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Abstract: Hydrogen is an efficient fuel which can be generated via water splitting, however
hydrogen evolution occurs at high overpotential, and efficient hydrogen evolution catalysts are
desired to replace state-of-the-art catalysts such as platinum. Here, we report an advanced
electrocatalyst that has low overpotential, efficient charge transfers kinetics, low Tafel slope and
durable. Carbon nanofibers (CNFs), obtained by carbonizing electrospun fibers, were decorated
with MoS; using a facile hydrothermal method. The imaging of catalyst reveals a flower like
morphology that allows for exposure of edge sulfur sites to maximize the HER process. HER activity
of MoS; decorated over CNFs was compared with MoS, without CNFs and with commercial MoS,.
MoS; grown over CNFs and MoS;-synthesized produced about 374 and 98 times higher current
density at —0.30 V (vs. Reversible Hydrogen Electrode, RHE) compared with the MoS;-commercial
sample, respectively. MoSy-commercial, MoS;-synthesized and MoS, grown over CNFs showed a
Tafel slope of 165, 79 and 60 mV /decade, capacitance of 0.99, 5.87 and 15.66 mF/ cm?, and turnover
frequency of 0.013, 0.025 and 0.54 s !, respectively. The enhanced performance of MoS,-CNFs is due
to large electroactive surface area, more exposure of edge sulfur to the electrolyte, and easy charge
transfer from MoS, to the electrode through conducting CNFs.

Keywords: carbon nanofibers; MoS;; hydrogen evolution reaction; Tafel slope

1. Introduction

Hydrogen, due to its high energy density of 141.86 MJ/kg and clean combustion, has a potential
to be one of the most effective clean energy sources [1,2]. However, the majority of hydrogen is
produced via steam reforming, which consumes fossil fuels and negates the goal of a cleaner and
sustainable energy future. In this context, hydrogen production via electrochemical water splitting
using a catalyst is attracting considerable attention due to its inherent higher efficiency and lower
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cost compared to steam reforming [3]. An ideal electro-catalyst for hydrogen evolution reaction
(HER) should provide high current density at a lower overpotential [4]. The current state-of-the-art
catalyst, platinum, is one of the most efficient electro-catalyst for HER, however, its high cost and
limited availability has curtailed its use for hydrogen production. This prompted scientists to look
for alternative cost-effective materials which have high stability and efficiency comparable to that of
platinum [3,5,6]. Thus, the development of efficient electro-catalyst for HER using earth-abundant
materials is crucial [5,7-10]. Several nanostructured materials have been synthesized and used for
energy applications [11-15]. Segev-Bar and Haick have written a very informative review article on
sensors for various applications using nanoparticles [16]. Earth-abundant NiO nanoparticles have
been used for various energy related applications [17]. A highly active and stable carbon-shell-coated
FeP nanoparticles as a non-Pt electrocatalyst for hydrogen production has been synthesized using
iron oxide nanoparticles as a precursor [18]. Carbon-shell-coated FeP nanoparticles showed a low
overpotential of 71 mV at 10 mA/cm?, which is comparable to that of a commercial Pt catalyst.
Multicomponent nanoparticles such as Ni-Co-Se have been used for hydrogen evolution reaction [19].
The electrocatalytic properties of these nanoparticles were improved by growing them on reduced
graphene oxide nanoflakes. Phuruangrat et al. have synthesized molybdenum trioxide (MoQO3)
nanowire having high aspect ratios (>200) and good crystallinity for hydrogen evolution reaction by
decomposing (NHy)sMo7054-4H,O [20].

Other materials such as transition metal chalcogenides (TMCs), for example molybdenum
disulfide (Mo0S;,), are potential candidates for HER; however, it is still challenging to get catalytic
performance close to platinum [21,22]. It is reported that the catalytic activities of MoS; are mainly
due to edge sulfur groups [23,24]. The lower catalytic properties of these materials are due to
poor charge transport, low reactivity of active sites and less exposure of edge sulfur groups to the
electrolyte [23,25,26]. Improving the charge transport properties and exposing large number of edge
sulfur are the crucial steps to enhance the catalytic activities of MoS, [5].

Several strategies such as exfoliation of TMC sheets, controlling the morphologies, and improving
the charge transport by making composites and decorating them over conducting substrate/materials
have been reported to improve the performance of TMCs towards HER [27-32]. Among various
transition metal chalcogenides, MoS;, MoSe;, CoS,, CoSe,, FeS;, and NiS; have shown high catalytic
activities for HER applications [3,33-37]. Gopalakrishnan et al. have used liquid exfoliation method
to synthesize nanostructured MoS, quantum dots for hydrogen evolution from the water [27].
These nanostructured MoS; quantum dots showed high electrocatalytic activity with low overpotential.
They reported a current density of 120 mA/cm? (at —0.4 V vs. SHE) with a Tafel slope of
~74 mV/decade. In another study, You et al. have studied the effect of morphology on the
electrocatalytic performance of CoS [32]. CoS having various morphology such as hollow prisms,
broken prisms and nanoparticles were synthesized using two-step microwave-assisted anion-exchange
method and effect of morphology on HER activity was studied. Li et al. have improved the HER
activity of MoS; by decorating it over CNTs [31]. A Tafel slope of 40 and 60 mV /decade was reported
for MoS, and MoS, decorated over CNT, respectively.

In this work, we report an improved performance of MoS; by decorating it over carbon nanofibers
(CNFs). Carbon nanofibers were prepared using electrospinning method followed by carbonization.
MoS, decorated over CNFs (Mo0S,-CNFs) was synthesized using a facile hydrothermal method.
MoS;,-CNFs offers several advantages: (1) high conductivity; (2) high electroactive surface area;
(3) vertically grown over conducting CNFs exposing high density of edge sulfur; (4) high current
density and low Tafel slope; (5) low charge transfer resistance; and (6) high turnover frequency,
compared with commercial MoS; as well as MoS, synthesized using similar method. The detailed
results are presented and discussed in the following sections.
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2. Results and Discussion

The crystalline structure of MoS;-commercial, MoS;-synthesized and MoS, decorated on
CNFs were studied using X-ray diffraction (Figure 1a). The X-ray diffraction (XRD) patterns of
MoS,-commercial well matches with diffraction patterns of hexagonal MoS, phase with lattice
parameters of a = 3.160 A, b =3.160 A, and ¢ = 12.295 A, which are in good agreement with
Joint Committee on Powder Diffraction Standards (JCPDS) file No. 00-006-0097. The (002) peak
of MoS,-commercial sample was observed at 14.68°. However, for the MoS,-synthesized sample,
the characteristic hexagonal basal plane peak associated with (002) plane was observed to shift
to 9.58°, indicative of the increased d-spacing between these planes. A second order diffraction
peak associated with (004) plane was observed around 18.3°. The MoS; grown on CNFs shows
similar patterns as the MoS,-synthesized with (002) and (004) peaks at 9.46° and 18.5°, respectively,
demonstrating the reproducibility of the synthesis approach on different supports. The d spacing of all
the samples was calculated using the Bragg’s law. A d spacing of 6.03,9.23 and 9.35 A was calculated
for MoS,-commercial, MoS,-synthesized and MoS, decorated on CNFs, respectively. Raman spectra of
all the samples show similar nature, however, the intensity of the peaks was observed to be improved
for synthesized MoS; and MoS, grown over CNFs (Figure 1b).
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Figure 1. (a) X-ray diffraction (XRD) patterns (log scale is for MoS;-commercial); and (b) Raman spectra
of various MoS, samples.

X-ray photoelectron spectroscopy was used to study the chemical nature of the prepared samples.
The co-existence of 2H and 1T phase was confirmed by X-ray photoelectron spectroscopy (XPS) analysis.
Figure 2 shows the XPS spectra of Mo 3d and S 2p regions of MoS;-commercial, MoS,-synthesized,
and MoS;-CNFs. Two characteristics peaks around 229.4 and 232.5 eV were observed in the XPS
spectrum of MoS;-commercial sample, indicating existence of the 2H phase of MoS; [38]. However, the
synthesized MoS; and MoS; grown over carbon nanofibers showed a shift of about 1 eV towards lower
binding energy compared to that of MoS,-commercial sample, indicating presence of 1T phase in the
synthesized MoS, samples [38,39]. XPS spectra of S 2p region also showed the similar behavior,
i.e., shift of the peaks of S 2p in MoS;-commercial sample towards lower binding energies for
MoS,-synthesized samples, further confirming the existence of 1T phase in the synthesized samples [38].
Observation of new peak in the synthesized MoS; samples indicated the presence of edge sulfur [40].
As evident from the XPS analysis, this facile synthesis results in a larger portion of the 1T phase of
MoS,, without any additional exfoliation steps, which should be beneficial for its catalytic activities
towards HER.
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of Mo 3d and S 2p for MoS;-Commercial,
MoS,-Synthesized, and MoS,-CNFs.

The scanning electron microscopy images of MoS, grown over CNFs at various magnifications
show well-defined flower-like morphology (Figure 3a—c). The diameter of the flowers is in the
range of 200-600 nm with well-organized nano-sheets. Inherently, MoS, grows in sheets due to its
intrinsic lamellar structure and these sheets aggregate to form flower-like structures composed of
several vertically aligned nano-sheets. It is further seen that the MoS, grows very uniformly over
CNFs. A high magnification scanning electron microscopy (SEM) image confirms that the flower-like
structure is made of many nano-sheet which is vertical on the surface of CNFs. Vertical growth of
MoS; is very beneficial for hydrogen evolution reaction as it is reported that the catalytic activity
of MoS; is due to edge sulfur [23]. Growing MoS, vertically in nano-sheet form with direct contact
with conducting CNFs and highly porous nature will provide high electro-catalytic activity, reduced
resistance (facilitated electron transfer from MoS, to CNFs) and minimal structural damage for a
long-term run. Figure 3d shows the EDS spectrum of MoS; grown over CNFs confirming the presence
of carbon, molybdenum, and sulfur with molybdenum to sulfur ratio of approximately 1 to 2.
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Figure 3. (a—c) Scanning electron microscopy (SEM) images at various magnifications; and (d) Energy
Dispersive x-ray Spectrum (EDS) of MoS, grown over CNFs.

The electro-catalytic activity of the synthesized materials was performed by depositing the
materials on glassy carbon electrode (details in experimental section). As a reference, we also carried
out the measurements of commercial Pt/C (20% Pt) electrocatalyst. The IR corrected polarization
curves of all the samples are shown in Figure 4a. As seen in Figure 4a, MoS,-commercial produces
lower current densities (0.196 mA /cm? at —0.3 V) compared to the MoS,-synthesized (19.1 mA/ cm?
at —0.3 V) and MoS, grown over CNFs (73.2 mA/ cm? at —0.3 V). The onset potential (defined at
1 mA/cm?) for MoS,-commercial, MoS,-synthesized, and MoS, grown over CNFs was observed to
be —435, —193 and —145 mV, respectively, vs. RHE. In addition, MoS;-synthesized and MoS,-CNFs
offer an overpotential of 268 mV and 207 mV to generate a current density of 10 mA /cm?, respectively.
The polarization study confirms that MoS; grown over CNFs showed superior catalytic-activity
for hydrogen evolution reaction compared to MoS;-commercial and MoS,-synthesized samples.
MoS, grown over CNFs and MoS,-synthesized produced about 374 and 98 times higher current
density at —0.30 V (vs. RHE) compared with the MoS;-commercial sample, respectively. Youn et al.
have reported an overpotential of 255 mV for MoS; synthesized on carbon nanotube -graphene hybrid
support at 10 mA /cm? [41].
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Figure 4. (a) Polarization curves; and (b) Tafel slopes for various MoS; samples.

The electrocatalytic activity was further analyzed using Tafel plots. Tafel plots of all the samples
are given in Figure 4b. Commercial Pt/C electrocatalyst showed a Tafel slope of 39 mV/decade,
whereas MoS,-commercial, MoS,-synthesized and MoS; grown over CNFs showed a Tafel slope of
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165, 79 and 60 mV /decade, respectively. The observed Tafel slope is among the best-reported slope
for MoS;,. For example, Tafel slopes of 87, 82 and 77 mV /decade were reported for defect-free MoS,
nanosheets, nanosized bulk MoS; and MoS, nanoparticles, respectively [42—44]. Lithium intercalated
MoS, showed a Tafel slope of 62 mV /decade [22]. Ren et al. have synthesized monolayer of MoS,
quantum dots and observed a Tafel slope of 59 mV /decade [45]. MoS; grown on Toray paper, MWCNT,
and CNT/graphene showed a Tafel slope of 120, 109 and 100 mV /decade, respectively [41,46,47].
Some important parameters for MoS; based HER catalysts are given in Table S1 for comparison.

To further understand the origin of superior performance in the electro-catalytic activities of
MoS;-synthesized and MoS, grown over CNFs, cyclic voltammogram (CV) were performed. All the
CV measurements were performed in a potential range where no faradic processes were observed [48].
The CV was recorded for all the samples at various scan rates to determine the electrochemical double
layer capacitance (Cq;) which is directly proportional to the electrochemical effective surface area of
the samples [21]. Figure 5a shows the CV curves of MoS,-commercial, MoS,-synthesized, and MoS,
grown over CNFs at a scan rate of 50 mV/s. As seen in Figure 5a, the area under the CV curves is
highest for MoS;-CNFs and lowest for MoS,-commercial samples, indicating improvement in the
electrochemical effective surface area. The effect of scan rate on the CV curves of all the samples is
shown in Figure S1. The CV curves were observed to be similar in shape even at higher scan rates
indicating high electrochemical rate performance. Since electrochemical double layer capacitance is
directly proportional to effective electrochemical surface area, C4 was calculated by plotting difference
in positive and negative current densities at 0.05 V (vs. Ag/AgCl) versus the scan rates (Figure 5b).
The Cy4; values of the samples were half of the slopes of Aj vs. scan rate plots [21]. The Cq; values of the
MoS;-commercial, MoS,-synthesized, and MoS, grown over CNFs were calculated to be 0.99, 5.87 and
15.66 mF/cm?, respectively. The effective electrochemical surface area of the MoS,-CNFs is ~16 times
higher than that of MoS;-commercial and six times higher than that of MoS;,-synthesized samples.
The highest effective electrochemical surface area and vertical structure of MoS, sheets over CNFs
provide the best HER activity among the studied materials.
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Figure 5. (a) Cyclic voltammogram (CV) curves of all samples at 50 mV/s; and (b) scan rate dependence
of the current densities of all the samples at 0.05 V vs. Ag/AgCl.

From the CV analysis, one can calculate turnover frequency (TOF) per site for these materials to
estimate the intrinsic activity of the catalyst [49]. The TOF for MoS;-commercial, MoS,-synthesized
and MoS,-CNFs at —200 mV was estimated to be 0.013, 0.025 and 0.54 s !, respectively (Figure S2).
The improved TOF for MoS;-CNFs could be due to better charge transfer from MoS; to the electrode
through conducting CNFs. Yan et al. have also observed an improvement in TOF by incorporating
conducting CNTs in MoS, [5]. The TOF varies from 0.9 to ~107? s~ for platinum to transition metal
catalysts, respectively [23].
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In addition to the high effective electrochemical surface area and vertical structure of MoS;, the
conductivity of the samples could play a major role in deciding the performance of these materials.
Effective electron transfers and thus better electrical conductivity is required for improved HER
performance. High electrical conductivity will facilitate electron transfer from MoS; to the electrode.
Electrochemical impedance spectroscopy was used to study this behavior. Nyquist plots of various
MoS, samples are shown in Figure 6a, with magnified Nyquist plots in low-frequency region. All the
measured data were fitted using Randles circuit. The measured and simulated Nyquist plots for all the
samples are shown in Figure S3 and the resulting fitting parameters are given in Table S2. The presence
of semicircles in Nyquist plots indicates charge transfer process at the interface (electro-catalyst and
electrolyte). Such charge transfer is associated with charge transfer resistance (Rct) and capacitance.
In addition to Rct, such process also contains small series resistance (Rs) as shown in the inset of
Figure 6a. Charge transfer resistance for MoS,-CNFs (19.6 () was much lower than MoS,-synthesized
(43.2 ) and MoS;-commercial (10.3 k()) samples. Lower charge transfer resistance would provide
higher electro-catalytic activity due to reduced resistance at the interface. The capacitance estimated
after fitting the data is proportional to the electroactive surface area of the catalyst [41]. The capacitance
value for MoS;-commercial, MoS,-synthesized, and MoS,-CNFs was estimated to be 31.4, 806 and
5160 uF, respectively. Figure 6b shows the variation of impedance as a function of frequency for all the
samples. As seen in Figure 6b, M0S,-CNF displayed the lowest impedance. The high electro-catalytic
activity of MoS;-CNFs sample is due to lower charge transfer resistance and higher capacitance among
other studied samples.
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Figure 6. (a) Nyquist plot; inset figures show the zoomed Nyquist plot near origin (left) and equivalent
circuit (right), and (b) variation of Z vs. frequency for various MoS, samples at 0.45 V vs. Ag/AgCL

In addition to high HER catalytic activities, durable performance of a catalyst is required
for practical applications. The long-term stability of the MoS;-CNFs was studied using
chronoamperometry and cyclic voltammetry measurements. Figure 7 shows a variation of current
density as a function of time. As seen in Figure 7, the performance of MoS,-CNFs is very stable up
to about 18 hours of measurement. In fact, a small improvement in current density was observed
during this study. The inset of Figure 7 clearly shows the evolution of hydrogen during measurement.
Figure 8a shows the polarization curves of MoS;-CNFs before and after 9000 cycles. As seen, the
current density of the catalyst improved after the cyclic performance. For example, at an overpotential
of 200 mV, the current density increased from 7.9 to 14.7 mA /cm?, although there was no significant
change in the Tafel slope (Figure 8b), suggesting that kinetics is almost same before and after the
long-term testing. The stability performance of the MoS,-CNFs was further investigated using
electrochemical impedance spectroscopy (EIS). The Nyquist plots and variation of impedance as
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a function of frequency before and after stability test is shown are Figure 8c,d. The charge transfer
resistance and impedance of the MoS,-CNFs decreased significantly. Our study indicates that MoS;
grown over conducting substrate could be a potential candidate for electro-catalyst.
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Figure 7. Time-dependent current density curve for MoS,-CNFs (inset shows the evolution of hydrogen
during chronoamperometric measurements).
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impedance spectroscopy (EIS) data are measured at —0.45 V vs. Ag/AgCl).

3. Experimental Details

3.1. Synthesis

Carbon nanofibers were prepared using a simple electrospinning method followed by a heat
treatment process. Briefly, a solution for electrospinning was prepared by dissolving 0.5 g of
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polyacrylonitrile (PAN) in 5 mL of N,N-dimethylformamide (DMF). The solution was transferred to
5 mL syringe with a stainless-steel needle (21 gauge). A high-voltage power supply (Gamma High
Voltage Research, Product HV power Supply) was used as a high voltage source. The positive terminal
of the source was connected to the stainless needle and negative terminal to collector plate made of
aluminum foil. A voltage of 15 kV, volume feed rate of 0.6 mL/h and needle tip-to-aluminum foils
distance of 12 cm was maintained during the electrospun process. The collected fibers were stabilized
at 400 °C for 2 h (5 °C/min) and carbonized at 800 °C for 1 h (5 °C/min) under N, atmosphere.

MoS, decorated CNFs were prepared using a facile hydrothermal method. In a typical synthesis,
20 mg of CNFs were dispersed in 15 mL DMF using bath sonication for 1 h. In this, 75 mg of
ammonium tetrathiomolybdate was added and dissolved using bath sonication for another 30 min.
Then, the mixture was transferred into an autoclave and maintained at 210 °C for 18 h. The reactor was
cooled down to room temperature and the black precipitate was filtered. The precipitate was washed
subsequently with DI-water and anhydrous ethanol and finally dried at 60 °C for 24 h. MoS, without
CNFs was synthesized using the above method except having CNFs in the solution.

3.2. Characterization

MoS,-commercial, MoS;-synthesized, and MoS, decorated on CNFs were structurally and
electrochemically characterized. X-ray diffraction (XRD), Raman spectroscopy and scanning electron
microscopy (SEM) were used for structural characterization. The XRD spectra of all the samples were
taken using Shimadzu X-ray diffractometer. CuK; was used as a source to produce X-ray. Raman
measurements were performed using an Ar* laser at a wavelength of 514.5 nm as the excitation source
(Model Innova 70, Coherent). X-ray photoelectron spectroscopy (XPS) was used to detect the nitrogen
and oxygen doping and chemical bonding in carbon nanofibers. A Thermo Scientific K XPS system
was used to record XPS spectra. The X-ray power of 75 W at 12 kV was used for the experiment
with a spot size of 400 mm?. The XPS data acquisition was performed using the “Advantage v5.932”
software provided with the instrument. Scanning electron microscope imaging was carried out using a
JEOL 7000 FE SEM equipped with electron backscatter diffraction (EBSD), secondary electron (SE),
backscattered electron (BE) and transmission electron (TE) detectors.

3.3. Electrochemical Measurements

All electrochemical measurements were performed using a VersaSTAT 4-500 electrochemical
workstation (Princeton Applied Research, Oak Ridge, TN, USA). Three-electrode measurement method
was used for the electrochemical testing. A graphite rod as a counter electrode, Ag/AgCl as a reference
electrode and samples on glassy carbon electrode as a working electrode was used. Ten milligrams
of sample was dispersed using bath sonicator in 1 mL water—ethanol (1:1 v/v) solution containing
25 uL Nafion solution (5 wt %). Ten microliters of the solution was drop cast over glassy carbon
electrode (diameter 5 mm) and dried before electrochemical testing. HER performance of commercial
platinum/carbon (20% Pt over graphitic carbon, from Sigma, St. Louis, MO, USA) was also performed
under a similar condition for comparison. All the electrochemical measurements were conducted in an
Ny saturated 0.5 M HySOy electrolyte at room temperature. Electrochemical impedance spectroscopy
(EIS) studies were performed in a frequency range of 0.05 Hz to 10 kHz with an applied 10 mV of
AC amplitude for all measurements. The electrochemical surface area was determined by cyclic
voltammetry at different scan rates in the non-faradic region.

4. Conclusions

MoS; and MoS; decorated carbon nanofibers were synthesized using a facile method.
The structural characterizations confirm the formation of MoS, with flower-like structure, and the
vertical attachment of MoS, sheets on CNFs. The electrochemical characterizations revealed the
excellent electroactivity of MoS,-CNFs, which is due to its high conductivity, high electroactive
surface area, and the vertical structure of MoS; exposing high density of edge sulfur to the electrolyte.
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They provided a high current density, low Tafel slope, low charge transfer resistance and high turnover
frequency compared with commercial MoS; as well as MoS, synthesized using a similar method.
MoS,-commercial, MoS;-synthesized, and MoS, grown over CNFs showed a Tafel slope of 165, 79 and
60 mV per decade, respectively. MoS;-CNFs showed outstanding stability for the long run. Thus,
MoS,-CNFs could be a promising cheap electrocatalyst for hydrogen evolution reaction due to its high
electroactivity and durability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5629/3/4/33/s1.
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