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ABSTRACT: Molybdenum sulfide has recently attracted much attention because
of its low cost and excellent catalytical effects in the application of hydrogen
evolution reaction (HER). To improve the HER efficiency, many researchers have
extensively explored various avenues such as material modification, forming hybrid
structures or modifying geometric morphology. In this work, we reported a
significant enhancement in the electrocatalytic activity of the MoS, via growing on
Tetracyanoquinodimethane (TCNQ) treated carbon cloth, where the MoS, was
synthesized by thermolysis from the ammonium tetrathiomolybdate
((NH,),MoS,) precursor at 170 °C. The pyridinic N- and graphitic N-like
species on the surface of carbon cloth arising from the TCNQ treatment facilitate
the formation of Mo®* and S, species in the MoS,, especially with S,>~ serving as
an active site for HER. In addition, the smaller particle size of the MoS, grown on
TCNQ:-treated carbon cloth reveals a high ratio of edge sites relative to basal plane
sites, indicating the richer effective reaction sites and superior electrocatalytic
characteristics. Hence, we reported a high hydrogen evolution rate for MoS, on TCNQ-treated carbon cloth of 6408 mL g™
em™h™! (286 mmol g~' cm™ h™") at an overpotential of V' = 0.2 V. This study provides the fundamental concepts useful in the
design and preparation of transition metal dichalcogenide catalysts, beneficial in the development in clean energy.
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B INTRODUCTION

Hydrogen energy is one of the most promising candidates for
replacing petroleum fuels in the future if the process can occur
without greenhouse gas byproducts. Two potential technolo-

issue, the current density generated by the PEC cell is still
about 3 orders of magnitude lower than the electrocatalytic
water s.plitting.29 Hence, one focus of research in hydrogen
evolution reaction (HER) is based on electrocatalytic processes

gies, photo-' """ and electrocatalytic'>~*® techniques, have been
developed for hydrogen evolution reaction for several decades.
However, there still exist significant challenges to be overcome.
For photocatalytic techniques, issues such as low production
rate, low photon absorption capability and the separation issue
for mixed H, and O, agents (especially for power catalysts)
needs to be overcome. Despite the advantageous that
photoelectrochemical (PEC) cells not having the separation
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that attract much interest worldwide.”>™® In addition, the
highly efficient platinum electrode serving as an electrocatalyst
further impedes the adoption of this application in the industry
because of its high cost and rareness.’’ As a result, there is an
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Figure 1. SEM images showing the morphology of (a) pristine carbon cloth, (b) decorated carbon cloth after a TCNQ_process, (c) the MoS,
catalysts grown on pristine carbon cloth, and (d) the MoS, catalysts grown on TCNQ:-treated carbon cloth.

intensive search for an inexpensive and earth abundant
substitute. Recently, molybdenum disulfide (MoS,) shown
low cost, chemical stability and high efficiency in HER would
be a promising candidate for the development of hydrogen
energy devices.>"®* To further enhance its HER, there are
many reports ranging from the modification of material
properties,> ™3¢ morphologies,””** and/or hybrid struc-
tures.>* ™! Amorphous MoS, grown from (NH,),MoS,
precursor at low temperature have shown an great enhance-
ment in current density resulting from the enlarged amount of
S,*” serving as a reaction site.’**! In addition to the
characteristic modification in materials, the high surface
curvature of a double-gyroid MoS, architecture exposes a lot
of edge sites on the surface, leading to outstanding electro-
chemical activity.37 Besides, highly conductive reduced
graphene oxide (RGO) has been reported to be used
successfully as a template to host MoS, catalysts thus further
enhancing the conductance of the catalysts.””** Recently, in
order to increase the number of reaction sites, three-
dimensional MoS, catalysts grown on graphene-coated Ni
foam or on commercial sponges have been successfully
prepared.*>*

In this article, we provide a simple way to enhance the
electrocatalytic activity, which is based on characteristic
modification and morphological improvement simultaneously.
In this study, MoS, catalysts grown on TCNQ-treated carbon
cloth from (NH,),MoS, precursor by using a one-step and
scalable thermolysis process have been prepared. According to
the results, the pyridinic N- and graphitic N-like species on the
surface of carbon cloth after the TCNQ process are proposed
to be the factor to enlarge the amount of S,>” species and
narrow the MoS, particle size, resulting in the improvement of
electrocatalytic activity.

B EXPERIMENTAL SECTION

The commercial carbon cloth (W0S1002 from CeTech) was used as
the conducting substrate to load the precursors for MoS, synthesis.
First, tetracyanoquinodimethane (TCNQ, formula (NC),CCH,C-
(CN),) powder and carbon cloth were introduced into a sealed
chamber contain 1 mTorr presuure and then the same environment
was maintained at 1000 °C for 30 min to modify the surface of carbon
cloth. After that the TCNQ-treated carbon cloth was immersed into
ammonium thiomolybdate solution (S wt % of (NH,),MoS, in
dimethylformamide) for precursor coating, and then the

(NH,),Mo0S,/TCNQ/carbon cloth samples were dried on a hot
plate at 100 °C for S min. Afterward the (NH,),MoS,/TCNQ/carbon
cloth samples were fed into a hot-wall tube furnace for thermolysis and
the environment was kept at 500 Torr with the gas mixture of H, and
Ar (20 and 80 sccm, respectively). The MoS, grown on TCNQ-
modified carbon cloth was formed after subsequent annealing at 170
°C for 1 h. Besides, the growth method for MoS, catalysts on pristine
carbon cloth was in the same way except the TCNQ_process.

Raman spectra were used to identify the composition of the samples
and the spectra were collected by a NT-MDT confocal Raman
microscope and the exciting laser wavelength and laser spot size are
473 and ~500 nm, respectively. The data were recorded for 10 s for
each sample. Si peak at 520 cm™ was used as a reference for
calibration in Raman characterization. Chemical configurations were
determined by X-ray photoelectron spectroscope (XPS, Phi V5000).
XPS measurements were performed with an Mg Ka X-ray source on
the samples. The energy calibrations were made against the C 1s peak
to eliminate the charging of the sample during analysis. Fourier
transform infrared spectroscopy (FTIR) characterization was
performed at room temperature in ambient with a FTIR spectrometer
(Frontier Optica). Surface morphology of samples was examined with
a field-emission scanning electron microscope (FESEM, JSM-6500F)
and a transmission electron microscope (TEM, JEM-2100F). Electro-
chemical polarization curves were recorded by AUTOLAB pontentio-
stat (PGSTAT 302N) with a scan rate of S mV/s in 0.5 M H,SO,
electrolyte. A three-electrode configuration was adopted for polar-
ization and electrolysis measurements using an Ag/AgCl (3.0 mol/kg
KCl) electrode as the reference electrode while a graphite rod was
used as the counter electrode and the MoS, samples as the working
electrode. The bias voltages applied were then presented with the
correction to the reversible hydrogen electrode (RHE).

B RESULTS AND DISCUSSION

The scanning electron microscopy (SEM) images a and b in
Figure 1 show the morphology of the pristine and decorated
carbon cloth after a TCNQ_process, respectively. Images ¢ and
d in Figure 1 present the SEM images of the MoS, catalysts on
the pristine and TCNQ-treated carbon cloth after the
thermolysis process at 170 °C, respectively. The surface of
pristine and TCNQ-treated carbon cloth is fairly smooth, and
the differences are not visually visible. However, after MoS,
coating, the surface of pristine and TCNQ-treated carbon cloth
is relatively rough. The morphology of the MoS, on pristine
carbon cloth is large concentrations of nanosized particles
tightly clustered together. The nanosized particles have been
observed to have an average diameter of ~5 nm for the MoS,
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on TCNQ-treated specimens, as shown in Figure S1 in the
Supporting Information. As such, the particle size for MoS,
grown on TCNQ-treated carbon cloth is smaller than those on
pristine carbon cloth.

Figure 2 shows the Raman spectra of the MoS, grown on
pristine and TCNQ-treated carbon cloth. The characteristic
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Figure 2. Raman spectra of the MoS, grown on pristine carbon cloth
and TCNQ-treated carbon cloth at 170 °C.

peaks of MoS, on pristine carbon cloth are E2g at 374.0 cm™

and Ay, at 400.3 em ™2 ** For MoS, on TCNQ_treated carbon
cloth, the characterlstlc peaks 1nc1ud1ng EZg at 374.0 cm™ and
Alg at 401.3 cm™ are observed. The difference between A, and
Ezg is >26.3 cm™, indicating that the bulk property is revealed
rather than layered structures. Compared with CVD MoS,
(403.8 and 385.8 cm™'),* the red shift phenomenon for
Raman spectrum are revealed and may be attributed to the
effects of defects or carrier concentration***’ on phonon
vibration resulting from amorphous nanoparticle structures.
However, no characteristic peaks are found from X-ray
diffraction (XRD) profiles in Figure S2 in the Supporting
Information, indicating that the MoS, formed at such a low
temperature is an amorphous structure. 1231

Figure 3 shows the detailed X-ray photoemission spectros-
copy (XPS) examinations of the C and N binding energies for

pristine and TCNQ-treated carbon cloth. For pristine carbon
cloth, the high-resolution C s peak can be fitted into a main
peak at 284.5 eV and a slight peak at 286.1 eV, corresponding
to the sp® carbon and other oxygenated carbons such as C—O,
respectively, whereas the N 1s peak was not found in the
spectrum.”®* However, the TCNQ-treated carbon cloth
exhibits a broader C 1s peak, which could be fitted into a
major peak at 284.5 eV and two minor peaks at 285.8 and 287.4
eV. The major peak at 284.5 eV is attributed to a sp* carbon
structure, and the minor peak at 285.8 eV could be associated
with C=N bonding.***’ Besides, either the quinone group
(C=0) or C=N bondmg is suggested to contribute to the
minor peak at 287.4 eV.°>>' Meanwhile, the N 1s peaks were
investigated with well fitting, including two major peaks at
398.2 and 400.9 eV and a minor peak at 403.4 eV. For N 1s
peaks located at 398.2 and 400.9 eV, the pyridinic N- and
graphitic N-like species are proposed to be the bonding
structures, respectively, consistent with the observation at C 1s
peak.>>~>* In addition, the pyridine N-oxide structure could be
confirmed to be responsible for the minor peak at 403.4 eV.>*
To further confirm the nitrogen-related species, the FTIR
spectra of bare and TCNQ-treated carbon cloth are recorded in
Figure S3 in the Supporting Information. The broad peaks at
800—1300 cm™ could be resulted from C—N and C—O
bonding.>* The O—H groups may be resulted in a small peak at
~1410 cm "% The broad peak at ~1700 cm™' could be
assigned to C=N and C=O groups.”” Furthermore, no
nitrogen-related peaks are examined in bare carbon cloth.
Hence, the FTIR results are absolutely in agreement with the
examinations in XPS. Besides, no typical TCNQ_characteristic
peaks at 1210, 1450, and 2230 cm™!s are observed in Raman
spectrum after a TCNQ_process shown in Figure S4 in the
Supporting Information, indicating decomposition and re-
structuring for C and N elements. Therefore, the decoration
on the surface of carbon cloth using the pyridinic N- and
graphitic N-like species via a TCNQ- process has been
demonstrated from XPS and FTIR analyses.
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Figure 3. XPS spectra of C 1s peak and N 1s peak prepared on pristine carbon cloth and TCNQ-treated carbon cloth.
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Figure 4. XPS spectra of S 2p;/, 1, peaks and Mo 3ds), 3/, peaks for the MoS, catalysts grown on pristine and TCNQ-treated carbon cloth.
Doublet B peaks correspond to the $*~ as in MoS, (162.1—163.3 €V) and the two partially overlapping doublets attributed to S*~ on the low energy
side (shown as A; 161.6—162.8 eV) and to S,>” pairs on the high energy side (shown as C; 163.4—164.6 eV). Here the peak A and peak C is relative

to the mixed environment as in MoS;. Doublet D is for Mo*" (229.5

—232.6 €V) as in MoS,, doublet E for Mo>* (230.8—233.9 eV) in a mixed

environment as in MoSs, and F for Mo®" (232.7-235.7 eV) at oxygen-rich surrounding for molybdenum atoms as in MoO;.

To understand the differences between the MoS, catalysts
grown on pristine and TCNQ-treated carbon cloth, the detailed
XPS measurements for Mo and S binding energy were used to
characterize the chemical bonding structures, as shown in
Figure 4. Only MoS,-related elements are found in the XPS
survey spectra in Figure SS in the Supporting Information,
indicating well-coating for the MoS, material. For the MoS,
catalysts grown on pristine and TCNQ-treated carbon cloth,
the Mo 3ds,_3/, can be fitted into several doublets, D for Mo**
(229.5—232.6 €V) as in MoS,, E for Mo®* (230.8—233.9 eV) in
a mixed environment as in MoSs, and F for Mo®* (232.7—235.7
eV) at oxygen-rich surrounding for molybdenum atoms as in
Mo0O;.">*"7 The S 2s peak at 227.2 eV belonging to MoS$, is
found in the spectra®” Because of the unstability for
(NH,),MoS, during the impregnation process, MoO; structure
is formed easily at low temperature, whereas it is inexistent over
a temperature of 300 °C (see the Supporting Information,
Figure S6). Furthermore, the amount of Mo species
presented in the MoS, catalysts is enhanced after the TCNQ
process, as shown in Figure 4. In other words, the TCNQ-
processed products, pyridinic N- and graphitic N-like species,
violently influence the component in the MoS, catalysts,
especially the increase in Mo®* species. This observation is also
confirmed by the S 2p;/,_,/, spectra shown in Figure 4, where
B peaks correspond to the S* in MoS, (162.1—163.3 eV), and
the two partially overlapping doublets attribute to S*~ on the
low energy side (shown as A; 161.6—162.8 eV) and to S,*~
pairs on the high energy side (shown as C; 163.4—164.6
eV).">*¥% An extra pair of doublet corresponding to sulfone
was also found at 168.4 and 169.6 eV.®! Here the peak A and
peak C is relative to the mixed environment as in MoS;. These
two peaks existing at low temperature are almost disappeared at
high temperature for crystallization in MoS, consistent with the
report by Chen et al. (see the Supporting Information, Figure

$6)." In general, the presence of Mo species accompany the
emergence of S,”” related species. Hence, in the Mo®* rich
environment, the percentage of S,>” related species was also
increased from 76.0% up to 81.4% after the TCNQ_process. In
addition, the ratio of sulfur to molybdenum is 2.26 for MoS, on
TCNQ:-treated carbon cloth, which is better than 2.18 for MoS,
on pristine carbon cloth. This result could be attributed to the
suppression of reduction reaction of MoS; to MoS, through the
pyridinic N- and graphitic N-like species on the carbon cloth.*®
As a result, the amount of Mo>* and S,*” in MoS, was
promoted via the surface modification from the TCNQ process.

Figure Sa shows the polarization curves of the MoS, grown
on pristine and TCNQ-treated carbon cloth, where the current
density is normalized by the projected area (or geometrical
area) of the carbon cloth. Before the measurements on MoS,,
the pristine and TCNQ-treated carbon cloth was examined to
make sure that these substrates do not contribute to the HER.
The current density for the MoS, on TCNQ-treated carbon
cloth is about 209 mA/cm? (at —300 mV vs RHE), which is
much better than 142 mA/cm? for the MoS, on pristine carbon
cloth. In previous studies and literatures,">***' the amorphous
MoS,, possessing both S*” and S,*”, exhibits more excellent
electrocatalytic behavior in hydrogen generation than crystal-
line Mo$,, possessing S*~ only. Hence, these unsaturated sulfur
atoms in these materials such as bridging S,*~ could be related
to the HER activity.>"** Besides, the loading amount of MoS,
on pristine and TCNQ-treated carbon cloth is 3.39 and 3.41
mg/cm?, respectively, so that the similar loading mass for MoS,
is not the main factor to affect the difference in the
electrocatalytic current density. Therefore, the S, rich MoS,
material promoting via the TCNQ process reveals outstanding
electrocatalytic activity in HER rather than that without the
treatment. In addition, Figure Sb displays the Tafel plot and the
fitting curves for these MoS, grown on pristine and TCNQ-
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Figure S. (a) Polarization curves and (b) Tafel plots for the MoS,
catalysts grown on pristine and TCNQ-treated carbon cloth at a scan
rate of S mV/s in 0.5 M H,SO, electrolyte. (c) Durability test of the
MoS, on TCNQ-treated carbon cloth with applied voltage of —200
mV vs RHE for 20 h.

treated carbon cloth. The Tafel equation #= a + b log j was
used to obtain Tafel slope b, which is relative to the inherent
property of the catalyst and is determined by the rate-limiting
step of the HER. The Tafel slopes of 42 and 40 mV/decade
were observed for MoS,, on pristine and TCNQ-treated carbon
cloth, respectively. Hence, the two-step HER reaction
mechanism is suggested to be the Volmer Heyrovsky reaction,
indicating the discharge step first followed by the electro-
chemical desorption step.*” The durability of the MoS, catalysts
is also tested for more than 20 h, as shown in Figure Sc. The
MoS, catalysts on TCNQ-treated carbon cloth show relatively
stable current density after 300 min due to MoS, catalyst
exfoliation from violent bubbles in the initial stage. The current
density of the MoS, is kept almost constant throughout the
testing period in ambient environment. As a result, the MoS,
can serve as an electrocatalyst in acidic solution for a long
working time.

Figure 6a shows the hydrogen gas evolution rate for the
MoS, on pristine carbon cloth, TCNQ-treated carbon cloth
and graphene-protected Ni foam (previous study),*® which is
normalized by the weight of the catalyst and the projected area
of the substrate. The highest hydrogen production rate we have
achieved is around 6408 mL g' cm™>h™' (286 mmol ¢! cm™>

-
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Figure 6. (a) Measured hydrogen gas evolution rate for the MoS, on
pristine carbon cloth, TCNQ-treated carbon cloth and graphene-
protected Ni foam normalized by the weight of the catalysts and the
projected area of the substrate. (b) SEM images showing the different
particle sizes for the MoS, catalysts grown on pristine carbon cloth,
TCNQ-treated carbon cloth, and graphene-protected Ni foam.

h™') at an overpotential V = 0.2 V for the MoS, on TCNQ-
treated carbon cloth. Note that the current density for the
sample operated at 0.2 V is around 51 mA/cm? In addition to
the S,* -rich characteristic, the another advantage of using the
TCNQ:-treated carbon cloth as an electrode is that the particle
size for the MoS, is smaller than the other electrodes, as shown
in Figure 6b. The smaller particle size owning high surface
curvature exhibits abundant edge sites along surface morphol-
ogy, resulting in excellent electrocatalytic activity for hydrogen
evolution.”” As a result, the superior performance for the MoS,
on TCNQ-treated carbon cloth is attributed to the S,>~ rich
characteristic as well as the abundant edge sites on the surface.
For comparison with other reports, we have tabulated the HER
Tafel slope and current density obtained from this work and

those available in literature (see the Supporting Information,
Table S1).

B CONCLUSIONS

We have performed a simple and scalable thermolysis process
to prepare electroactive MoS, catalysts on pristine and TCNQ-
treated carbon cloth in the application of HER. The MoS, on
the TCNQ:-treated carbon cloth shows more excellent current
density of 51 mA/cm? at an overpotential of V= 0.2 V than 38
mA/cm* on the pristine one. The superior electrocatalytic
capability for the MoS, on TCNQ-treated carbon cloth could
be attributed to the effect of the pyridinic N- and graphitic N-
like species, arising from the TCNQ_treatment. The pyridinic
N- and graphitic N-like species on carbon cloth enhance the
amount of Mo®* and S,>” in the MoS,, further reducing the size
of the MoS,, particles, hence indicating that more active sites are
provided for HER. A high hydrogen evolution rate up to 6408
mL g™' em™ h™' (286 mmol g™' em™ h™') for MoS, on
TCNQ-modified carbon cloth was obtained. In addition, the
MoS, catalysts display outstanding stability and durability when
they are operated in acidic electrolytes. This work provides a
new strategy in the modification of intrinsic materials to form
more electroactive electrodes for the future design in green
energy.
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TEM image of MoS, nanoparticles prepared on TCNQ-treated
carbon cloth. XRD spectrum of the MoS, on carbon cloth.
FTIR and Raman spectra of bare and TCNQ-decorated carbon
cloth. XPS survey spectra for MoS, grown on pristine and
TCNQ-treated carbon cloth. XPS spectra for MoS, catalysts
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loading mass, Tafel slope, HER current density, and device
structures for various MoS, electrocatalytic systems. This
material is available free of charge via the Internet at http://
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