40 and MoSx/NiF@25 samples increases with the overpoten-
tial, indicating that the S-vacancy sites are playing a key role in the hydrogen generation at the larger
overpotential values.

Stability of electrocatalysts is a crucial performance indicator for gauging their electrochemical capabil-
ities. Figure 4G shows that nearly constant overpotential of ~200 mV (<5% fluctuation) is required to main-
tain a current density at 10 mA/cm? for 24 h when using a MoS,/NiF@40 sample as a working electrode.
Furthermore, after 24 h of the chronopotentiometry, there is no discernible change in the LSV curve of
the MoSx/NiF@40 sample from the initially LSV recorded curve (Figure 4H). These studies insure stability
and durability of the MoS,/NiF@40 electrocatalyst in an alkaline environment.

OER performance of MoSx/NiF electrocatalysts

In the same alkaline (1 M KOH) electrolyte medium, the electrocatalytic OER performances of various as-
prepared MoS,/NiF electrocatalysts were studied. With iR compensation, the LSV curves in Figure 5A
(see Figure S12) reveal that the density of S vacancies in the MoS,/NiF electrocatalysts has a major
impact on the OER kinetics. The mgo overpotential is the lowest for MoS,/NiF@10 (1.60 V) sample as
compared to MoS,/NiF@25 (1.63 V) and MoS,/NiF@40 (1.64 V) electrocatalysts, as shown by the LSV
curves (Figure 5A). MoS,/NiF@10 (1.635 V) electrocatalyst has the lowest myoo value compared to
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Figure 5. OER performance of MoS,_, NPs electrophoretically deposited on Ni foam under different voltages and

RuO, for comparison

(A-D) (A) LSV curves, (B) corresponding Tafel slope, (C) Tafel slope and overpotentials (mV) at 10 mA/cm? current density

for different samples, (D) corresponding Nyquist plots.

(E-H) (E) Estimation of double-layer capacitance (Cq)) by plotting the mean of difference in cathodic and anodic currents
with the scan rate. The corresponding turnover frequencies (F) at Mo sites: TOFy;, and (G) S_vacancy sites: TOFs_yacancys
and (H) Long-term durability in the form of chronoamperometry of MoS,_, NPs @ —10 V on Ni foam.

MoS,/NiF@25 (1.67 V) and MoS,/NiF@40 (1.7 V). Similarly, MoS,/NiF@10 required the smallest value of
potential (1.66 V) to reach a current density of 350 mA/cm?. Similarly, the OER performance of our
MoS,/NiF electrocatalysts is tabulated with previously reported MoS,-based OER electrocatalysts for

comparison (Tables S3 and S5).
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Calculated Tafel slopes for MoSx/NiF@10, MoSx/NiF@25, and MoSx/NiF@40 electrocatalysts are 71, 118,
and 133 mV/dec, respectively; these values are smaller than the Tafel slopes for the bare Ni foam
(221 mV/dec) and RuO, (221 mV/dec), as shown in Figure 5B. The Tafel slopes and overpotential values
for different MoS,/NiF electrocatalysts are presented in Figure 5C and summarized in supplemental infor-
mation Table S3. From these results, surprisingly we can see that unlike the HER, where the electrocatalyst
with the highest density of S-vacancy sites (MoS,/NiF@40) was the best performer, in the OER, the electro-
catalyst with the least density of S-vacancy sites (MoS,/NiF@10) has the highest efficiency. Based on the EIS
results, the rate of charge transfer at the electrode-adsorbate interface for the oxidation of intermediates
(OH*, OOH*, O*) on the electrocatalyst surface is significantly higher for the MoS,/NiF@10 sample than for
the MoS,/NiF@25 and MoS,/NiF@40 samples (Figure 5D).

We computed ECSA values by extrapolating comparable Cy values from the corresponding CV curves ac-
quired in the non-Faradaic zone (1.23-1.53 V) at various scan rates in order to further investigate the intrinsic
activity of various electrocatalysts against OER (see Figures S13-S14). Compared to MoS,/NiF@25
(227 mF/cm?® and MoS,/NiF@40 (129 mF/cm?), the Cg value of the MoS,/NiF@10 electrocatalyst has the high-
est (526 mF/cm?) value (see Figures 5E, S13, and S14), therefore MoS,/NiF@10 (50.8 cm?) should have the
largest ECSA value (see supplemental information Table S3). We further calculated the turnover frequencies
of different active sites, TOFpo, TOFs, and TOFs_vacancy, to compare their intrinsic OER activities in different
MoSx/NiF electrocatalysts (see STAR Methods for details). As can be seen from Figures 5F and 5G, the intrinsic
OER activities of each Mo and S-vacancy sites on the surface of MoS,/NiF@10 sample is significantly higher
than the corresponding activities of Mo and S atoms in MoS,/NiF@25 and MoS,/NiF@40 electrocatalysts.
However, the intrinsic activity of S atoms is higher in the sample (MoS,/NiF@40) due to larger density of
S-vacancy sites (See Figure S15 and S16). The long-term durability of MoS,/NiF@10 sample, tested for 24 h
CP test at ~20 mA/cm? (Figure 5H; see Figure $17), shows <1.25% change in the initially required potential
indicating excellent durability of the OER electrocatalyst in the alkaline medium.

Water splitting performance of MoS,/NiF electrocatalysts

We built a two-electrode electrochemical cell with MoS,/NiF@40 electrocatalyst at the cathode and MoS,/
NiF@10 electrocatalyst at the anode for overall water splitting based on the experimental HER and OER
results, where MoS,/NiF@40 and MoS,/NiF@10 showed the highest HER and OER catalytic efficiency in
the alkaline medium. As illustrated in Figure 6A with the circuit design in the inset, the cell was connected
to a variable power source, a voltmeter, and an ammeter. An enlarged view of the two-electrode electro-
chemical cell is shown in the right panel of Figure 6A. First, the potential across the electrodes of the elec-
trochemical cell was varied and the resulting current was measured. Figure 6B shows that a potential dif-
ference of 1.63 V is needed between electrodes to provide a current density of 10 mA/cm?. In order to
determine the stability of the MoS,/NiF@40 MoS,/NiF@10 electrochemical cell, we subjected it to a contin-
uous voltage of 1.63 V and monitored the current density for 24 min. Figure 6C demonstrates the good
endurance of the HER and OER electrocatalysts for water splitting in an alkaline medium, as the potential
needed to drive 10 mA/cm? of the current density is kept close to 1.63 V Video S1 in the supplemental in-
formation demonstrate the kinetics of gas evolution at the cathode and the anode. Images of these films
acquired at 1 s intervals are shown in Figures 6D and 6E for the hydrogen and oxygen evolutions,
respectively.

Theoretical calculation analysis to understand mechanisms for HER and OER

To get a deeper understanding of the roles of S-vacancy sites on the intrinsic HER and OER catalytic activities
of MoS,/NiF electrocatalysts, the Gibbs free energies for H* (AGy+) and OH* (AGop+) adsorption on stochio-
metric (MoS,) and S-vacant MoS,; x < 2) electrocatalysts were calculated using density functional theory (DFT)
calculation method. We modeled monolayer of pure (0% S-vacant) 2H-MoS,, and MoS, with different densities
of S vacancies (18.7% and 25%) and different levels of oxygen atoms (Figure 7A). The AGy» values for H*
adsorption on the surface of stochiometric and S-vacant MoS, (100) were calculated. As can be seen from Fig-
ure 7B, the AGy« value for the stochiometric MoS, is 1.97 eV and it decreased to 1.01 eV for the MoS, with
18.7% S-vacancy and 18.7% replacement of S atoms with O atoms. From these results, we can see that an in-
crease in the S-vacancy, up to a certain level, can result AGy- = 0, an ideal case for hydrogen generation. How-
ever, further increase in the S-vacancy, beyond a level where AG« = 0, increases AGy« value in the negative
direction. For example: AGy« = —0.5 eV for 25% of S-vacancy. From these DFT results, we can say that the
higher HER efficiency of MoS,/NiF@40 electrocatalyst sample over MoS,/NiF@25 and MoS,/NiF@10 electro-
catalyst is due to the lower Gibbs energy for hydrogen adsorption.
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Figure 6. Overall water splitting performance for the electrochemical cell made at MoS,. NPs @ —40 V and
(MoS,.. NPs @ —10 V) as cathode and anode in alkaline medium

(A-E) (A) Two electrode experimental setup (full and enlarged view), (B) polarization curve, (C) long-term stability
through chronoamperometry (D) hydrogen, and (E) oxygen gases at cathode (MoS, . NPs @ —40 V) and anode (MoS; .
NPs @ —10 V), respectively.

The experimental OER results demonstrated that the MoS, electrocatalyst with the lower S-vacancy site
was more efficient. To understand the mechanism involved behind this, we calculated the Gibbs free en-
ergy (AGop-) for OH*, one of the three OER intermediates, adsorption on the surface of stoichiometric
(0% S-vacant) and 21.7% S-vacant MoS, (002) surface (theoretical model Figure 7C). The AGop-« values
for the stoichiometric and 21.7% S-vacant MoS, are —1.48 and —3.88, respectively (Figure 7D). The increase
in the AGop~ value with an increase in the S-vacancy in MoS, can be one of the possible reasons for the
lower experimental OER performance of the higher S-vacant MoS, electrocatalyst.

Conclusion and outlook

In summary, we report a single-step, environment-friendly and top-down approach of electric-field assisted
pulsed laser ablation of MoS; target in water for simultaneous control of S-vacancy, electrocatalytic active
sites, in MoS, nanoparticles and their in-situ dielectrophoretic deposition on nickel foam to fabricate ready
to use, without any post-processing or loading on an electrode or adhesive coating, electrocatalysts on
support for overall water splitting. As demonstrated experimentally, the increase in the intensity of applied
external electric field decreases the size of NPs, increases formation of 3D-hierarchical architecture of MoS,

12 iScience 26, 106797, June 16, 2023



iScience ¢? CellPress
OPEN ACCESS

2.5
AG,=1.97
2H4t\loSZ (pure) O(18. 7%).5(18075%) Pure MoS,
§§§§§§§ AG,=1.01

18.7% S, 18.7 %0

25%S,25% 0

H*+ e H* % H,

] MoS2-OH-ads (0% S-vac)
MoS2-OH-ads (21.87% S-vac)

k .;-__AGoH* =-1.48
Pure MoS2

. AGon- = -3.88
21.87% S-vac) —p “————

Reaction Coordinate

Figure 7. DFT-calculated Gibbs free energies

(A) Intrinsic and Sulfur vacant structure for the adsorption of H* radical in HER.

(B-D) (B) Gibbs free energy (AGy) for H* adsorption on MoS,_, NPs with x = 0, 0.1, and 0.3, (C) structure for OH*, O*, and
OOH* adsorption, (D) Gibbs Free energy (AGy) for different oxygen intermediate adsorption on MoS,_, surface withx =0,
0.1, and 0.3 and H,0O adsorption energy on MoS,_, surface with x = 0, 0.1, and 0.3 values.

through self-assembling spherical MoS, NPs on the Nifoam, and increases the density of S-vacancy sites in
the as-produced MoS, NPs. A higher value of applied electric field produced a higher density of S-vacancy
sites in the MoS, NPs, unveiling a larger density of Mo sites, at the surface as well as in the volume of NPs,
for the adsorption of H* with a comparatively lower AGy- resulting in a high cathodic current density of
150 mA/cm? at an overpotential of ~310 mV with the Tafel slope as low as 66 mV/dec. Conversely,
MoS,/NiF electrocatalyst sample fabricated at the lowest applied electric field is found most suitable for
the oxygen evolution reaction with the Tafel slope as low as 71 mV/dec. The experimental HER and OER
results are supported by the theoretical calculation for the Gibbs free energies for H* (AGy+) and OH*
(AGop+) adsorptions on the surface of stochiometric and S-vacant MoS, electrocatalysts. Based on the
experimental HER and OER results, when MoS,/NiF/40 electrocatalyst with the highest S-vacancy sites
and MoS,/NiF/10 electrocatalyst with the lowest S-vacancy sites are coupled together as cathode and an-
odes, respectively in a two-electrode alkaline electrolyze cell, it requires only 1.63 V of potential to drive
10 mA/cm? of current density.

The density of S-vacancy in the MoS,/NiF electrocatalysts and consequently HER efficiency can be further
increased by increasing the intensity of the applied electric field. Similarly, the OER efficiency can be further
increased through increasing S/Mo ratio, even beyond the stoichiometric value 2, by applying lower elec-
tric field intensity and using S containing liquid precursor. We believe the present work may be used as a
guidance to rationally design and develop low-cost electrocatalysts for industrial-scale hydrogen and ox-
ygen productions from electrocatalytic water splitting and can be extended to other electrocatalysts for
wealth of chemical reactions.

Limitations of the study

Based on the combination of EDS, XPS, and DFT, sulfur vacancy has been interpreted as a key contributor
to the excellent HER and OER activity and stability. However, to get an in-depth sight of the effect of sulfur
vacancy, an in-situ characterization of the sulfur vacancy is still needed but is very challenging.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

KOH Macklin CAS#1310-58-3
Nickel foam Sigma Aldrich CAS#7440-02-0
MoS; target Sigma Aldrich CAS#1317-33-5
Pt/C 20% Macklin CAS#7440-06-4
Ruthenium (iv) oxide Macklin CAS#12036-10-1

Software and algorithms

Inkscape Open source https://inkscape.org
ImageJ Open source https://imagej.org

other

Biologic electrochemical workstation France https://www.biologic.net
RESOURCE AVAILABILITY

Lead contact

Information and requests for resources should be directed to and will be fulfilled by lead author, Wei Li
(weilil@ciomp.ac.cn (W.L)).

Materials availability

This study did not generate new unique reagents. All chemicals were obtained from commercial resources
and used as received.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.
® This study does not generate a new code.

® Any additional information required to reanalyze the data reported in this study is available from the lead
contact upon request.

METHOD DETAILS

Fabrication of MoS,/NiF electrocatalysts

MoS,/NiF electrocatalysts were fabricated by irradiating a pulsed laser beam on the surface of a MoS; target,
submerged in water, while simultaneously applying an external electric field. A solid disc of MoS, (diameter;
3 cm) was placed at the bottom of a glass container with a 2 cm thick water layer on the target surface. The disc
was irradiated with a laser beam from a Spectra-Physics Spitfire fs-laser system delivering pulses at 800 nm
wavelength, 200 ps pulse duration, 1 kHz repetition rate, and 0.5 mJ/pulse energy. A 50 cm focal length
plano-convex lens was employed to focus the laser beam at the target surface. To ensure that each laser pulse
ablates a new surface, the glass container was mounted on a motorized X-Y translational stage and moved at a
speed of 1 mm/s. The electric field across the laser produced plasma responsible for S vacancy generation and
dielectrophoretic deposition was produced by biasing of a pair of parallel Ni-foam electrodes (size:
30 mm*5 mm*1 mm) with 1 cm separation. The electric field value varied from 10 V/cm — 40 V /cm by varying
the dc biasing voltage between the electrodes while maintaining the distance between them. Each sample
was produced using ablation and dielectrophoretic deposition for sixty minutes.

Characterization of electrocatalysts

The UV-visible absorption spectra of the colloidal solution of NPs were measured in the spectral region of
200-800 nm using a Cary 300 (Agilent Technologies) double-beam spectrophotometer. The liquid samples
were used for UV-visible measurements that were collected from the ablation vessel during
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dielectrophoretic deposition. X-ray diffraction (XRD) measurements of the MoS, samples were done using
a Bruker-D8-Focus X-ray diffractometer with Cu — Ka (A = 1.5406 A) line. The Raman spectra of different
MoS, samples were measured using a Labram HR Evolution Raman spectrometer (Horiba Jobin Yvon). The
X-ray photoelectron spectra of MoS, samples were recorded using Thermo Escalab 250X X-ray photoelec-
tron spectroscopy with AlKee X-ray source. For XRD, Raman and XPS measurements the electrophoretic
deposition was done on ITO coated glass substrate during laser ablation. The HITACHI S4800 scanning
electron microscope was used to take the SEM measurements of the MoS,/NiF electrocatalysts under
the acceleration voltage of 15 kV. All the energy-dispersive X-ray spectroscopy (EDS) spectra were also
collected by mapping the electron beam at the same acceleration voltage.

Electrochemical measurements

The electrochemical measurements were carried out on a BioLogic VMP3 multichannel workstation with a
three-electrode system where an EF-PLA-fabricated MoS,/NiF electrocatalyst (1 cm x0.5 cm) was used as
a working electrode while a Ni foam and a saturated calomel electrode (SCE) were used as counter and
reference electrodes, respectively. The electrolyte for all electrochemical tests was an aqueous solution
of 1M KOH. Before conducting linear sweep voltammetry (LSV) curves, 30 cycles of cyclic voltammetry
(CV) at a scan rate of 40 mVs™" were performed for each working electrode. LSV curves were measured
by sweeping voltage from 0.2 to —0.8 V vs. SCE electrode at 10 mVs™". Following equation were used to
translate the potential versus SCE to versus reversible hydrogen electrode (RHE).'*%

ERHE = ESCE + E(S)CE +0.0592 x PH7

where EJ, = 0.243 V, is the Calibrated potential. The LSV curve can been seen in Figure S18. The poten-
tials at which the current value was zero was taken as the thermodynamic potential. Therefore, for our calcu-
lation we used EQ-, = 0.243 V. Electrochemical impedance spectroscopy (EIS) was performed at a dc over-
potential of —0.54 V against RHE (For HER) and 1.54V vs RHE (for OER) while superimposing a tiny
alternating voltage of 10 mV over the frequency range of 10 mHz to 1 MHz. The CV curves were measured
in the non-Faradaic region of potential from 0.84 V to 1.04 V (versus RHE) for HER and from 1.23V to 1.54 V
(versus RHE) for OER at various scan rates (from 10 mVs ™" to 120 mVs™' for HER and from 10 mVs ™" to 80 mVs™
for OER) to estimate the double layer capacitance (Cy) and electrochemically active surface area (ECSA).
Cgi is the slope of the difference between the cathodic and anodic current densities AJ = J. — J,) as a
function of the scan rate. ESCAMosqNiF = Cdi_yos,/NiF/ Cdi_nir; where Cy niF is the double-layer capacitance
for the bare Nifoam. Here, we used the Cy value of the bare Nifoam rather than the general specific capac-
itance (C,) to eliminate the effect of the greater capacitance value of bare NF. The turnover frequency (TOF)
values of Mo and S,,cancy active sites for the HER and Mo and S active sites for the OER were determined
from the corresponding LSV curves and the density of the active sites was approximated using the respec-
tive ECSA values. The durability and stability of each of the electrocatalysts are tested using 24-hour chro-
nopotentiometry (CP) test and LSV curves before and after the CP measurements.

Density functional theoretical calculation

We used density functional theory (DFT) with the Vienna ab-initio simulation software (VASP) for all the cal-
culations. The van der Walls (vdW) interaction was employed in conjunction with the generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. The 520-eV
cutoff energy of the plane wave was utilized. For simplicity, we assumed a 2H-MoS, monolayer (S = 32,
Mo = 16 atoms) with a 4 X 4 X 1 supercell in the computations. K-points with dimensions of 2 x 2x1
was used for both structural optimization and band structure calculations. A periodic boundary conditions
was used throughout the calculations and a 15 A of vacuum is considered in the z-direction to keep the
slabs apart. We followed the method described in the prior study to determine the AGy« for H* adsorp-
tion.”” A 0.01 eV A™" force criterion was used for the structural relaxation. We used PBE-vdW potential
for the band structure calculations for consistency with the other calculations. Band structure computations
were performed using the k-points of high symmetry I'(0.0, 0.0, 0.0), M (1/2, 0.0, 0.0), and K (1/3, 1/3, 0.0).

Calculation of energy bandgap

From the UV-visible optical absorption data (Figure STA), the absorption coefficient, a, of the colloidal so-
lution of NPs under the Lambert-Beer's law, is related to its bandgap energy following the expression,
ahv = A(hv — Eg)", where A is a constant, Eq is the bandgap of the material, and the exponent n may
have values 1/2, 2, 3/2, and 3 for allowed direct bandgap, allowed indirect bandgap, forbidden direct
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bandgap, and forbidden indirect bandgap semiconductors respectively. '?! The region of fundamental
absorption that corresponds to electronic transition from the top of the valance band to the bottom of
the conduction band can be used to calculate the bandgap of the material and consequently the size of
MoS, NPs. Owing to its allowed direct bandgap nature (n= %) of MoS, the linear region of (ahv)? =
A(hv — Eg) curve, known as Tauc's plot, can be directly used to determine the bandgap of material (Fig-
ure S1C), however, several times it leads uncertainty in determining the linear portion. The hv derivative
of In(ahv) = nln A(hv — Eg) results following expression:

d{In (ahv)} n

dh) (b — E)
The plot of d{In(ahv)}/d(hv) versus hv shows a divergence at energy equal to the bandgap energy, as
shown in Figure S1D. This plot suffers comparatively less error as compared to the Tauc's plot shown in Fig-
ure S1C. The center of the corresponding peak, shown in Figure S1D, gives the band gap energy of the
particles and can be used in the determination of size of particles using effective mass model as follows:

n? } 1.8e?

AEg = {ZuRZ " 4nKeoR

Where AEg is change in the bandgap energy of the particle due to reduction in the size, Ris the size of particle, K
is the dielectric constant, and u = ,;”;mm”h is effective mass of electron hole pair (exciton) in MoS; lattice. From
these expressions, we can see that the peak of curves shown inin Figure S1D can give average size of the particle,
while its width can be associated with the particle dispersion. The smaller full-width-half-maximum (FWHM) value
of the NPs produced under higher applied electric field (Figure S1D) indicates narrower size distribution.

Calculation of turnover frequency (TOF)

For HER, the turnover frequency was calculated using the corresponding current density (j) and the density
of active sites (N) following the expression.

Total number of H*atoms reduced per seond ~_ j/2X g

TOF = — - =
Total number of active sites per unit surafce area N

Where g= 1.6 x 107" is the elemental charge and 2 shows that two H* atoms are required to produce one
hydrogen molecule. To calculate TOFuo per surface Mo atoms, the number density of Mo atoms (Nyo) is
estimated to be ~1x10"® per cm? using 3.2 A° lattice constant for MoS,. Simplifying the expression TOF e
s = 3.125%] (mA/cm?). To calculate turnover frequency for S-yacancy, the density of S vacancy sites in
different MoS,/NiF samples are estimated as follows:

NS_vacancy =2X NMo X (% S,vacancy)

Where % S_Vacancy is the atomic S vacancy out of the total S atoms measured by XPS (Table 1in the manu-
script). For example: Ns_yacancy in the MoSx/NiF@40, MoSx/NiF@ 25, and MoSx/NiF@ 10 electrocatalysts
are 1.78x10"°, 1.55%10'°, and 1.21x10", respectively.

Similarly, for OER, the TOF was calculated using the corresponding anodic current density (j) and the den-
sity of active sites (N) following the expression.

TOF - Total number of O" intermediate oxidized per seond _ j/4 X q
" Total number of active sites per unit surafce area =~ N

The number 4 shows that four electrons are needed to transfer from adsorbed O* intermediate to pro-
duced one O, molecule.

i/(4x1.6x10""
TOFG, - /(4x1.6x10°7)
1x 10"
j/(4x1.6x107"7)
Ns
Where Ns = 2XNpoX (% S). The % S is obtained from the XPS data. For example: Ng in the MoSx/NiF@40,
MoSx/NiF@ 25, and MoSx/NiF@ 10 electrocatalysts are 2.2x10" 4.5%x10", and 7.9% 10", respectively.

TOF§” =
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