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ABSTRACT: Amorphous molybdenum sulfide (MoSx) has been identified as an excellent catalyst for the hydrogen evolution
reaction (HER). It is still a challenge to prepare amorphous MoSx as a more active and stable catalyst for the HER. Here the
amorphous MoSx catalysts are prepared on carbon fiber paper (CFP) substrates at 200 °C by a simple hydrothermal method
using molybdic acid and thioacetamide. Because the CFP is intrinsically hydrophobic due to its graphene-like carbon structure,
two kinds of hydrophilic pretreatment methods [plasma pretreatment (PP) and electrochemical pretreatment (EP)] are
investigated to convert the hydrophobic surface of the CFP to be hydrophilic prior to the hydrothermal growth of MoSx. In the
HER catalysis, the MoSx catalysts grown on the pretreated CFPs reach a cathodic current density of 10 mA/cm2 at a much lower
overpotential of 231 mV on the MoSx/EP-CFP and 205 mV on the MoSx/PP-CFP, compared to a high overpotential of 290 mV
on the MoSx of the nonpretreated CFP. Turnover frequency per site is also significantly improved when the MoSx are grown on
the pretreated CFPs. However, the Tafel slopes of all amorphous MoSx catalysts are in the range of 46−50 mV/dec, suggesting
the Volmer−Heyrovsky mechanism as a major pathway for the HER. In addition, regardless of the presence or absence of the
pretreatment, the hydrothermally grown MoSx catalyst on CFP exhibits such excellent stability that the degradation of the
cathodic current density is negligible after 1000 cycles in a stability test, possibly due to the relatively high growth temperature.

■ INTRODUCTION

Hydrogen has been considered as a potential source of
sustainable and ecofriendly energy. Since hydrogen gas is
mostly produced from decomposition of fossil fuels, which
accompanies generation of CO2,

1,2 water splitting has been
investigated as an alternate technology for hydrogen
production.3 The electrochemical hydrogen evolution reaction
(HER) is one of the significant stages in the water-splitting
reaction, where protons and electrons are combined to evolve
molecular hydrogen. However, a large thermodynamic over-
potential is required to electrochemically split water into
hydrogen and oxygen gases. In this regard, highly active
catalysts, like platinum-group metals, should be used to lower
the overpotential for high thermodynamic efficiency.4−6 Pt is

the best catalyst ever reported for the HER, but it is very
expensive due to its low abundance on Earth.7 On the other
hand, non-noble metals like nickel and its alloyed catalysts have
shown considerably good activities for the HER in alkaline
media. However, they cannot be used in acidic media because
of corrosion problems.8−10 Therefore, it is of great challenge to
find cheap, highly active, and stable catalysts for the HER in
acidic media.3,11

MoS2 has been considered as a catalyst for the hydro-
desulfurization reaction.12 However, for the HER, bulk
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crystalline MoS2 shows poor catalytic activity, because the
(002) basal planes of MoS2 are catalytically inert.13 Recently,
nanoparticles of MoS2 have been identified as an excellent HER
catalyst to replace Pt for the electrochemical HER, because
edge sites of MoS2 nanoparticles can mimic the active sites of
hydrogenase and nitrogenase to lower the overpotential for the
HER.13−16 Recently, the amorphous phase of MoSx has also
been proposed as an excellent catalyst for the HER.17−20

Since the identification of the HER activity on MoS2,
13,16

several methods have been reported to enhance the HER
performance. The main approaches are to increase the number
of active sites and to improve the charge transfer through the
catalyst. The performance of MoS2 catalyst is also largely
influenced by the supporting substrates such as Au,13

graphene,21,22 carbon nanotubes,11 activated carbon,16 MoO3
nanorod arrays,23 carbon paper,14 graphitic carbon nitride,24

TiO2 nanofibers/particles,25,26 and graphite.27 Furthermore,
since the catalytic performance can be enhanced by increasing
the electrochemically active surface area of MoS2 catalyst,
porous and conducting substrates such as carbon fiber paper
(CFP) are preferred as a supporting substrate.14,28 Chorken-
dorff and co-workers reported that the electrochemical surface
area of the CFP is not as high as expected from its large surface
roughness factor (defined as the ratio of real area to geometric
area), because of its hydrophobic nature.28 They proposed
pretreating CFP using a piranha solution to improve the
wetting of the deposition solution on the CFP and
consequently to electrochemically grow MoSx even on the
innermost surface of the CFP. It is also reported that the nature
of the surface of the CFP can be converted from hydrophobic
to hydrophilic by using O2 plasma treatment, which helps the
wetting of the precursor solution for uniform growth of MoSx
on the surface.29

From this point of view, we investigate the effect of
hydrophilic pretreatment on the CFP for hydrothermal growth
of MoSx catalyst. Two pretreatment methods are compared to
control the hydrophobicity of the CFP: electrochemical
pretreatment (EP) and plasma pretreatment (PP). A facile
hydrothermal process is used to grow amorphous MoSx on
both pretreated CFPs (PP-CFP and EP-CFP) and nonpre-
treated CFP (N-CFP) as a control sample. Even though we
performed the hydrothermal growth of MoSx on each CFP
under the same conditions, dramatic enhancement of the HER
activity was observed on both MoSx/EP-CFP and MoSx/PP-
CFP in comparison to MoSx/N-CFP. To the extent of our
knowledge, this is the first comparative study on the
hydrophilic pretreatment methods for the hydrothermal growth
of amorphous MoSx catalyst using CFP as a supporting
substrate.

■ EXPERIMENTAL SECTION
Plasma Pretreatment (PP). The CFP is hydrophobic in nature

due to its graphene-like carbon structure (see Figure 1a). In order to
obtain excellent wettability of the precursor solution on the CFP, the
hydrophobic surface was converted into a hydrophilic surface by
oxygen plasma treatment. The untreated CFP (Toray, TGP-H-120)
substrate, which is called N-CFP, was placed in a plasma chamber
(Harrick Plasma, PDC-32G) and then activated with an oxygen plasma
power of 18 W for 15 min. This modified substrate is called plasma-
pretreated carbon fiber paper (PP-CFP).
Electrochemical Pretreatment (EP). The electrochemical treat-

ment was performed in 2 M H2SO4 solution using a standard three-
electrode setup in which the CFP substrate, silver/silver chloride (Ag/
AgCl), and Pt wire were used as a working, reference, and counter

electrodes, respectively. For the electrochemical pretreatment, cyclic
voltammetry was performed on the CFP in the potential range from
+2.545 to −1.955 V versus the reference electrode at a scan rate of 500
mV/s.30 Subsequently, the CFP was rinsed in deionized water (18 MΩ
cm, Millipore) for 1 min and then dried in air. The CFP substrate is
called electrochemically pretreated carbon fiber paper (EP-CFP).

Synthesis of MoSx on CFP. Molybdic acid (H2MoO4) and
thioacetamide (CH3CSNH2) were purchased from Sigma-Aldrich
(ACS grade) and used to prepare the precursor solution for the
hydrothermal growth of MoSx without further purification. In a typical
hydrothermal synthesis, 0.121 g (0.75 mmol) of H2MoO4 and 0.225 g
(3.0 mmol) of CH3CSNH2 were weighed and dissolved in 80 mL of
deionized water with continuous stirring for a few minutes. The
untreated or pretreated CFP substrate was placed into a Teflon-lined
stainless steel autoclave and then the as-prepared precursor solution
was transferred into the autoclave. The autoclave was heated in a
muffle furnace and maintained at 200 °C for 24 h. After the
hydrothermal growth, the autoclave was gradually cooled down to
room temperature and the MoSx-coated CFP was taken out. The
MoSx/CFP was washed several times with deionized water and then
dried at 40 °C for a few hours.

Characterization. X-ray photoelectron spectroscopic (XPS)
spectra were obtained on a PHI 5000 Versaprobe (ULVAC PHI)
using monochromatic Al Kα emission. Binding energies were
calibrated by using the carbon 1s peak at 284.8 eV. Scanning electron
microscopic images were taken with a field emission SEM (Hitachi, S-
5500). X-ray diffraction (XRD) measurements for the various samples
were recorded using a Philips X’pert Pro MRD X-ray diffractometer
with Cu Kα emission. Raman spectra were obtained on a Raman
spectrometer (Alpha 500R, WiTec) using 532 nm laser excitation,
after calibrating the Raman shift with a reference of Si at 521 cm−1.
High-resolution transmission electron microscopic (HR-TEM) images
were taken using a transmission electron microscope (FEI, Talos
F200X) at an accelerating voltage of 200 kV. Scanning transmission
electron microscopic (STEM) images and elemental maps were
obtained on the same microscope using the high-angle annular dark
field (HAADF) mode. TEM samples were prepared using a focused
ion beam equipped scanning electron microscope (FEI, Quanta 3D),
after depositing a thin layer of Pt on the samples. The loading amounts
of MoSx on CFP substrates were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Varian 720-ES).

Electrochemical Characterization. The HER measurements
were performed in 100 mL of 0.5 M H2SO4 electrolyte solution
using a standard three-electrode cell with a Bio-Logic potentiostat
(SP150). Saturated Hg/Hg2SO4, graphite rod, and the MoSx-coated
CFP were used as a reference, counter, and working electrodes,
respectively. For the preparation of the working electrode, the
geometric area of the MoSx-coated CFP was defined to be around 1

Figure 1. Schematic diagram of the preparation procedure for the
amorphous MoSx catalyst on CFP substrate using a hydrothermal
method.
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cm2 with Kapton tape. The reference electrode was calibrated with
respect to the reversible hydrogen electrode (RHE) by using two
platinum wires as working and counter electrodes, which gives an
electrochemical potential (E) relation between the RHE and counter
electrode, E(RHE) = E(Hg/Hg2SO4) + 0.700 V. Polarization curves
for the HER were obtained by linear sweep voltammetry (LSV)
beginning at 0.1 V and ending at −0.30 V vs RHE with a scan rate of 5
mV/s. In order to determine series resistance of the electrochemical
cell before each LSV experiment, electrochemical impedance measure-
ment was performed at an open circuit potential from 200 kHz to 50
mHz, using an ac amplitude of 25 mV. All polarization curves were
corrected for ohmic potential drop (iR) losses using the series
resistance (<2Ω, see Figure S1 and Table S1, Supporting
Information). To estimate the electrochemically active surface area
of the MoSx-coated CFP, the double-layer capacitance (Cdl) of the
defined area (1 cm2) was determined from cyclic voltammograms in a
potential range from 0.08 to 0.18 V vs RHE taken at various scan rates
(20, 40, 60, 80, and 100 mV/s).

■ RESULTS AND DISCUSSION
As shown in the schematic diagram in Figure 1, the amorphous
MoSx is directly grown on the pretreated or untreated CFPs
from the aqueous solution of molybdic acid and thioacetamide
through the simple hydrothermal route.
The CFP used in this work is a porous mat of crystalline

carbon fibers of which the diameter is ∼8 μm (Figure 2a), and

the total thickness of the CFP is ∼400 μm. Even though the
CFP is hydrophobic, as shown in Figure 1a, after the PP or EP
process, the CFP provides a hydrophilic surface for the
hydrothermal growth of MoSx (Figure 1b).
The appearance of MoSx after hydrothermal growth on the

bare substrates of N-, PP-, or EP-CFPs is not significantly
different from that before the hydrothermal growth, as shown
in Figure 2, due to the thin thickness of the MoSx. Indeed,
when the same hydrothermal method was performed on a bare
silicon wafer in order to indirectly determine the MoS2
thickness, the grown thickness measured by spectroscopic
ellipsometry was only several tens of nanometers (data not
shown). The thicknesses of MoSx grown on N-, PP-, and EP-
CFPs were also measured to range from 12 to 25 nm by HR-
TEM images (Figure S4, Supporting Information). In addition,

the loading amounts of MoSx determined by ICP-OES were
not largely different on each CFP (30.2 μg/cm2 on N-CFP,
30.7 μg/cm2 on PP-CFP, and 36.1 μg/cm2 on EP-CFP).
According to the XRD analyses (Figure S2, Supporting

Information), the hydrothermally grown MoSx is amorphous
on the CFP, because no characteristic peak of the crystalline
MoS2 is observed but only the graphitic carbon peak is visible.
In addition, the HR-TEM images (Figure S4, Supporting
Information) of the MoSx films on N-, PP-, and EP-CFPs
clearly show an amorphous phase as characterized by XRD. In
Raman spectra, the MoSx grown on N-CFP and EP-CFP do
not show any characteristic Raman modes of MoS2 (data not
shown). However, when investigating many positions over the
surface of the MoSx/PP-CFP, two distinctive E1

2g (in-plane)
and A1g (out-of-plane) modes of MoS2 are very occasionally
observed with a small intensity, as shown in Figure S3
(Supporting Information). Recently, Jin et al. also reported that
MoS2 thin films grown by atomic layer deposition showed the
characteristic Raman modes despite the amorphous phase.31

The chemical states of Mo and S were investigated on the
amorphous MoSx catalysts grown on N-, EP-, and PP-CFPs by
XPS. The binding energies were calibrated by using the carbon
1s peak at 284.8 eV. As shown in Figure 3, the doublets of Mo
for all samples are clearly resolved at 229.1−229.2 eV for the
3d5/2 peaks and 232.3−232.4 eV for the 3d3/2 peaks (see Table
S2 of the Supporting Information for the XPS peak positions
for each sample), indicating the oxidation state of Mo4+.17,32−34

However, the 2p doublets of S atoms are not clearly resolved
due to the amorphous nature of MoSx. The stoichiometric
ratios of S to Mo, determined from XPS peak intensities, are
around 3.8, 3.5, and 2.9 on the N-, EP-, and PP-CFP,
respectively. As shown in Figures S2 and S4 (Supporting
Information), MoSx on CFPs has the amorphous phase after
hydrothermal growth at 200 °C. The reason for the formation
of amorphous phase at 200 °C may be the excess sulfur present
in the MoSx which hinders the formation of the crystalline
phase. However, after removing the surface species by Ar+ ion
bombardment, the S/Mo ratios are reduced to 3.0, 2.6, and 2.1
on the N-, EP-, and PP-CFP, respectively. This may be due to a
preferential sputtering of S to Mo during the bombardment.
The high content of S reveals that the hydrothermally grown
MoSx resembles MoS3 rather than MoS2.

19 It is well-known
that amorphous MoS3, of which the formal charge state is
Mo4+(S2−)(S2

2−), can be used as a HER catalyst, because the
catalytically inactive S2

2− can be reduced to the active S2− by
applying a cathodic potential during the HER process.17,19,35

In order to determine the relative ratio of S2−/S2
2− in the

MoSx catalyst, the 2p spectra were deconvoluted to two
doublets of S2− and S2

2 in Figure 3.17,32,33 The curve fitting was
performed with two constraints, the intensity ratio (1:2) and
the binding energy difference (1.18 eV) of the doublet (see
Table S2 of the Supporting Information for the deconvoluted
peak positions of each sample). It is well-known that the
doublet of S2

2− appears at a higher binding energy than that of
S2−, as shown in Figure 3.32 The ratios of S2− to S2

2− are
evaluated to be ∼0.33 (MoSx/N-CFP), ∼ 0.64 (MoSx/EP-
CFP), and ∼0.65 (MoSx/PP-CFP) from the peak intensities. It
should be noted that the contribution of MoS2 to the
amorphous phase becomes larger as the S2−/S2

2− ratio
increases. Therefore, it is believed that the EP and PP
pretreatments are significantly effective in increasing the
contribution of the amorphous MoS2 phase to the catalyst. In
addition, note that MoSx/EP-CFP and MoSx/PP-CFP have

Figure 2. SEM images of (a) bare N-CFP, (b) MoSx/N-CFP, (c)
MoSx/EP-CFP, and (d) MoSx/PP-CFP. The inset is a low-
magnification image of the bare N-CFP.
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similar S2−/S2
2− ratios, even though the S/Mo ratio of the

former is significantly higher than that of the latter. This reveals
that the amorphous phase of MoS2 may be more incorporated
into the MoSx/PP-CFP compared to the MoSx/EP-CFP. This
is consistent with the Raman observation, in which the
characteristic E1

2g and A1g modes are occasionally observed
only on the MoSx/PP-CFP, while the other two samples do not
show any peak.

We investigated the electrocatalytic HER activity of each bare
CFP and MoSx-grown CFP in 0.5 M H2SO4 solution. As shown
in the polarization curves (dotted lines) of Figure 4, all bare

CFPs are catalytically inert for the HER, regardless of the
hydrophilic pretreatment. However, the MoSx-grown N-, EP-,
and PP-CFPs show excellent HER activities. It should be noted
that a larger cathodic current density (j) at a lower
overpotential (μ) indicates noticeable hydrogen evolution
with low energy consumption. The overpotentials required to
reach a current density of 10 mA/cm2 are 290, 231, and 205
mV in the MoSx-grown N-, EP-, and PP-CFP, respectively,
which are similar to the previous reports.14,36−39 The
polarization curves also suggest the superior HER activities of
the amorphous MoSx grown on the hydrophilic pretreated
CFPs in comparison to the MoSx/N-CFP without any
pretreatment. In addition, the cathodic current density of
MoSx/PP-CFP is significantly higher than that of MoSx/EP-
CFP in the whole potential region. At the overpotential of 200
mV, the current density of the MoSx/PP-CFP is 8.13 mA/cm2,
which is 3 and 50 times higher than those of MoSx/EP-CFP
(2.36 mA/cm2) and MoSx/N-CFP (0.16 mA/cm2), respec-
tively. Such a high current density at a low overpotential reveals
that the PP process is more effective than the EP one to
enhance the catalytic activity of amorphous MoSx prepared by
hydrothermal growth.
In the Tafel plot, in which the overpotential is plotted against

the logarithm of the cathodic current density (Figure 5), the
figures of merit for the electrocatalytic activity of the MoSx are
obtained from the slope (Tafel slope, b) and intercept
(geometric exchange current density, j0). The linear portion
of the Tafel plot is fitted to the Tafel equation: η = a + b log j.
In general, a smaller Tafel slope is advantageous for practical
catalytic applications, because the HER can be more rapidly
accelerated by increasing the overpotential. As summarized in
Table 1, the Tafel slopes of the amorphous MoSx ranged from
46 to 50 mV/dec, which is similar to the previous reports.
Depending on the preparation methods, substrates, and
composition of the amorphous MoSx, they reported Tafel
slopes ranging from 35 to 65 mV/dec by chemical reduction
(35 mV/dec),40 electrochemical deposition (40 mV/dec),17,35

atomic layer deposition (47 mV/dec),41 and wet chemical
synthesis (60 mV/dec).19 According to the classical theory on
HER kinetics, the Tafel slopes ranging from 46 to 50 mV/dec
reveal that the HER on amorphous MoSx occurs via the

Figure 3. XPS spectra of amorphous MoSx: (a) Mo 3d and (b) S 2p
on MoSx/N-CFP, (c) Mo 3d and (d) S 2p on MoSx/EP-CFP, and (e)
Mo 3d and (f) S 2p on MoSx/PP-CFP.

Figure 4. HER polarization curves of the bare CFPs and MoSx-grown
CFPs.
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Volmer−Heyrovsky mechanism, in which the fast Volmer
reaction (discharge step) is followed by the rate-determining
Heyrovsky reac t ion (e lec t rochemica l desorpt ion
step).13,18,23,41,42 Considering the uncertainty in choosing the
linear portions of the Tafel plots, there may be no significant
difference among the three samples. Therefore, we believe that
the hydrophilic pretreatment process may not result in any
change of the HER mechanism.
The exchange current density (j0), a measure of the rate of

electrochemical reaction at equilibrium (i.e., η = 0), is one of
the widely used metrics to evaluate the HER activity. The j0
values of MoSx/EP-CFP and MoSx/PP-CFPs are 30 and 145
times higher than that of MoSx/N-CFP. It should be noted that
the exchange current density generally depends on the Gibbs
free energy of the hydrogen adsorption (ΔGH*) in the volcano
curve of the HER catalysts.5,43 When the |ΔGH*| value
approaches zero, the j0 value is maximized at the top of the
volcano curve. Therefore, it is possible that an increase of the
exchange current density as large as an order of magnitude
might originate from the smaller |ΔGH*| values for the
adsorption of H+ on the MoSx/EP-CFP and MoSx/PP-CFPs,
comparing to the adsorption on the MoSx/N-CFP. Another
origin of the large increase of the j0 value may be the large
difference of electrochemically active areas (Ae) of MoSx grown
on N-, EP-, and PP-CFPs. Even though the geometric area (Ag)
of each catalyst is identically defined to be Ag = 1 cm2, the Ae
values may differ depending on the pretreatment process (vide
infra).
In order to estimate the Ae values of each catalyst, we

determined the double-layer capacitance (Cdl) of each CFP
before and after the hydrothermal growth by using cyclic
voltammograms (CVs, Figure S6, Supporting Information).
The CVs were obtained in a potential range of 0.08−0.18 V vs
RHE with different scan rates (υ = 20, 40, 60, 80, and 100 mV/
s).19 Because there was no obvious Faradic current in the
region, the potential range was chosen for the capacitance
measurements. Figure 6 shows the differences (Δj = ja − jc) of

anodic and cathodic current densities at the middle (0.13 V vs
RHE) of the CVs as a function of the scan rate. Because half of
the Δj is the non-Faradic capacitive current density for the
electrical double layer charging, the double-layer capacitance
can be expressed as Cdl = Δj/2υ. Therefore, the slope of each
plot in Figure 6 is equal to 2Cdl. By linearly fitting the data, in
which R2 values are ranged from 0.995 to 0.998, the Cdl values
of N-, EP-, and PP-CFPs are 7.9, 830, and 343 μF/cm2,
respectively, before the hydrothermal growth. Compared to N-
CFP, both EP- and PP-CFP exhibit much higher Cdl values due
to the effect of the hydrophilic pretreatment. In addition, the
EP process may be more effective than the PP process in terms
of activating the surface of the CFP to achieve a higher Ae,
because Cdl is directly proportional to Ae.
After the hydrothermal growth of MoSx on each bare CFP,

the Cdl values of MoSx/N-CFP, MoSx/EP-CFP, and MoSx/PP-
CFP are 170, 1675, and 4130 μF/cm2, respectively. For all
samples, the Cdl values largely increase due to the presence of
MoSx grown on the bare CFPs. Several groups reported that
the Cdl of MoS2 is ∼60 μF/cm2 in a form of flat thin film.19,44

Therefore, the Ae values of MoSx/N-CFP, MoSx/EP-CFP, and
MoSx/PP-CFP are 2.8, 27.9, and 68.8 times larger than the
geometric area (Ag = 1 cm2 for all samples), respectively.
Furthermore, although the EP process is more efficient than the
PP process, as mentioned above, the Ae value of the MoSx/PP-
CFP is 2.5 times larger than that of MoSx/EP-CFP. This reveals
that the surface functional groups formed by the PP process are
more reactive to the hydrothermal growth of MoSx than those
formed by the EP process.
Considering the large differences between the Ag and Ae

values for each sample, the geometrically defined exchange
current densities (j0 = i0/Ag, where i0 is the exchange current)
are exaggerated. Therefore, we modify the j0 value to an
electrochemically effective exchange current density (j0* = i0/
Ae). The j0* values of each catalyst are summarized in Table 1.
According to the previous reports,13,20,41 the exchange current
density of molybdenum sulfide grown on flat substrates is
broadly ranged from 10−8 to 10−6 A/cm2. The j0* values of
MoSx/N-CFP and MoSx/EP-CFP are 0.002 and 0.006 μA/cm2,
and these values are out of the range of the previous report.
However, the j0* value of 0.013 μA/cm2 well agrees with the
previous report, suggesting that MoSx is more uniformly grown
on the PP-CFP, achieving a higher Ae, in comparison to the EP-
CFP and N-CFP (vide supra).
The turnover frequency (TOF) per site, which is the number

of H2 evolved on an active site for a unit time (e.g., 1 s), is an

Figure 5. Tafel plots of MoSx/N-CFP, MoSx/EP-CFP, and MoSx/PP-
CFP.

Table 1. Figures of Merit for Electrocatalytic Activities of
MoSx Catalysts

catalyst
Tafel slope
(mV/dec)

j0 = i0/Ag
(μA/cm2)

j0* = i0/Ae
(μA/cm2)

MoSx/N-CFP 46 0.006 0.002
MoSx/EP-CFP 49 0.178 0.006
MoSx/PP-CFP 50 0.863 0.013

Figure 6. Differences of anodic and cathodic current densities (Δj = ja
− jc) at 0.13 V vs RHE plotted against scan rate.
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essential parameter to estimate inherent catalytic activity.45

Even though a value of TOF is only approximate because of the
uncertainty in counting the number of active sites in an unit
geometric area (N), it can immediately be used to compare the
inherent HER activity. The per-site TOF can be calculated by
the equation TOF = jNA/nFN, where n is the stoichiometric
number of electrons consumed in the electrode reaction (n = 2
for the HER), and NA and F are Avogadro’s number and the
Faraday constant, respectively. By using the number of active
sites (N = 1.164 × 1015/cm2) in the flat surface of MoS2 and
the Ae values of each sample,19 the N values of MoSx/N-CFP,
MoSx/EP-CFP, and MoSx/PP-CFP are calculated as 3.26 ×
1015, 3.25 × 1016, and 8.01 × 1016/cm2, respectively. Figure 7

shows the TOF (per active site) of amorphous MoSx grown on
nonpretreated and pretreated CFPs. The TOFs are drawn
within the Tafel region in order to guarantee that the HER is
controlled by electrode kinetics without any other effect (e.g.,
mass transfer). The TOFs at high overpotentials of MoSx/EP-
CFP and MoSx/PP-CFP are significantly higher than that of
MoSx/N-CFP. The TOF values at the overpotential of 0.2 V
are 0.15, 0.23, and 0.32 H2/s for MoSx/N-CFP, MoSx/EP-CFP,
and MoSx/PP-CFP, respectively. The most active MoSx/PP-
CFP turns over the catalytic cycle with TOFs of 0.8 H2/s at
0.22 V and 2 H2/s at 0.24 V. These TOF values well agree with
the previously reported values for amorphous MoSx: for the wet
chemical synthesis, 0.3 H2/s at 0.2 V; for the electrochemical
deposition, 0.8 H2/s at 0.22 V and 2 H2/s at 0.24 V.17,19

Therefore, it is believed that the per-site catalytic activity of the
hydrothermally grown MoSx may be similar to that of the other
amorphous MoSx prepared by the wet chemical synthesis and
electrochemical deposition. The significantly higher TOF
values of MoSx/EP-CFP and MoSx/PP-CFP may be related
to the chemical state of sulfur, as inferred from the higher ratio
of S2−/S2

2− in MoSx/EP-CFP (∼0.64) and MoSx/PP-CFP
(∼0.65) compared to MoSx/N-CFP (∼0.33). Indeed, the
amorphous MoS2 grown by atomic layer deposition, of which
the ratio of S2−/S2

2− is around 6.4, shows a high TOF of 1.45
H2/s at 0.2 V. In addition, the origin of the excellent hydrogen
evolution on the MoSx/PP-CFP is not only the high TOF but
also the abundant active site density due to the hydrophilic PP
process.
Stability is also of important concern for long-term operation

of the catalyst. The stability of each catalyst was tested by
repeating a cyclic potential scan in the range from +0.2 to −0.2

V vs RHE with a scan rate of 100 mV/s. As shown in Figure 8,
changes of the cathodic current densities are negligible after

1000 cycles for all catalysts. The overpotentials for a current
density of 10 mA/cm2 are 292, 233, and 204 mV for MoSx/N-
CFP, MoSx/EP-CFP, and MoSx/PP-CFP, respectively, after the
stability test. Therefore, the overpotential differences before
and after the 1000 cycles are only 2 mV for both MoSx/N-CFP
and MoSx/EP-CFP and 1 mV for MoSx/PP-CFP. The high
stability may be due to the relatively high growth temperature
of 200 °C.20 The Tafel slopes also slightly increase to 47, 51,
and 55 mV/dec for MoSx/N-CFP, MoSx/EP-CFP, and MoSx/
PP-CFP, respectively (Figure S7, Supporting Information).
This suggests that the HER mechanism is not significantly
changed by the potential cycling.

■ CONCLUSIONS
Amorphous MoSx HER catalysts with high performance and
long-term stability are prepared on the supporting substrate of
CFP via facile hydrothermal growth using molybdic acid and
thioacetamide. Because of the hydrophobic nature of the CFP,
the HER performance, such as exchange current density and
cathodic current density at a given overpotential, is dramatically
enhanced by activating the CFP by the hydrophilic EP or PP
process prior to the hydrothermal growth. This mainly
originated from the large electrochemically active surface area
of MoSx on the pretreated CFP. In addition, the per-site TOF
is also significantly improved when MoSx is grown on the
hydrophilic pretreated CFP. This may be related to the
chemical state of sulfur, as inferred from the higher ratio of S2−/
S2

2− in the MoSx grown on the EP- or PP-CFPs. However,
regardless of the presence of the hydrophilic pretreatment, the
Tafel slopes are not significantly different, suggesting that the
HER catalysis follows the Volmer−Heyrovsky mechanism on
all catalysts. Furthermore, all samples exhibit such excellent
stability that the degradation of the cathodic current density is
negligible after 1000 cycles of the HER experiments, possibly
due to the relatively high growth temperature of 200 °C.
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Ohmic potential drop (iR) correction 

The ohmic drop correction was performed with a series resistance (Rs) determined by 

electrochemical impedance measurement. The electrochemical impedance spectroscopy was 

performed from 200 kHz to 50 mHz at an open circuit voltage of 25 mV. The intercept of the 

semicircle on the real axis was assigned to the ohmic series resistance (Table S1).  The iR 

correction to data with the series resistance is done by the equation of  ����� = ���� − 
�. 
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Figure S1. Series resistances of N-CFP, PP-CFP, EP-CFP, MoSx/N-CFP, MoSx/EP-CFP and 

MoSx/PP-CFP. 
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Table S1. Series resistances of N-CFP, EP-CFP, PP-CFP, MoSx/N-CFP, MoSx/EP-CFP and 

MoSx/PP-CFP 

Samples Series Resistance (Rs) (ohm) 

N-CFP 1.76 

EP-CFP 1.42 

PP-CFP 1.45 

MoSx/N-CFP 1.56 

MoSx/EP-CFP 1.35 

MoSx/PP-CFP 1.37 

 

The crystalline MoS2 has a poor catalytic activity due to the large internal resistance, especially 

in the direction perpendicular to the MoS2 layer. The electrical conductivity of crystalline MoS2 

is extremely anisotropic so that the conductivity (10
-5

 – 10
-4

 Ω
-1

 cm
-1

) in the direction 

perpendicular to the MoS2 layer is approximately 3 orders of magnitude smaller than that (10
-2

 – 

10
-1

 Ω
-1

 cm
-1

) parallel to the layer. However, according to our previous work published in Ref.41, 

amorphous molybdenum sulfide has a high conductivity (0.22 Ω
-1

 cm
-1

) because of the defective 

and isotropic nature. In the specification table of the Toray CFP (TGP-H-120), the electrical 

resistivity of the CFP is 80 mΩcm in the perpendicular direction and 4.7 mΩcm in the parallel 

direction to the plane. These values correspond to the conductivity of 13~213 Ω
-1

 cm
-1

. (see 

http://fuelcellstore.com/toray-carbon-paper-120). Even though the conductivity of the amorphous 

MoSx is smaller than that of CFP, the conductivity of the amorphous phase is not so poor as the 

crystalline phase exhibits. As well known, the series resistance primarily comes from wiring and 

the electrolyte solution, while the resistance of MoSx is negligible comparing to the others. In our 

experiments, the electrical wires were connected on CFPs with silver paste. Since the amount 

and the area of the silver paste applied were not precisely controlled to be identical for each 

sample, the main origin of the series resistance variation may be the wiring. However, the series 

resistances of all specimens are low enough to be used for the iR drop calculation. 
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Figure S2. X-ray diffraction patterns of MoSx/EP-CFP and MoSx/PP-CFP. The peaks are 

originated from the crystalline graphite-like carbon. 
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Figure S3. Raman spectrum of MoSx/PP-CFP 
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Figure S4. HR-TEM images (cross-sectional view) of (a) MoSx/N-CFP, (b) MoSx/PP-CFP, and 

(c) MoSx/EP-CFP. The center part of each images show the thin layer of MoSx.  
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Figure S5. STEM images and elemental maps of (a) MoSx/N-CFP, (b) MoSx/PP-CFP, and (c) 

MoSx/EP-CFP. 
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Table S2. Deconvoluted XPS data for various MoSx samples. 

Samples 
Mo (eV) S

2-
 (eV) S2

2-
 (eV) 

3d5/2 3d3/2 2p3/2 2p1/2 2p3/2 2p1/2 

MoSx/N- CFP 229.1 232.3 161.4 162.6 162.8 164.0 

MoSx/ EP-CFP 229.2 232.3 161.9 163.0 163.3 164.5 

MoSx/ PP-CFP 229.2 232.4 161.5 162.7 162.9 164.1 
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Figure S6. Electrochemical capacitance measurements for determination of surface area: (a) N-

CFP, (b) PP-CFP, (c) EP-CFP, (d) MoSx/N-CFP, (e) MoSx/EP-CFP and (f) MoSx/PP-CFP. 
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Figure S7. Tafel plots of MoSx/N-CFP, MoSx/EP-CFP and MoSx/PP-CFP after 1000 cycles. 
 

 

 


