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ARTICLE INFO ABSTRACT

Keywords: Amorphous molybdenum sulfide (MoS,) has attracted great attention as an alternative catalyst of platinum for
Electrochemical hydrogen evolution electrochemical hydrogen evolution reaction (HER). In order to investigate the effect of oxygen incorporation in
Amorphous the MoS, catalyst, oxygen-incorporated MoO,S, catalysts with various oxygen contents were prepared on carbon

Molybdenum sulfide
Oxygen incorporation
Molybdenum oxysulfide
Molybdenum oxidation state

fiber papers (CFPs) by chemical bath deposition. The oxygen content and chemical states of MoO,S,, catalysts
were controlled by adjusting the reducing agent concentration of Na,S,04 in order to reveal the relation between
chemical states and HER performance. Compared to oxygen-free MoS catalysts, the oxygen-incorporated
MoO,S, catalysts exhibit more excellent activity for HER. One of the MoO,S, catalysts requires an overpotential
of 164 mV to reach a cathodic current density of 10 mA/cm? with a Tafel slope of 43 mV/dec representing the
Volmer-Heyrovsky mechanism. The high performance is attributed to enhanced activity and/or higher electrical

conductivity due to the presence of Mo®* state in the MoO,S, catalysts.

1. Introduction

In order to reduce consumption of fossil fuels causing environmental
pollution and global warming, various approaches to utilize solar en-
ergy have been extensively studied in academia and industry. In pho-
tovoltaics, solar energy is directly converted to electrical energy in solar
cells specially designed to maximize the photon-to-electron conversion
efficiency. However, since the sunlight changes with the rotation and
revolution of the earth, the electrical energy converted from the sun
should be stored somewhere for use in the dark.

Photoelectrochemical (PEC) water splitting can be a solution for the
solar energy conversion and storage in an environmentally friendly and
sustainable manner because the solar energy is converted to the che-
mical energy of hydrogen molecules [1]. For the PEC water splitting,
catalysts such as platinum group metals (PGMs) are required to reduce
the overpotentials for electrochemically splitting water molecules to
hydrogen and oxygen gases. Even though the PGM catalysts have high
activities for both hydrogen and oxygen evolution reactions (HER and
OER), they should be replaced by inexpensive catalysts for practical
applications.

Recently, transition metal sulfides [2,3], phosphides [4], nitrides
[5] and carbides [6] have been extensively explored as an alternative
HER catalyst to replace the PGMs. Especially, MoS,-based catalysts
have attracted great attention owing to their high activity. Crystalline
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MoS,, such as 2H-MoS,, exhibits a high activity on the edge sites of the
layered structure, but the basal planes are inactive to the HER [7].
Therefore, vertically aligned MoS, has been studied in order to max-
imize the active sites by vertically exposing the edge of MoS, [8-10].
Another strategy for highly active MoS, catalysts is activation of the
inactive basal plane by creating defects such as S-vacancies or by
doping heteroatoms on the basal MoS, [11-19]. It was revealed that S-
vacancy sites, as well as edge sites, are also catalytically active for HER.
MoS, with S-vacancies exhibits more excellent HER performance
comparing to MoS, without S-vacancies. Doped-heteroatoms into MoS,
basal plane also enhance the HER catalytic activity [12,20,21]. Re-
cently, amorphous MoS, also has attracted great attention as an ex-
cellent HER catalyst, since the structural heterogeneity of the amor-
phous MoS, provides active sites as in the edge of the crystalline MoS,
[22-30]. In addition, the electrical conductivity of catalyst is one of the
important factors for high HER performance. Xile Hu group reported
that MoSs; catalysts with high conductivity have a smaller value of Tafel
slope than those with low conductivity [31]. Therefore, the limited HER
performance of the less conductive catalysts can be improved by using
an electrically conductive substrate or increasing the conductivity of
catalysts.

Introducing dopants into catalysts is a frequently used strategy to
tune the electronic structure of the materials [32]. The doping process
may result in several positive effects on the catalysts: tuning an
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adsorption free energy of hydrogen (AGy) into 0eV [24,33-38],
creating more active sites [20,33], and/or increasing an electrical
conductivity [33,38,39]. Vertically aligned MoS, catalysts doped with
transition metals (e.g., Fe, Co, Ni, or Cu) possess more active edge sites
of which AGy is close to 0eV [34]. The improvement of the HER ac-
tivity by doping was also reported for Fe, Co, or Ni-doped amorphous
MoS;, catalysts [24]. Pan and co-workers reported that half-filled in-
termediate energy bands of Co-doped MoS, improve the catalytic ac-
tivity of Co-MoS; by lowering the energy barriers for charge transfer to
proton [33]. Lau and co-workers exhibited that Co adatoms on MoS,
basal plane reduce the hydrogen adsorption free energy on neighbor S
sites of Co atom [37]. Other 3d transition metal dopants like Zn [38],
Mn [40], V [39] also facilitate the HER through similar ways as men-
tioned above. In addition, Deng and co-workers reported that Pt atoms,
which replace Mo atoms of MoS,, produce unsaturated sulfur atoms at
the sites facing the doped Pt atoms, and the electronic structure of the
coordinatively unsaturated sulfur is similar to that of the MoS, edge
sites [20]. Moreover, non-metallic dopants like Se [41], O [42-47], P
[48], Cl [36] and N [35] also improve the catalytic activity of MoS,.

For the oxygen doping, there are several reports that oxygen atoms
in O-incorporated MoS, (MoO,S,) catalysts improve the HER perfor-
mances by increasing the intrinsic electrical conductivity as well as
forming more active sites for HER [42,44-47,49]. For example, the
resistivity (0.033 Q-cm) of MoO,S, on reduced graphene oxide (rGO) is
much lower than that (0.25Q-cm) of MoS,/rGO [45]. Xie and co-
workers reported that the presence of oxygen in MoO,S, increases a
degree of disorder which results in more active sites for HER [42]. They
claimed that the proper oxygen contents in MoO,S, improve the elec-
trical conductivity by reducing the band gap of MoO,Sy, but excessive
incorporation of oxygen atoms causes degradation of the HER perfor-
mance by restricting the interdomain electron transport [42].

Oxygen incorporation in amorphous molybdenum sulfide catalysts
is a significant approach to improve HER performance, but no studies
have been reported on the effect of the oxygen incorporation for the
amorphous phase of MoSy catalysts. In this study, molybdenum oxy-
sulfide (MoO,Sy) with various oxygen contents were synthesized by a
facile chemical bath deposition (CBD) and the effect of oxygen in-
corporation on the HER activity was investigated in order to unveil the
influence of chemical states of Mo and S ions on the catalytic activity.

2. Experimental
2.1. Materials synthesis

For syntheses of MoO,S, catalysts by the CBD method, ammonium
heptamolybdate (NH4)sMo0,0244H50, 99.0%, Samchun Chemical Co.),
thioacetamide (CH3CSNH,, 99.0%, Sigma-Aldrich), ammonium hydro-
xide (NH4OH, 28-30%, Samchun Chemical Co.) and sodium dithionite
(also known as sodium hydrosulfite, Na,;S,04, 85%, Alfa Aesar) were
purchased and used without further purification. Aqueous solutions of
(NH4)gM0,0544H,0 (10mM, 10mL) and CHsCSNH, (1M, 15mL)
were mixed in a vial bottle. Subsequently, an aqueous solution of
NH4OH (14.8 M, 15 mL) was added to the mixture. As a reducing agent
to control the oxygen content, aqueous solutions of Na,S,04 (10 mL)
with various concentrations (7.6, 38, 380, and 760 mM) were prepared,
and each Na,S,04 solution was added to the previously prepared so-
lutions of precursors. Therefore, the volumes of the resulting precursor
solutions were around 50 mL for each CBD solution. Carbon fiber pa-
pers (Toray, TGP-H-120), on which catalysts would be deposited, were
placed in each precursor solution, and then the vial bottles were
maintained at 90 °C for 30 min without any stirring for the CBD of
MoO,S, catalysts on CFPs. After the deposition, the vial bottles were
cooled down to room temperature for 5h and MoO,S,-coated CFPs
(MoO,S,/CFPs) were taken out from the solution. The MoO,S,/CFPs
were washed in turn with deionized water, ethanol, and acetone, and
then dried in air.

982

Applied Surface Science 487 (2019) 981-989

2.2. Materials characterization

The X-ray diffraction (XRD) patterns were obtained at an incident
angle of 1° using a Rigaku SmartLab diffractometer with Cu Ka emis-
sion. Field-emission scanning electron microscope (FE-SEM) images
were taken using a Hitachi SU8010 without any coating of metal. X-ray
photoelectron spectroscopic (XPS) spectra were collected from a PHI
5000 Versaprobe (ULVAC PHI) using monochromatic Al Ko emission.
Binding energies were calibrated using C 1s peak (284.8eV) of the
adventitious carbon as an internal standard. To avoid misinterpretation
due to surface contamination and oxidation in air, the surface of each
specimen was cleaned by bombarding Ar* ions (2 keV) for 10 s before
obtaining the XPS spectra. Raman spectroscopy (Alpha 500R, Witech)
was also performed to characterize the MoO,S, catalyst using a 532nm
laser excitation.

2.3. Electrochemical hydrogen evolution

Electrochemical characterization of the prepared catalysts for HER
was performed by a three electrodes configuration using a Biologic (SP-
150) potentiostat. MoO,S,/CFP, carbon rod, and K,SO,4 saturated Hg/
Hg,SO,4 were used as working, counter and reference electrode, re-
spectively. All experiments were carried out in 0.5 M H»SO4 solution at
room temperature. Before the evaluation of HER performance, the re-
ference electrode was calibrated by using two Pt wires as the working
and counter electrodes in 0.5M H,SO,4 solution. The electrochemical
potential difference between the reversible hydrogen electrode (RHE)
and the reference electrode is given by E(RHE) = E(Hg/
Hg»S04) + 0.705V. The polarization curves of HER were measured
using linear sweep voltammetry (LSV) at a potential range of +0.1V to
—0.4V vs RHE. Series resistances of the electrochemical cells were
determined by electrochemical impedance spectroscopy (EIS) per-
formed at open circuit potential from 200 kHz to 50 mHz, using an ac
amplitude of 25 mV. The polarization curves were corrected for ohmic
potential drop (iR) losses using the series resistances obtained from the
EIS. In order to estimate the electrochemically active surface area
(ECSA) of catalysts, the double-layer capacitance (Cq;) of MoO,S,/CFPs
were determined by cyclic voltammetry in a potential range from 0.10
to 0.20 V vs RHE with various scan rates of 20, 40, 60, 80 and 100 mV/
s.

3. Results and discussion

Molybdenum oxysulfide (MoO,S,) catalysts were directly synthe-
sized on carbon fiber papers (CFPs) at 90 °C by using the CBD precursor
solutions with various concentrations of Na,S,04. Sodium dithionite is
well known as a reducing agent for various chemical reactions [50].
Because its dithionite anion has a weak S—S bond, it is in equilibrium
with the radical anion, S,03~ = 2SO0, [51]. Therefore sodium di-
thionite is a strong and rapid reducing agent. During the CBD reaction,
the oxidation state of sulfur in the dithionite anion is oxidized from $3*
of $,04%2~ to S** of HSO5~ by releasing two electrons (see Eq. (1)).
These electrons are accepted by molybdate (MoO,4>~) ions to reduce
Mo®* to Mo®* or Mo*™* ions. Note that even though ammonium hep-
tamolybdate was used as a Mo precursor, molybdates are present as the
monomeric MoO42~ ion in alkaline and neutral solutions [52]. The
sulfide ions for the synthesis of MoO,S, catalyst are formed from the
reaction between thioacetamide and hydroxide ion in the aqueous so-
lution (see Eq. (2)) [53]. Therefore it is expected that the oxygen
content of MoO,S, catalyst depends on the concentration of sodium

dithionite.
S,0%" + 2H,0 — 2HSO; + 26~ + 2H* )
CH3C(=S)NH2 + OH™ + H,O —» CH3C(=0O)NH, + S+ H;O* (@3]

For convenience, we denote these catalysts as RAy (0 mM), RA;
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Fig. 1. FE-SEM images of MoO,S,/CFP catalysts.

(7.6 mM), RA, (38 mM), RA3 (380 mM) and RA, (760 mM) of which the
subscript number increases with the concentration of the reducing
agent (NaS,0,4) in the CBD precursor solution. The synthesized
MoO,S, catalysts are amorphous as shown in the X-ray diffraction
patterns (Fig. S1) in which there is no peak from MoO,S, but several
peaks from the graphitic structure of the CFP substrate.

The surface morphology of the heterogeneous catalysts such as
MoO,S,/CFPs is one of the crucial factors affecting electrocatalytic
performances because electrocatalytic reactions occur on the surface of
the catalyst. Fig. 1 shows that the MoO,S, catalysts (RA;, RA3, and RA,)
synthesized above the reducing agent concentration of 38 mM (RA,)
cover completely the CFP in Fig. 1(b-d). However, by comparing the
SEM images of RA; (Fig. 1a) and bare CFP (Fig. S2), it can be seen that
the MoO,S, catalyst (RA;) deposited with a low concentration of
7.6 mM does not completely cover the CFP. Moreover, the CBD process
performed without the reducing agent (RAy) does not cause significant
growth of the catalyst, as revealed by the noisy XPS spectra of Mo and S
in Fig. S3.

XPS analyses were performed to investigate the composition and the
chemical states of each MoO,S, catalyst. The stoichiometric values of x
and y of MoO,S, catalysts are listed in Table 1. The ratio of chalcogens
(S and O) to molybdenum atom is deviated from 2 and scattered in the
range of 2.75 to 3.08, which reveals that the sum of the stoichiometric
values is around three (i.e., x + y = 3) and the chemical states of Mo*+
and S*>~ may be mixed with other states (Mo®*, Mo®>* and/or S,27). In
Fig. 2, as the concentration of Na,S,0, in the precursor solution in-
creases to 380 mM, the S content increases but the O content decreases,
since Na,S,04 plays the role of a reducing agent. However, the S con-
tent nearly saturates at 760 mM with a higher O content.

The incorporation of oxygen was also confirmed by Raman spec-
troscopy. In the representative Raman spectrum (Fig. 3) of MoO,S,/CFP

Table 1

Stoichiometric values of MoO,S, catalysts.
Catalyst x (0/Mo) y (§/Mo) xt+y
RA, 1.95 0.81 2.75
RA, 1.90 1.01 291
RA; 1.49 1.38 2.87
RA4 1.75 1.33 3.08
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Fig. 2. Stoichiometric values of oxygen (x) and sulfur (y) of MoO,S,/CFP cat-
alysts against the concentration of the reducing agent (Na»S,04).
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Fig. 3. Representative Raman spectrum of MoO,S,/CFP catalysts (RA3).
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Fig. 4. XPS spectra of Mo 3d core electrons of MoO,S,/CFP catalysts: RA; (a), RA; (b), RA3 (c) and RA,4 (d).

(RA3) of which MoO,S, completely covers the CFP substrate, mo-
lybdenum sulfide bonds were found at v(Mo—S) of 283-385 cm~! and
the v(Mos-113S) vibration was observed in the 395-478 cm ™! region.
Furthermore, the bands of Mo=0 vibration were clearly observed in a
wide range of 800-960 cm™'. These Raman signatures are in good
agreement with the previous report by Tran et al. [53].

In order to analyze the chemical states of Mo and S atoms, the XPS
spectra of Mo 3d and S 2p were deconvoluted by fitting the experi-
mental data with plausible peaks as shown in Figs. 4 and 5. All binding
energies were calibrated with the carbon 1 s peak at 284.8 eV. For the
Mo 3d spectra, the peaks were deconvoluted into binding energies of
three doublets (3ds,, and 3ds,») of Mo®*, Mo® ", Mo** and a singlet of
S 2s state. All 3d doublets were fitted under two constraints: the area
ratio of 2:3 and the binding energy difference (3.13 eV) between 3ds,»
and 3ds,, peaks. In Fig. 4 and Table S1, as the oxidation number of
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molybdenum increases in the ascending order of Mo*", Mo®" and
Mo®* ions, the characteristic doublets (3d; > and 3ds,,) of mo-
lybdenum atoms are found at higher binding energies which coincide
with the previous report [54]. In Fig. 6(a), the ratio of Mo** to total
molybdenum ions (Mo** + Mo®* + Mo®*) increases with the con-
centration of reducing agent, but the ratio of Mo®* decreases with the
concentration of reducing agent, because Na,S,04 reduces the Mo®+
ions in form of MoO4>~ into the Mo** by producing molybdenum
sulfide. However, the ratio of Mo®* ions shows a small variation in the
range of 0.29 to 0.33, not depending on the concentration of the re-
ducing agent.

For the spectra of S 2p, the experimental peaks of S 2p were also
deconvoluted to the doublets of 2p;,» and 2p3,» with the area ratio of
1:2 and the binding energy difference of 1.18 eV. The deconvoluted S
2p spectra consist of three doublets from divalent sulfur (827),
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Fig. 5. XPS spectra of S 2p core electrons of MoO,S,/CFP catalysts: RA; (a), RA; (b), RA3 (c) and RA,4 (d).

monovalent sulfur (S,2~) and sulfate (S°*) in Fig. 5(a—d) and Table S1.
Two doublets deconvoluted in the range of 160 to 166 eV were assigned
to the doublets of S>~ and S,>~ where the doublet of S,>~ has higher
binding energy than that of S>~. As shown in Fig. 6(b), the content of
S2~ ions is about twice the content of S,2~ ions. The small doublets in
the range of 167 to 171 eV are associated with S®* from sulfate (SO4> ™)
ion, indicating that the surface of the synthesized catalysts was oxidized
by exposure in the air when the catalysts were dried in air.

In order to investigate catalytic activity of the amorphous MoO,S,/
CFP catalysts for HER, iR-corrected polarization curves were obtained
using a standard three-electrode setup in a 0.5M H,SO, solution as
shown with solid lines in Fig. 7. The exchange current density (jy), Tafel
slope (b), and the overpotential (i719) required to reach the cathodic

current density of 10mA/cm? are generally used to comparatively
evaluate catalytic activity of HER catalysts. These values of the
MoO,S,/CFP catalysts are listed in Table 2. Bare CFP without any
catalyst has no catalytic effect for HER. Furthermore, the activity of the
catalyst Ry synthesized without any Na,S>O4 is so poor that the
cathodic current density of Ry does not reach 10 mA/cm? in the po-
tential range of 0 to —0.3V vs RHE (1770 = 500 mV for Rq in Table 2).
However, as the concentration of Na,S,0, increases, the catalysts ex-
hibit smaller overpotentials of 710 in the order of RAg (500 mV), RA;
(216 mV), RA, (184 mV), RA3 (166 mV) and RA4 (164 mV). The reason
for the remarkably poor catalytic activity of the RA, and RA; catalysts
is due to partial or incomplete coverage (i.e. negligible or small
loading) of MoOS, on the CFP, as demonstrated in the SEM image and
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Fig. 7. iR-corrected polarization curves of MoO,S,/CFPs (a) prepared by CBD
and MoS,/CFPs (a) reported in our previous work (Ref. [58]).

Table 2
Electrochemical characteristics of MoO,S, (this work) and MoS, (our previous
work in Ref. [58] catalysts.

Catalyst 10 MV b mV/dec jo uA/cm? Caqi mF/cm?
RAy 500 54 0.012 0.04
RA, 216 43 0.094 6.55
RA, 184 42 0.400 30.1
RA3 166 43 1.640 68.1
RA4 164 43 1.560 66.6
MoS,/CFP 290 46 0.006 0.17
MoS,/EPCFP 231 49 0.178 1.68
MoS,/PPCFP 205 50 0.863 4.13

XPS spectra (Figs. 1(a), S2 and S3). The coverage of MoO,S, catalysts
gradually increases with the concentration of the reducing agent, and
MoO,S, is completely covered on the CFP substrate at the concentration
of 38 mM (RA,) as shown in Figs. 1 and S2. Even though the catalysts of
RA,, RA3, and RA, have the complete coverage on the CFP, the 71¢
value of RA, is severely different from those of RA3 and RA,. This is due
to the difference in chemical composition and chemical state of the
catalysts.

Because the electrochemically active surface area (ECSA) of the
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catalyst is directly related to the HER performance, the electric double
layer capacitances (C4) were determined using cyclic voltammetry (CV)
performed in the range of 0.10 to 0.20 V vs RHE at various scan rates (v)
of 20, 40, 60, 80 and 100 mV/s (Fig. S4). Half (Aj/2) of the difference in
anodic (j,) and cathodic (j.) current densities is plotted against the scan
rate in Fig. S5, since the double layer capacitance can be expressed as
Ca1 = Aj/ 2v. From the slopes of each plot in Fig. S5, the Cq; values were
determined and listed in Table 2. It should be noted that the ECSA is
proportional to the Cq; value. The Cy, values of RAy, RA;, RA,, RA3, and
RA, catalysts are 0.04, 6.55, 30.1, 68.1 and 66.6 mF/cm?, respectively,
indicating that ECSA becomes larger with the concentration of the re-
ducing agent.

The exchange current density (jo) and Tafel slope (b) can be ob-
tained from the Tafel plot where the overpotential () is plotted against
cathodic current density (j) with the Tafel equation of 7 = a + blogj.
The j, value of HER reflects how fast hydrogen gas evolves on the
catalyst in equilibrium (i.e., at zero overpotential). The j, value is de-
termined by extracting the intercept in the log j axis of the Tafel plot
(Fig. 8). The higher the j, value of the MoO,S,/CFP is, the faster the
HER on the catalyst is. In Table 2, the j, values of RA; (1.64 uA/cmz)
and RA, (1.56 uA/cm?) catalysts are much higher than the other cata-
lysts (0.0123-0.4 uA/cm?). However, the simple comparison of the j,
values can be unfair to evaluate the intrinsic activity of the MoO,S,/

0.25

0.20

0.15+

0.10

Overpotential (V)

0.05

05 10 15
log(li(mA/cm2)|)

Fig. 8. Tafel plots of MoO,S,/CFPs (RA;, RAj, RA3, and RA,).
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CFP catalysts, because the j, values are calculated by dividing the
measured exchange current (ip) by the geometric area (Ag) of the
MoO,S,/CFP catalysts (i.e., jo = io /Ag). It should be noted that the
geometric area does not reflect surface roughness, porosity, and cov-
erage of MoO,S, on the CFP.

Recently, Y. Li et al. reported that the exchange current density of
catalysts is linearly proportional to the double layer capacitance for the
catalysts with similar Tafel slopes [55]. As listed in Table 2, since the
Tafel slopes of the MoO,S,/CFP catalysts are similar, it is expected that
Jjo and Cgq are linearly correlated. Indeed, j, is linearly proportional to
Cq for the RAy, RA;, and RA, catalysts as shown in Fig. 9. This is be-
cause the coverage of MoO,Sy on the CFP gradually increases from the
partial (RAp) to the complete (RA,) coverage, as previously explained.
However, the j, values of RA; (1.64 uA/crnz) and RA4 (1.56 uA/cmz)
catalysts severely deviate from the linear correlation in Fig. 9. The large
deviation cannot be explained by an increase of coverage, because both
catalysts have the complete coverage as the RA, catalyst. The ex-
ceptionally high HER activity of the RA; and RA4 catalysts may be
caused by enhancement of an intrinsic activity of active sites and/or an
increase of electrical conductivity.

Although the ratios of monovalent (S,27) and divalent (S27) sulfur
anions are not severely varied with the concentration of reducing agent
(Fig. 6b), the stoichiometric value (y) of sulfur in the MoO,S, catalysts
significantly increases with the concentration of the reducing agent and
then saturates at RA; and RA, catalysts (Fig. 2), indicating that the high
y values contribute to the more excellent performance of RA; and RA4
catalysts. Another possible reason for the high performance is that the
oxygen-incorporated MoO,S,/CFP catalysts have high electrical con-
ductivity which affects the exchange current density [56]. It was re-
ported that the formation of MoOs species in the MoS,-based catalysts
impedes electron transport in the catalytic materials [57]. Since the
presence of MoOj3 in the MoO,S, catalysts appears as a peak of Mo®* in
XPS spectra (Fig. 6(a)), it is revealed that the formation of the MoOs; is
relatively less pronounced in the RA3 and RA4 catalysts.

The Tafel slope (b), the slope of the linear region in the Tafel plot, is
the overpotential required to increase the current density by one order
of magnitude. Therefore, the catalyst with a lower Tafel slope is more
advantageous for the electrocatalytic HER application than that with a
higher value of Tafel slope. In terms of the Tafel slope, there is no
significant difference among the MoO,S,/CFP catalysts as listed in
Table 2. The Tafel slope depends on the mechanistic pathway. For the
HER mechanism, three elementary reaction steps are known in acidic
media:

discharge step (Volmer reaction):

H30" + e~ — Hags + HyO
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catalytic recombination step (Tafel reaction):
Hags + Hags = Ha

electrochemical desorption step (Heyrovsky reaction):
Hags + H3O' + e~ —H, + H,0

For hydrogen evolution, the Volmer reaction should be followed by
the Tafel or the Heyrovsky reaction. Therefore, there are two possible
reaction pathways of Volmer-Tafel (VT) and Volmer-Heyrovsky (VH)
pathways. Furthermore, these reaction pathways can be subdivided into
four mechanisms (VT, VT, VH and VH) depending on the position of
rate-determining step (rds), where the upper bar denotes the rds. The
theoretical value of the Tafel slope is determined by which step is the
rds. According to the Butler-Volmer equation for HER based on the
Langmuir adsorption model, the Tafel slopes of VT, VT, VH and VH
mechanisms are 120, 30, 120 and 40 mV/dec, respectively. Considering
the Tafel slopes of the MoO,S;/CFP catalysts (Table 2), the VH me-
chanism is the main pathway of HER on the MoO,S,/CFP catalysts.

In order to investigate the effect of oxygen incorporation to amor-
phous molybdenum sulfide catalysts, the MoOS,/CFP catalysts were
compared with amorphous oxygen-free MoS,/CFPs previously reported
by our group [58]. The MoS,/CFP catalysts were prepared by a hy-
drothermal method using molybdic acid and thioacetamide. Unlike the
MoO,S,/CFP catalysts which have clear vibration bands of Mo=0 in
the range of 800-960 em™! (Fig. 3), the MoS,/CFP catalyst has no
significant vibration band of Mo=0 in Raman spectrum (Fig. S6), due
to the absence of the incorporated oxygen atoms. The polarization
curves of MoS,/CFPs were depicted in dashed lines in Fig. 7, and the
electrocatalytic characteristics were compared in Table 2. Even though
the main mechanism on both O-incorporated and O-free catalysts is the
same VH mechanism as revealed in the Tafel slopes, the MoO,Sy cat-
alysts exhibit much more excellent HER performance than the oxygen-
free MoS,/CFPs except for the RAg and RA; in which the MoO,S, cat-
alyst does not completely cover the CFP substrate.

The most significant difference in chemical states of O-incorporated
and O-free catalysts is the oxidation states of molybdenum. The oxi-
dation state of Mo atoms in the O-free MoS,/CFPs is mainly Mo** ion
[58]. However, the tetravalent state (Mo* ") of Mo atoms in the MoO,S,
catalysts is mixed with pentavalent (Mo®") and hexavalent (Mo®*)
states as shown in Fig. 6(a). Since the oxidation state of Mo atoms in
MoS, (x = 2-3) is generally tetravalent (Mo**) [59], the presence of
Mo®* and Mo®* states in our MoO,S, catalysts is intriguing. In several
reports for O-incorporated molybdenum sulfide [42,45-47], the oxi-
dation states of Mo®* and Mo®* did not appear in oxygen-doped
MoO,Sy catalysts with a low content of oxygen [42,46]. However, when
the content of the incorporated oxygen is considerably high as in our
MoO,S, catalysts, both Mo>" and Mo®* states were found in the
MoO,S, catalysts [45,47].

It is believed that the positive effect of oxygen incorporation on the
HER is not only attributed to higher electrical conductivity but also
related to the presence of the Mo®* state [42,44-47]. Note that the
presence of MoOs, of which molybdenum atoms have the Mo®™ state,
impedes electron transport in the MoS»-based catalysts due to its in-
sulating property [57]. Recently, Tran et al. reported that the Mo®™*
plays a role of additional active sites in the course of the catalytic
pathway [30]. As shown in Fig. 6(a), the ratio of Mo®* to the total
molybdenum ions in the MoO,S, catalysts is approximately 30%, im-
plying that a considerable amount of molybdenum ions of MoO,S, is
catalytically active for HER. Furthermore, unlike the insulating prop-
erty of MoO3 [57], the non-stoichiometric MoOs, with Mo®* and
oxygen vacancies is electrically conducting [60]. Therefore, the pre-
sence of the Mo®* state also contributes to the improvement of elec-
trical conductivity in the MoO,S, catalysts [61].

Stability is a practical concern for the long-term operation of HER
catalysts. The stability of the MoO,S,/CFP catalysts (RA; and RA,) was
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Fig. 10. XPS spectra of Mo 3d (a) and S 2p (b) core electrons of the MoO,S,/CFP catalyst (RA3) after the stability test for 1000 CV cycles.

investigated by repeating a cyclic potential scan in the range from +0.1
to —0.4V vs RHE with a scan rate of 5mV/s. Comparing the polar-
ization curves before and after repeating the 1000 CV cycles, there was
no significant degradation of the cathodic current density as shown in
Fig. S7. In order to confirm whether the chemical state of each Mo and S
ion was changed after the stability test, the representative catalyst of
RA3, which had experienced 1000 CV cycles, was analyzed by XPS
(Fig. 10), and the ratios of each ion were listed in Table S2. As expected
from the stability test, there is no noticeable change in the ionic ratios.
For example, the ratio of Mo®™ to the total molybdenum ions is 0.33 for
the as-prepared catalyst and 0.35 after the stability test. It reveals that
the Mo®* ion of MoO,S, catalysts may continue to enhance the cata-
lytic activity for the long-term evolution of hydrogen.

4. Conclusion

In order to investigate the effect of oxygen incorporation on the
electrocatalytic activity of amorphous molybdenum sulfide (MoS,)
catalysts, the relation of chemical states and HER performance of cat-
alysts were studied with the oxygen-incorporated MoO,S, catalysts.
Comparing to the oxygen-free MoS,/CFPs, the MoO,S,/CFP catalysts
exhibit more excellent HER performance possibly due to the presence of
Mo®* species which provides additional active sites and improves
electrical conductivity. Although the oxidation state of Mo>* can be
formed by incorporating oxygen atoms to the MoS, catalysts, the level
of the oxygen incorporation should be adjusted to suppress the ex-
cessive formation of Mo®* state of electrically insulating MoOs in the
catalyst.
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Figure S1. XRD patterns of MoOS,/CFPs (R, Rz and R4) and a bare CFP.
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Figure S2. FE-SEM images of a bare CFP and MoO,S,/CFP catalysts.
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Figure S3. XPS spectra of Mo 3d and S 2p core electrons of catalyst RA, prepared without using
NaS,0,. Insets were enlarged 10 times, because the intensity of each spectrum is low and noisy when
plotted with the same scale as shown in Fig. 4 and Fig. 5.
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Figure S4. Cyclic voltammograms of MoO,Sy catalysts to measure the electric double layer capacitance
(Ca).
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Figure S5. Plots showing the extraction of the double layer capacitance (Cq) of MoO,Sy catalysts.
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Figure S6. Representative Raman spectrum of oxygen-free MoS,/CFP prepared by a hydrothermal
method using molybdic acid and thioacetamide in our previous work (Ref. 58).
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Figure S7. Polarization curves of M0oO,S,/CFP catalysts before and after repeating 1000 CV cycles be-
tween +0.1 and —0.4 V vs RHE: (a) RAz; and (b) RA,.
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Table S1. Deconvoluted XPS data for MoO,Sy catalysts.

Mo ** (eV) Mo °* (eV) Mo ®* (eV) S% (eV) S,7 (eV) S (eV)
Samples
3dsp,  3dsz  3dsp  3ds 3dsp 3dsz 2pse 2Pz 2Pse 2Pz 2Psp 2Pie
RA; 2289 2320 230.7 233.8 232.6 2357 1620 1632 163.8 1650 168.7 169.9
RA, 2293 2324 230.8 234.0 232.6 2357 1619 163.1 1633 164.5 1683 169.5
RA3 229.3 2324 230.6 233.8 2323 2355 1619 163.1 1634 164.6 1683 1694
RA, 2293 2325 231.0 234.1 23277 2359 1619 163.1 1632 1644 168.5 169.6
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Table S2. Ratios of each ion in the representative MoO,S,/CFP (RA3)

Mo ion ratio S ion ratio
catalyst history

M 04+ M05+ M06+ SZ- 822- SB+

as-prepared 049 033 0.18 0.68 027 0.05
after 1000 cycles 048 035 0.17 0.65 028 0.08

10



	Shin_Appl Surf Sci_2019_487_981.pdf
	Effect of oxygen incorporation in amorphous molybdenum sulfide on electrochemical hydrogen evolution
	Introduction
	Experimental
	Materials synthesis
	Materials characterization
	Electrochemical hydrogen evolution

	Results and discussion
	Conclusion
	Acknowledgements
	Supplementary data
	References





