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ABSTRACT: Designing low-cost hybrid electrocatalysts for
hydrogen production is of significant importance. Recently,
MXene-based materials are being increasingly employed in energy
storage devices owing to their layered structure and high electrical
conductivity. In this study, we propose a facile hydrothermal
strategy for producing WS,/Ti;C, nanosheets that function as
electrocatalysts in the hydrogen evolution reaction (HER). WS,
provides a high surface area and active sites for electrocatalytic
activity, whereas MXene Ti;C, facilitates charge transfer. As a
result, the synthesized WS,/Ti;C, offers an increased surface area
and exhibits an enhanced electrocatalytic activity in acidic media.
The WS,/Ti,C, (10%) catalyst exhibited a low onset potential of i Uk e
—150 mV versus RHE for the HER and a low Tafel slope of ~62

mV dec™". Moreover, WS,/Ti;C, (10%) exhibited a double-layer capacitance of 1.2 mF/cm™? which is 3 and 6 times greater than
those of bare WS, and Ti;C,, respectively. This catalyst also maintained a steady catalytic activity for the HER for over 1000 cycles.
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1. INTRODUCTION thermal and chemical vapor deposition (CVD) method.”* The
combination of these two materials improved the conductivity,
owing to their tight connection; WS, helped in preventing the
aggregation of CoS, nanoparticles, which subsequently
increased the surface area. Consequently, the as-prepared
sample showed a lower overpotential of 245 mV at 100 mA/
cm?and a Tafel slope of 270 mV dec™". Therefore, developing an
inexpensive and highly active cocatalyst is of paramount
significance for achieving a higher performance in electro-
catalytic H, production.

Recently, MXene, a new class of 2D materials, have garnered
increasing attention owing to their excellent electrical
conductivity”™** as well as high electrocatalytic activity in
HER and have proven to be a potential substitute for expensive
noble metal catalysts.””**~** Recently, edge-oriented 1T-MoS,
grown on modified Ti;C,* was prepared, and its HER
performance was enhanced to a after being composited with
Ti;C,. The advancement of MXene-based hybrid systems is in
its infancy compared to other established 2D materials.
However, MXene-based hybrids with interesting hierarchical

To meet the rising demand for energy while reducing pollution,
scientists have been studying the possibility of producing
hydrogen from renewable sources such as water.'~ Electro-
chemical water splitting is one of the methods used for hydrogen
production.”™"* Several materials, such as graphene, carbon
nanotubes,'" metal carbides,'*"® and transition metal dichalco-
genides, were extensively investigated for replacing expensive
noble-metal Pt-based materials in the hydrogen evolution
reaction (HER).

Transition metal dichalcogenides (TMDs) exhibit unique
properties in electrocatalytic HER, e.g., WS,, a member of the
TMD family, exhibits unique electronic properties and is widely
studied owing to its low cost, high catalytic activity, and high
stability.'*™*" Different methods were used to improve its
electrical conductivity to widen its application such as cocatalyst
loading, doping,22 and heterostructure designing. For example,
Hasani et al. investigated the effect of different metal dopants
(Au, Ag, Pd, and Pt) on WS, for electrocatalytic hydrogen
production.”” The results showed that the Pd-doped WS,
demonstrated an enhanced performance at a current density
of 10 mA/cm? with low potentials of —175 and 54 mV dec™”, Received: ~ August 28, 2023
respectively. This can be attributed to an energy band alignment Accepted:  October 4, 2023
caused by the presence of metal dopants. Moreover, other metal Published: October 23, 2023
dopants also demonstrated an improved catalytic performance
compared to bare WS,. In another study, Jing et al. prepared and
investigated a heterostructure of WS, and CoS, via hydro-
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Figure 1. Schematic illustration of the synthesis process of WS,/Ti;C,.
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structures and excellent performance are attracting considerable
interest.

In this work, a hybrid structure of WS, and Ti;C, MXene for
the HER is reported. A one-step hydrothermal method was used
to synthesize WS,/Ti;C,, where Ti;C,, MXene, and WS, play
crucial roles in the reduction process, as shown in Figure 1. The
electrochemical measurements of newly designed WS,/Ti;C,T,
(10%) exhibited better activity for HER than the other ratios
used, such as 5, 15, and 20%. The sample had an improved onset
potential and lower Tafel slope of 130 mv and 62 mV dec”,
respectively. This enhancement is attributed to the larger surface
area that resulted in a greater number of active sites and higher
charge transfer. These results present an important pathway
toward designing low-cost, efficient catalysts.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium tungstate dihydrate (Na,WO,:
2H,0), thiourea, hydrochloric acid [HCl], Ti;AlC, (MAX),
and 5% Nafion solution were purchased from Sigma-Aldrich.
Deionized (DI) water was obtained from Millipore Milli-Q at
18.3 MQ:-cm.

2.2. Ti;C, MXene Synthesis. One gram portion of Ti;AlC,
MAX powder was mixed in 20 mL of hydrofluoric acid solution
(48 wt %) and stirred for 48 h. Next, the mixed solution was
washed with deionized (DI) water to neutrality. Lastly, Ti,C,
MXene was dried at 60 °C overnight in a vacuum oven.

2.3. WS,/Ti;C, Synthesis. A layered WS,/Ti,C, hybrid
structure was synthesized by a one-step hydrothermal method.
0.4 mmol Na,WO,-2H,0, 2 mmol thiourea, and a Ti;C, powder
equal to 5%, 10%, 15%, or 20% by mass of Na,WO,-2H,0 were
added to distilled water and stirred for 30 min at room
temperature. Then, the as prepared solution was heated at 180
°C for 24 h in a 20 mL Teflon-lined autoclave. Then, the black
precipitate was collected by centrifugation, washed three times
with distilled water, and dried in a vacuum oven at 60 °C for 12
h.

2.4. Electrochemical Measurements. All electrochemical
measurements were achieved on a standard three-electrode
electrolytic system using an Ivium potentiostat V55630. The
saturated calomel electrode (SCE) (reference), graphite rod
(counter), and synthesized WS, on a glassy carbon electrode
(working electrode) were used. The HER performance was
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calculated by linear sweep voltammetry (LSV) with a scan rate
of 10 mV s™* in 0.5 M H,SO,. An iR correction was also made.
Continuous cyclic voltammograms at a scan rate of S0 mV s~
were used to measure the stability of the prepared sample over
1000 cycles. Also, electrochemical impedance spectroscopy
(EIS) was performed over a frequency range of 0.1 Hz—100
kHz. Reversible hydrogen electrode (RHE) potentials were used
using the following equation

E(RHE) = E(SCE) + E,(SCE) + 0.059(pH)

2.5. Materials Characterization. The X-ray diffraction
(XRD) spectra of the as-prepared samples were recorded using a
powder X-ray diffractometer (Bruker New D8-Advance, Seoul,
Korea) using Cu Ko radiation (4 = 0.154 nm). Raman spectra
(Horiba, Japan) were recorded at an excitation wavelength of
514 nm. In addition, FE-SEM (Zeiss 300 VP) images were
obtained at an acceleration voltage of 50 kV, and X-ray
photoelectron spectroscopy (XPS, VG Scientific Ltd., England)
was carried out under a vacuum greater than 1 X 10™° mbar. Mg
Ka radiation (1250 eV) was used with a constant pass energy of
S0 eV.

3. RESULTS AND DISCUSSION

The crystal structures of the samples prepared in this work were
evaluated by XRD. The XRD data of MAX phase Ti;AIC, and
HF etched Ti;C, are shown in Figure S1. Glass substrate was
used to measure the samples. The peak positions of Ti;AlIC,
appearing at 20 = 9.4, 33.8, and 38.9° were assigned to the (002),
(101), and (104) faces, respectively. For Ti;C,, the peaks at 26 =
33.8 and 38.9° and the other peaks disappeared because the Al
atoms were eliminated by HE.”” In addition, the peak at 9.4° in
Ti;AlC, is shifted to lower value of 5.9° in Ti;C, MXene shown
in Figure S1(a) and is broadened which results from the larger d-
spacing explained by the expansion of surface from etching of the
Allayer. Also, the XRD peak for WS, and WS,/ Ti;C, is provided
in Figure S2(a). The Raman spectra of synthesized Ti;C,, WS,,
and WS, /Ti,C, (10%) were also recorded; the results are shown
in Figure S1(b). The peaks appeared at 350 and 410 cm™,
thereby confirming the formation of WS,.

Field-emission scanning electron microscopy (FE-SEM) was
used to analyze the morphology of the as-prepared structures as
shown in Figure 2, which confirmed successful growth of layered
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Figure 2. FE-SEM images: (a,)b) Ti;C, and (c,d) TizC,/WS,.

structures of both Ti;C, and WS,. The pristine WS, showed a
nanosheet like structure, as shown in Figure S2. After the HF
etching process, loosely stacked nanosheets of Ti;C, were
generated thereby confirming the efficient removal of the
interlayer aluminum in Ti;AIC,. The obtained Ti;C, exhibited
an accordion-like multilayer structure with a flat surface and an
opened interspace, as shown in Figure 2a,b. In Figure 2¢,d, the
images of hybrid structure WS,/Ti;C, (10%) are shown. In
addition, the FESEM images for WS,/Ti;C, (5%) and WS,/
Ti;C, (15%) are shown in Figure S3. The resulting intimate
hybrid structure of WS,/Ti;C, allowed direct charge transfer
between WS, and Ti;C,, enhancing the electrocatalytic
performance.

In addition, transmission electron microscopy (TEM) images
of WS,/ Ti;C, were obtained. Figure 3a,b show a general TEM
image of the prepared WS,/Ti;C, sample. The Ti;C, and WS,
nanosheets were closely packed onto the surface of the structure.
This structure allows a better electrical transfer resulting in the
enhancement of HER catalytic performance. The TEM image in
Figure 3¢ shows that the WS, nanosheets are interrelated with
each other. As shown in Figure 3d, the elements W, S, Ti, and C
were well distributed over the whole structure.

X-ray photoelectron spectroscopy (XPS) analyses were
conducted on the WS, /Ti;C, catalysts to elucidate their valence
states and chemical compositions. The XPS images of various
WS, /Ti;C, samples indicated the presence of W, S, Ti, C, and

O. Moreover, all of the prepared samples were analyzed via XPS,
as shown in Figure 4, and full surveys of the W 4f and S 2p
spectra of the WS, samples were obtained. Figure 4a shows a
typical XPS survey spectrum of the WS,/Ti;C, samples,
demonstrating that the samples are composed of the elements
W, S, Ti, C, and O. Compared to the pristine WS, Figure S4 the
high-resolution W 4f;,, and W 4f; , spectra of the sample WS,/
TiyC, (10%) were positioned at 32.2 and 34.3 €V, with a shift of
0.7 and 0.4 eV, respectively, as shown in Figure 4b confirming
the successful combination of WS, and Ti;C,. The S 2p;/, and S
2py/, peaks were positioned at 161 and 162.5 eV, respectively.
High-resolution XPS spectra of Ti 2p and C 1s are shown in
Figure 4c,d, respectively. The Ti 2p;/, and Ti 2p, , components
located at approximately 455.3 and 461.5 eV, respectively,
corresponded to Ti—C bonds.”"

In addition, the Ti 2p3/, and Ti 2p,,, of Ti—O bonds are
located at 458.7 and 464.4 eV, respectively. The C 1s core level
can be fitted at 284.7, which belongs to the C—C bond, as shown
in Figure 4c. XPS spectra of the WS,/Ti;C, (5%) and (15%)
samples are also provided in Figures SS and Sé6.

Electrocatalytic measurement was applied to measure the
HER performance using a three-electrode configuration in 0.5
M H,SO, acidic electrolyte solution. Glassy carbon electrode
was used to load the prepared samples. The commercial Pt/C
catalyst was used as a reference catalyst for the other catalysts as
it has a small onset potential close to zero. The as-prepared WS,/
Ti;C, samples were examined as electrocatalysts for the HER
using a typical three-electrode system in the presence of a 0.5 M
H,S0, electrolyte solution. The 10% WS,/Ti;C, sample had a
small overpotential of —150 mV with a Tafel slope of 62 mV
dec™ Figure 5a with Pt being the best sample.** Meanwhile, the
5,15, and 20% WS, /Ti;C, samples also showed improved onset
potentials of —210, —280, and —290 mV, respectively. In
addition, the current density at 150 mV of all samples is given in
Figure S9. Furthermore, the Tafel slopes also showed a similar
trend. The pristine Ti;C, had the highest Tafel slope of 132 mV
dec™' confirming its poor performance with regard to HER.
Figure Sb shows the values of the Tafel slope, which are 73, 62,
84.2, and 85.5 mV dec™! for the 5, 10, 15, and 20% cases,
respectively; all of these are lower than that of WS,, which has a
slope of 88 mV dec™. These results demonstrate the enhanced
performance of the hybrid structures that have abundant surface
areas and active sites for the reduction process. Comparison of

Figure 3. (a,b) TEM images at different magnifications, (c¢) HR-TEM and (d) EDX mapping of 10% Ti;C,/WS,.
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Figure 4. XPS spectra of WS,/Ti;C, (10%): (a) survey, (b) W 4f, (c) S 2p, (d) Ti 2p, and (e) C 1s.

06
'*.E —s— Pt S o
&E’ e :\';SC’ Woaf o 71326 mV dec”!
£ 2 ['4
z —v— 5% Ti,C, g 8a2mVdec” ¢4
2 10%TiC, || 5 =
Q —<—15%Ti,C, ‘S‘ 02} 73 mV dec”!
8 20%TiC,|| B
£ o
[} -
oo}
L 1 1 1 1 1
-0.6 0.4 -0.2 0.0 0.2 0.4 0.4 0.0 0.4 0.8 1.2 1.6
Potential (V vs. RHE) log | current density | (mA cm?)
100 25
(c) e (d)
| Ti,C,
8o —o—5% Ti,C, oo
——10%TiC, | _ b T, 7 ——WST
p— ——15%TiC,|| & >, ——Ti,C,
i o —20%Ti,C, N ——5%Ti,C,
- g ——10% Ti,C,
40 8 R ——15% TiC,
o, N YN | e TSI
1.0
o R 292 .3, % e N N . : N N N N
20 40 60 80 100 120 140 160 180 200 1 2 3 4 5 6
zZ'/Q Log (frequency (Hz))

Figure S. Electrochemical analysis of HER: (a) polarization curve of Pt, WS,, and WS,/Ti;C, (5, 10, 15, and 20%, respectively); (b) Tafel slope of
materials; (c) EIS Nyquist plot of materials; and (d) Bode plot of the samples.

the prepared sample with other similar reported catalysts is 10% WS,—Ti;C, MXene. The WS, and Ti;C, samples exhibited
summarized in Table S2. resistances of 190 and 120 €, respectively. WS,/Ti;C, (10%)
To investigate the kinetics between the prepared sample on showed a low R, (40 Q), which is lower than that of the other
the electrode and the electrolyte solution, we conducted EIS three samples (55 Q for 5%, 70 Q for 15%, and 120 € for 20%)
analysis was conducted. As a result, the charge transfer resistance confirming a close interaction between Ti;C, and WS, and
(R.,) value of the 10% WS,—Ti;C, MXene is found to be much enhancing the electron transfer in the electrocatalytic process.
smaller than that of WS,/Ti;C, or WS,, as shown in Figure Sc; The corresponding Bode magnitude plot with respect to the

this confirms the remarkable electron transport capability of the phase frequency is presented in Figure 5d.
41805 https://doi.org/10.1021/acsomega.3c06403
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Figure 6. (a) Polarization curves were obtained initially and after 1000 cycles, and (b) time responses (i—t) recorded for 10 h (c) estimation of double-

layer capacitance of the catalysts WS,, Ti;C,, and WS,/Ti;C,.

In addition, another effective criterion that should be used to
evaluate a catalyst is its long-time stability. Long-term cycling
tests of WS,/ Ti;C, (10%) were conducted for 1000 cycles in an
acidic media. As shown in Figure 6a, the sample does not show
much difference before and after cycling, indicating that the
WS,/Ti;C, (10%) catalyst displays excellent HER activity with
long-term stability. The enhanced catalytic performance of
WS, /TisC, (10%) can be attributed to two factors. First, the
high conductivity of Ti;C, enables fast charge transfer with its
strong interaction with WS,; and second, the number of active
sites is increased, allowing a faster reduction of adsorbed
hydrogen ions. In addition, a chronoamperometric study was
conducted using a fixed current density of 10 mA/cm® to
investigate the stability of WS,/Ti;C, (10%). Owing to its
superior catalytic durability in acidic environments, WS,/Ti;C,
(10%) showed a small decrease in current density and stable
performance even after 10 h Figure 6c. Furthermore, the
electrochemical surface area of the prepared samples was
measured via double-layer capacitance (Cy). Cyclic voltamme-
try curves (CVs) at scan rates of 20—150 mV s~ were used to
measure the values of Cy. Figure S8 shows typical CV data for
WS, Ti;C,, and WS,—Ti;C, at different ratios at different scan
rates in an acidic medium. The Cy of 10% WS, significantly
increased from 0.41 to 1.2 mF/cm® WS,/Ti;C, (10%) after
being coupled with Ti;C, nanosheets, even though the Cy of the
Ti;C, nanosheets was only 0.24 mF/cm?, as shown in Figure 6b.

The mechanism of the WS,/Ti;C, MXene is shown in Figure
7. The metallic and highly conductive Ti;C, promotes charge
transfer and accelerates the kinetics of the HER. This is critical to
achieve improved electrocatalytic performance. However, an
optimum amount of Ti;C, is necessary to achieve this enhanced
result, as shown in the I-V curve of Figure Sa. As shown in the
potential curve in Figure S5a, the electrocatalytic activity
improves and subsequently decreases as the concentration of
the catalyst changes from 10 to 15%, as clearly shown by the
change in trend of overpotentials upon catalyst loading, Table
S1. As the amount of Ti;C, increases, the surface of WS, will be
covered and have fewer active sites for the adsorption of H" jons.
Simultaneously, due to inadequate exposed sites of WS,, and
large R, on the electrode, the catalytic performance decreases as
the concentration increases. Thus, a moderate amount of Ti;C,
is essential to attain the optimal catalytic activity for potential
and possesses the synergistic effect of both materials. We believe
that these hybrid-structured WS,/Ti;C, nanosheets are good
alternatives for highly enhanced electrocatalytic hydrogen
production.
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Figure 7. Schematic representation of the mechanism whereby 10%
WS,/ Ti;C, achieves electrochemical water splitting.

4. CONCLUSIONS

In conclusion, we synthesized an inexpensive WS,/ Ti;C, hybrid
structure for HER. The as-prepared samples with varied Ti;C, to
WS, mass ratios show enhanced catalytic performance than
individual WS, and Ti;C, nanosheets. The WS,/Ti,C, (10%)
sample has the lowest overpotential of 150 mV and a Tafel slope
of 62 mV dec™". The Improved electrocatalytic performance of
the WS,/Ti,C, is credited to (1) the large surface area, and (2)
rapid charge transfers due to the presence of Ti;C, and its strong
interaction to WS,. The stability of WS,/Ti;C, (10%) in an
acidic solution after 1000 cycles was also demonstrated.
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