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Over the last decades, the transition metal dichalcogenide (TMD) materials have been intensively investigated for hydrogen
evolution reaction (HER). Among many TMD catalysts, MoS, and WS, are the most efficient materials for HER application
because of their advantages including earth abundance, facile synthesis, and high catalytic activities. Herein, a simple and scalable
process is introduced which was employed to prepare the nanoflower (NF) heterostructure of MoS, and WS, (MoS,/WS, NF). The
superior catalytic activity of the synthesized MoS,/WS, NF could be contributed by the unique properties of the heterostructure
between WS, and MoS, materials. Low overpotential (251 mV) at a current density of 10 mA cm 2, small Tafel slope (61 mV
dec™"), good conductivity, and superstability are the main properties of the prepared MoS,/WS, NF. This work presents a new
facile novel to prepare efficient catalysts which could be great candidates for HER and electrocatalytic application.

1. Introduction

Over the last decades, along with the development of high
technologies and the increasing demand for ecofriendly and
renewable energy, various approaches and materials applied
for different technologies have been extensively investigated
such as perovskite quantum dot materials [1, 2], photoelec-
trochemical processes [3, 4, 5, 6, 7, 8], CO, reduction [9],
electrochromic window [10], solar water splitting [11], and
electrocatalysts [12]. Among them, hydrogen technology is
considered as the most promising answer for different areas
such as transportation, heat cooling energy, power energy,
and fertilizer because of its advantages [13, 14, 15, 16, 17]. To
produce hydrogen, there are also a number of processes
which could be applied to harvest the released hydrogen
gases [18, 19, 20, 21, 22]. To date, electrochemical process
or electrolysis of water technique has been evaluated as the

most simple and effective method to prepare hydrogen gas.
In water splitting process, the hydrogen gas could be released
from the surface of cathode electrode. Therefore, the quan-
tity of the produced hydrogen gas is highly depended on the
properties of materials which are employed to prepare cath-
ode electrode. For that reason, the better the catalytic activity
of cathode electrode, the higher the yield of hydrogen gas
could be produced. In the past, the hydrogen gases are usu-
ally prepared by using the noble metal cathode such as plati-
num or palladium materials. The high catalytic activity and
low hydrogen biding energy are the key advantages of those
noble metals [23, 24, 25]. However, the scarcity, unstability,
and expensive materials of noble metals are the main draw-
backs which are needed to overcome [26, 27, 28]. Conse-
quently, a low-cost, stable, and efficient catalysts for HER
process are the main target for hydrogen energy technologies
in large-scale and practical technologies.
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TasLE 1: Materials for synthesis of MoS,/WS, NF, MoS, NF, and WS, NF.
No AMH (g) AMT (g) TAA (g) H,O (mL) NH; (mL) HCI (mL) t (°C) Catalysts
1 2 1.3 5 15 0 3 220 MoS,/WS, NF
4 0 5 18 0 0 220 WS, NF
3 0 2.6 5 15 3 0 220 MoS, NF

Recently, transition metal dichalcogenide (TMD) mate-
rials have been emerging as prominent catalysts which could
be applied for HER process because of their low-cost, super
stable, and high catalytic activity toward electrochemical
application. Among many TMD catalysts, WS, and MoS,
are being considered as alternative materials for noble metals
in hydrogen production process. They possess fascinating
electronic properties, with both MoS, and WS, being a semi-
conductor with a indirect bandgap, while their respective mono-
layers exhibit direct electronic bandgaps [29, 30, 31, 32].
Recently, considerable efforts have been devoted to maximize
and optimize the catalytic activities of catalysts based on WS,
and MoS, materials. Different morphologies, structures, or
derivatives of catalysts based on WS, and MoS, have been
prepared and studied [33, 34, 35]. Many reports have indi-
cated that the catalytic performance of catalysts based on the
heterostructure of two or more materials could be dramati-
cally boosted because of the synergistic effect or the unique
properties of the prepared materials [36, 37, 38, 39]. Thus, the
construction of a heterostructure through the integration of
MoS, and WS, benefits from the favorable band alignment
between the two materials, facilitating rapid charge transfer
and ensuring high conductivity within the MoS,/WS,
heterostructure.

In this manuscript, a facile and scalable process which
was applied to prepare nanoflower (NF) heterostructure of
MoS, and WS,: MoS,/WS, NF. Besides that, the pure WS,
NF and MoS, NF were also prepared by the same processes
with slight modification. The structures and morphologies of
synthesized materials were completely studied to compare
and understand the difference between them. After that, the
electrocatalytic activities of MoS,/WS, NF, WS, NF, and MoS,
NF were also investigated for HER application. The results
confirmed the HER performance of MoS,/WS, NF has been
significantly increased compared with that of WS, NF and
MoS, NF. Therefore, MoS,/WS, NF could be considered as
a next generation of catalyst materials for HER and electro-
chemical applications.

2. Experimental

2.1.  Chemicals. Ammonium metatungstate hydrate,
(NH4)sH,W 1,049 xH,0 (AMH), ammonium molybdate tet-
rahydrate (AMT, (NH,)sMo0;0,4-4H,0), thioacetamide (TAA,
CH;CSNH,), HCI (37% aqueous solution), NH; (28% aqueous
solution), and Nafion (5% aqueous solution) were purchased
from Sigma—Aldrich. Deionized (DI) water was obtained from
Millipore Mili-Q. All chemicals were used without further
purification.

2.2. Synthesis of MoS,/WS, NF. The synthesis processes were
slightly modified compare with the previous study [13].
MoS,/WS, NF material was synthesized via a facile one-
step hydrothermal method. Appropriate amounts of AMH,
AMT, TAA, and DI water were added to a glass beaker and
stirred for 15 min. After that, an amount of HCI (37%) was
added to the prepared mixture and continuously stirred for
15 min before transferring into a Teflon autoclave. The auto-
clave was heated to 220°C for 24 hr and then cooled down to
room temperature. The synthesized catalyst was centrifuged
at a speed of approximately 8,000 rpm using DI water and
ethanol three times to eliminate all excessive components.
After that, the catalyst was dried at 90°C and then annealed
in inert gas to obtain MoS,/WS, NF. The produced catalyst
was stored in a glass vial for the next measurements. The
pure WS, NF and MoS, NF were also synthesized via the
same route with changing some source materials. The exact
amounts of all source materials during syntheses are listed in
Table 1.

2.3. Electrochemical Measurements. All electrochemical mea-
surements were performed at room temperature using a
standard three-electrode electrolytic system and Ivium poten-
tiostat V55630. A saturated calomel electrode, graphite elec-
trode, and the synthesized catalysts on glassy carbon electrodes
were employed as the reference, counter, and working electro-
des, respectively. The HER activities of MoS,/WS, NF, WS,
NF, and MoS, NF were evaluated via linear sweep voltamme-
try (LSV) at a scan rate of 10mV s~'. All measurements were
conducted in a 0.5 M H,SO, solution with an iR correction.
The stability of MoS,/WS, NF was examined by continuous
cyclic voltammetry (CV) at a scan rate of 50mV s~ for over
1,000 cycles. Thereafter, the stability of the prepared MoS,
SNFs was continuously evaluated via chronoamperometry
(CA) for 12hr. Double-layer capacitance (Cy) values of the
studied samples were calculated from the results of CV tests,
which were performed in the potential range from 0to 0.2 V at
different scan rates (20, 40, 60, 80, and 100 mV s~ ). Addition-
ally, electrochemical impedance spectroscopy (EIS) was con-
ducted in a frequency range of 100kHz to 0.1 Hz.

2.4. Characterization of MoS, NFs and SNFs. X-ray diffrac-
tion (XRD) was employed to examine the structures and
crystallinities of the prepared MoS,/WS, NF, WS, NF, and
MoS, NF using a powder X-ray diffractometer with Cu Ka
radiation (1 =0.154 nm). The structures and chemical bond-
ing of the prepared catalysts were investigated by Raman
spectroscopy. X-ray photoelectron spectroscopy (XPS) was
conducted to determine the surface compositions of the pre-
pared MoS, SNF materials. Field emission scanning electron
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FIGURE 1: Proposed mechanism of MoS,/WS, NF synthesis process.

microscopy (FE-SEM) was employed to comprehensively
observe the morphology, size, and shape of the synthesized
catalysts. Transmission electron microscopy (TEM) was uti-
lized to determine the structure and elemental distributions
on the material surfaces. The work function of catalysts could
be calculated from ultraviolet photoelectron spectroscopy (UPS)
measurements which were conducted by using UV source: Hel
21.2 eV. Pore size, pore volume, and specific surface areas of the
catalysts were calculated by the Brunauer—Emmett—Teller
(BET) method from the adsorption—desorption of nitrogen
gas on the surface of prepared catalysts.

3. Results and Discussion

3.1. Formation Mechanism of Synthesis Processes. The forma-
tion of MoS,/WS, NF, WS, NF, and MoS, NF could be
explained by followed reaction:

(1) The MoS,/WS, NF synthesis process which is illus-
trated in Figure 1 is as follows:

HCl - H* + CI, (1)

(NH4)6MO7024 . 4H20 + Hzo - 6NHI + [M07024]6_ + 4H20,
(2)
[M07024]6_ =+ 6H+ - 7MOO3 + 3H20, (3)

(NH4)6H2W12040. XH20 g 6NH3 + 8H+ —+ [W12040]8— =+ XHzo,

(4)

[W,04)% + 8HT - 12WO; + 4H,0, (5)
CH;CSNH, + 2H,0 — NH; + H,S + CH;COOH,

(6)

3MoOs + 7H,S — 3MoS, | + SO, + 7H,0, (7)

(2) The WS, NF synthesis process is as follows:

(NH,)¢H,W1,049. xH,O — 6NH; + 8H' + [W1,04]%"

+ XHzo,
(9)
CH,CSNH, + 2H,0 — H,S + NH, + H' + CH,;COO",
(10)
[W12040]8_ + 81_1+ b 12WO3 + 4H20, (11)

(3) The MoS, NF synthesis process is as follows:

(NH,4)sMo;0,, - 4H,0 — 6NH; + [Mo,0,,4]°" 4 4H,0,

(13)

CH,CSNH, + 2H,0 — H,S + NH; + CH;CO0",
(14)
NH; + H,0 — NH; + OH", (15)
[Mo,0,,]°~ + 6NH] — 7MoO; + 6NH; + 3H,0,  (16)
3MoOj; + 7H,S — 3MoS,] + SO, + 7H,0. (17)

The crystallinity of the synthesized MoS,/WS, NF, WS,
NF, and MoS, NF is completely studied by XRD which are
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FIGURE 2: (a) XRD patterns of MoS,/WS, NF, WS, NF, and MoS, NF materials; (b) Raman spectra of MoS,/WS, NF, WS, NF, and MoS, NF
materials; and FE-SEM images of (c), (d) MoS,/WS, NF, (e) WS, NF, and (f) MoS, NF materials.

presented in Figure 2. In MoS, NF XRD patterns, there are
six main peaks which are indexed as (002), (100), (0103),
(105), (110), and (201) plane without any diffraction peaks
from impurities of other parasitic phase. The XRD pattern
indicates that highly pure hexagonal MoS, materials are suc-
cessfully prepared which are in good agreement with the
literature values (JCPDS: 00-037-1492) [40]. The XRD data
of WS, NF also show six main peaks which are located at
(002), (100), (102), (006), (105), and (110) plane. The XRD
analysis of synthesized WS, shows high crystalline hexagonal
structure which was reported in previous study (PDF no.
84-1398) without any other impurities [41]. Figure 2(a) also

presents the XRD pattern of the prepared MoS,/WS, NF. As
can be seen, there are only five main peaks which are located
at (002), (100), (103), (110), and (201) plane. Interestingly,
those peaks are slightly shifted compared to the peaks of both
synthesized WS, NF and MoS, NF. It could be assigned to the
effect of interlayer or the disorder between MoS, and WS,
layers. The XRD data indicate that the heterostructure MoS,/
WS, NF as well as WS, NF and MoS, NF materials are well
prepared.

The Raman spectroscopy measurements are also conducted
to investigate the atomic structure arrangement of the prepared
MoS,/WS, NF, WS, NF, and MoS, NF materials. Figure 2(b)
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show typical Raman spectra of the synthesized catalysts. As can
be seen that the Raman spectrum of MoS, NF is dominated by
two characteristic bands at 377 and 404 cm™". These bands are
attributed to the in-plane E} g mode (375cm™") derived from
opposite vibrations of two S atoms with respect to the Mo atom,
the A, ; mode (403 cm™") associated with the out-of-plane vibra-
tion of S atoms [42]. Notably, the presence of two new bands
centered at 281 and 335cm ™" further justified formation of the
1T-MoS, phase in the synthesized material [43]. In the Raman
spectra of WS, NF, the Raman spectrum is dominated by the
two peaks located at around at 349 cm™" (E} g) and 414 cm™!
(A1) which are in line with previous reports [44, 45]. Similar
with XRD patterns, the Raman spectrum of MoS,/WS, NF has
changed a little compared to that of pure WS, NF and MoS,
NF materials. As can be seen, there are low-density peaks
located at around 403 and 414 cm™" which could be assigned
to out-of-plane vibration of S atoms (A; 5) in Mo—S and W—S
bonding, respectively. For others, the peaks of WS, and MoS,
are not clearly observed. It indicated that the heterostructure of
MoS,/WS, NF could be formed [46].

The morphologies of the prepared MoS,/WS, NF, WS,
NF, and MoS, NF materials are completely studied by FE-
SEM images. As can be seen from Figures 2(c) and 2(d), the
morphology of MoS,/WS, NF is highly similar with that of
MoS, NF material Figure 2(e), and they are dramatically
different from that of WS, NF materials Figure 2(f), which
are significantly bigger and more compact. The FE-SEM images
indicate that the WS, layers are well rearranged into structure of
MoS, layers. The synergistic effect of high uniformity of MoS,/
WS, NF with small diameter (about 200500 nm) could be the
reason for the improvement of HER performance.

Figure 3 shows the TEM data of the synthesized MoS,/
WS, NF materials. Meanwhile, the TEM data of WS, NF and
MoS, NF were provided in Figures S1 and S2, respectively. It
is clear that the morphology of MoS,/WS, NF elements is
highly different from the morphologies of WS, NF and MoS,
NF which are smaller and more porous. It could be interpreted
that the different layers of WS, NF and MoS, NF could be
mixed and disordered to form MoS,/WS, NF. The d-spacing
of catalysts is also calculated. The d-spacing of MoS,/WS, NF
is well similar to that of WS, NF and MoS, NF with 0.21 nm
(006), 0.27 nm (110), and 0.64 nm (002). The SEAD images of
MoS,/WS, NF, WS, NF, and MoS, NF are also studied to
confirm the lattice finger of the materials. The hazy-spotted
SEAD pattern in Figure 3(c) indicates that the heterostructure
of MoS, NF and WS, NF was formed. As can be seen from
Figure S1(c), the bright spotted SEAD indicated the highly
crystalline nature of WS, NF. Besides that, the hazy and broad
diffraction ring of MoS, NF shows the low crystal quality of
catalyst in Figure S2(c). The TEM-XDS data of MoS,/WS, NF
show the existence of Mo, W, and S elements while there are
only W—S or Mo—S in WS, NF or MoS, NF. Besides that, the
energy-dispersive spectroscopy (EDS) elemental mapping images
of the sample, as shown in Figures 3(e), 3(f), 3(g), and 3(h),
show the uniform distribution of Mo, W, and S elements. The
TEM data include the successfully synthesized MoS,/WS, NF,
WS, NF, and MoS, NF materials.

The XPS measurements are also conducted to confirm
the structure as well as the binding states of synthesized
MoS,/WS, NF, WS, NF, and MoS, NF materials. Figure 4(a)
exhibits the wide XPS spectra of the prepared catalysts. It can
be seen that there are Mo, W, and S elements that appeared
in the XPS spectrum of MoS,/WS, NF. There are only Mo
and S or W and S elements that appeared in the spectrum of
MoS; NF or the spectrum of WS, NF, respectively. The XPS
data also confirmed the successful synthesis of MoS,/WS,
NF, WS, NF, and MoS, NF materials. To investigate the
binding energy as well as the bonding structure of catalysts,
the high-resolution XPS could be conducted. Figures 4(b),
4(c), 4(d), and 4(e) present the high-resolution fitted peaks of
W 4f and Mo 3d in MoS,/WS, NF, WS, NF, and MoS, NF,
respectively. As can be seen from Figures 4(b) and 4(d), the
W 4f peaks of MoS,/WS, NF and WS, NF could be decon-
voluted into four main peaks. The two peaks are located
around 32.2 and 34.3eV which could be assigned to the
peaks of W—S bonding of W 4f;,, and W 4f;,, respectively.
The two remaining peaks of WO; could be caused by the
oxidation materials [47]. In Figures 4(c) and 4(e), the XPS
spectrum of Mo 3d in MoS,/WS, NF and MoS, NF could be
fitted into four main peaks. There are two peaks of MoS,
located at around 228.9 and 232 eV and two peaks of MoOj3
caused by the oxidation materials [48]. Interestingly, the
peaks of nitrogen were observed in the synthesized catalysts.
The in situ doped nitrogen in the prepared materials could be
benefited for the catalytic properties of the catalysts [49, 50].
Figures S3, S4, and S5 present the high-resolution fitted peaks
of S 2p and N 1s in MoS,/WS, NF, WS, NF, and MoS, NF,
respectively. The XPS peaks of S 2p in the synthesized materials
is highly similarly, and they could be deconvoluted into S 2ps,,
S 2py», and edge S located at around 161.8, 163.1, and 164.2 eV,
respectively [51, 52].

The electronic modulation and the thermodynamic of the
synthesized catalysts were completely investigated by ultravi-
olet photoemission spectroscopy (UPS) using Hel emission as
light source (hv=21.2eV). The work function (WF) is the
difference between the vacuum level and the Fermi level. The
WEF of the synthesized materials is a crucial parameter to
evaluate the electrocatalytic activities of the materials because
the WF could be calculated which could reveal the energy
required to remove an electron from the surface of a catalysts.
The WF of catalysts were extracted from the UPS spectra via
the relationship between the incident photon energy (hv) and
the secondary edge position (Esg), as described in the follow-
ing equation [53, 54]:

WF:h‘V—ESE:21.2— ESE' (18)

The UPS spectra and Egg of the synthesized MoS,/WS,
NF, WS, NF, and MoS, NF were provided as Figures S6, S7,
and S8, respectively. As shown and calculated in Figure 5(a),
the WF of MoS,/WS, NF, WS, NF, and MoS, NF were
determined to be 3.1, 4.8, and 3.5 eV, respectively. As a result,
the significant decrease in the WF of MoS,/WS, NF could be
attributed to the synergistic effect of MoS, and WS, elements
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Ficure 3: TEM data of MoS,/WS, NF materials. (a) TEM images of MoS,/WS, NF, (b) interlayer d-spacing of MoS,/WS, NF, (c) SEAD
image of MoS,/WS, NF, (d) TEM-EDS of MoS,/WS, NF, and (e-h) TEM mapping element contribution of MoS,/WS, NF.

which is in line with the heterostructure between blue phos-
phorene and MoS, [55]. The results indicate that the hetero-
structures of MoS,/WS, NF could be an effective approach in
the modulation of the energy level. The decreased energy
level could decrease the energy barrier for electron transfer

which lead to the reducing of overpotential in HER process
by enhancing the charge transfer between the layer and elec-
trolyte [56, 57]. The HER performance could be evaluated by
various factors including actives sites, conductivity, hydro-
gen binding energy, or stability of materials. Among them,

95U017 SUOWLLIOD BAIIE81D) 8|cedl|dde sy Aq pausenob afe seoile YO ‘88N Jo 9| 10} Akeiq1 81U /8|1 UO (SUONIPUOD-PUE-SLLLIS) 0D A8 | 1M Alelg 1 jpuljuo//:SdNy) SUOTPUOD pue SWws 18U 88S *[20z/80/cT] uo Arigitauliuo Ajim ‘Aseaiun Buy-Bunyd Ag zy9z6Te 7202/SSTT 0T/I0p/woo A3 |1 Arelqpul|uoy/sdiy Wwouy pepeojumod ‘T ‘%20z ‘B



ijer, 2024, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1155/2024/3192642 by Chung-Ang University, Wiley Online Library on [13/08/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

S
L
(¥} [
- Z 1%
z
s O
w -1
S ~
=
5 ]
< <t
S EE%)
= = S
1= &)
S 1 =
— ~ m
12 5
ISy
g o0 —
o £
o i o
5 Q£
= | M
=
o 48
(=3 (o]
[}
\O
- N
N
= g
) - g
= N =
= [o\} -
o (syrun "qre) Aysuayuy =1
§ — 3
S w = o
ST O m W 2
= &' 1 3
M <)
N -
w
=
o
edy M - o 1%
= z

400

¢dg oy

PE O

Binding energy (eV)
)

200
W 4f;),

dzs-

32

(syun “qure) Aysuayuy (syun “qre) Asuarug

International Journal of Energy Research



International Journal of Energy Research

W 4f: WS, NF

Intensity (arb. units)

Binding energy (eV)

(d)

Mo 3d: MoS, NF

Intensity (arb. units)

224 226 228 230 232 234 236 238
Binding energy (eV)

(e)

FIGURE 4: (a) XPS spectra of MoS,/WS, NF, WS, NF, and MoS, NF materials and high-resolution HR XPS spectra of (b) W elements and (c)
Mo elements in MoS,/WS, NF and (d) W elements in WS, NF and (e) Mo elements in MoS, NF.

the enhancement of electron transfer is a good way to improve
the catalytic activities of materials which is illustrated in
Figure 5(b). The decrease of WF from UPS data confirms
that the catalytic activities of MoS,/WS, NF could be improved
compared with that of WS, NF and MoS, NF which will be
revealed in the next section.

The pore size and pore volume of the catalyst also have
an important influence on the HER performance. The larger
pore size and pore volume of the catalyst could be facilitated
for electrochemical hydrogen evolution process, in which the
hydrogen gases could be formed and released from cathode
electrode faster and more efficiently. The pore size and pore
volume of the MoS,/WS, NF, WS, NF, and MoS, NF mate-
rials were calculated by using the N, adsorption—desorption
measurements. Figure 6(a) shows the pore size of the pre-
pared materials; most of the pore sizes are distributed between
10 and 40 nm, indicating that the catalysts have a mesoporous
structure. The large pore size of catalyst leads to the large total
pore volume of the materials which could benefit for catalyst
process. From the Table 2, the pore size of MoS,/WS, NF
(38.8 A) is quite larger than that of WS, NF (25.295A) and
MoS, NF (33.507 A) materials that means the proton (H")
could be easily attached to the surface electrode for reduced
reaction and the formed gas (H,) could be easily escape from
surface electrode. The N, adsorption—desorption isotherms
curves of MoS,/WS, NF, WS, NF, and MoS, NF samples
are shown in Figure 6(b). It can be seen that in the relatively
high-pressure range of 0.85-1.0, the samples have a strong
adsorption—desorption capacity, and all materials are iso-
therm type IV with H; hysteresis loops according to BDDT
classification, which means all the samples show mesoporous
properties and pore structure. In addition, the physical adsorp-
tion and desorption performance parameters of the samples
are shown in Table 2. It presents that the pore volume of
MoS,/WS, NF is 0.0054 cm” g " which is significantly increased
compared with that of WS, NF (0.002 cm’ g_l) and MoS, NF

(0.0035 cm® g_l). The pore volume of MoS,/WS, NF is higher
than that of the original WS, NF and MoS, NF which could be
attributed to the disorder between MoS, and WS, layers in com-
posite materials. The pore size and pore volume results indicated
that the catalytic activities of MoS,/WS, NF could be improved
compared with that of WS, NF and MoS, NF [58, 59].

To evaluate the catalytic activity of the synthesized cata-
lysts, the electrochemical performances of synthesized cata-
lysts were completely investigated by various measurements
to understand the performance improvements of MoS,/WS,
NF compared with that of WS, NF and MoS, NF. Figure 7
presents the electrocatalytic activities of the prepared mate-
rials. In Figure 7(a), the LSV curves of glassy carbon and Pt
were also conducted to compare with that of synthesized cata-
lysts. Overpotential is a very important descriptor to evaluate the
activity of the electrocatalysts. Usually, the overpotential value
corresponding to the current density of 10mA cm ™~ is used to
compare the activities among different catalysts. As can be seen,
there are significant changes of the prepared materials in the
overpotential at 10 mA cm™> which are 251, 295, and 282 mV
for MoS,/WS,, WS, NF, and MoS, NF, respectively. Tafel slope
is one of the most valuable parameters to evaluate the perfor-
mance of the catalysts toward HER process which is related to
the catalytic reaction mechanism in terms of electron-transfer
kinetics. A material with smaller Tafel slope means that it is a
better electrocatalyst because that leads to the faster electroca-
talytic reaction kinetics. In Figure 7(b), it is clear that the Tafel
slope of MoS,/WS, NF (61 mV dec™") is highly decreased com-
pared with that of WS, NF (89 mVdec™') and MoS, NF
(81 mV dec™). The EIS of the synthesized materials are also
measured to study the conductivity of catalysts. The equivalent
circuit in the inset is composed of constant phase elements and
charge—transfer resistances. As can be seen from Figure 7(c), the
diameter semicircle of MoS,/WS, NF is the smallest; it means
that the conductivity of MoS,/WS, NF is higher than that of
MoS, NF and WS, NF. The EIS data demonstrated that the
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FIGURE 5: (a) The calculated WF of synthesized catalysts and overpotential at 10 mA cm™* in HER measurements and (b) hydrogen evolution
reaction mechanism and energy level modulation of prepared catalyst materials. AE represents overpotential and Eg represents the Fermi

level.

electron conduction on the surface of the MoS,/WS, NF is
superior to that in the MoS, NF and WS, NF, which could be
caused by the synergistic effect between MoS, and WS, layers in
a heterostructure material. The double-layer capacitance (Cy;) of
the prepared catalysts was also calculated by CV measurements
at various scan rates. The CV curves of MoS,/WS, NF, WS, NF,
and MoS, NF at different scan rates were provided in Figures S9,

S10, and S11, respectively. Figure 7(d) indicates that the Cy of
MoS,/WS, NF (1.1 mFem ™) is almost twice that of WS, NF
(0.63 mF cm™) and MoS, NF (0.68 mF cm ™). After that, the
electrochemical surface area (ECSA) of the synthesized catalysts
were also calculated. The ECSA is a crucial factor to understand
the effect between the active catalytic sites of the material and its
activity, supporting catalysts comparison and benchmarking.
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FiGure 6: (a) The pore size distribution of the prepared catalysts and (b) nitrogen adsorption—desorption characterizations of MoS,/WS, NF,

WS, NF, and MoS, NF.

TasLE 2: Physical parameters of MoS,/WS, NF, WS, NF, and MoS, NF.

Samples Sger (m*g™") Pore volume (cm’g™") Average pore size (A)
MoS,/WS, NF 3.72 0.0054 38.800
WS, NF 1.74 0.002 25.295
MoS, NF 2.78 0.0035 33.507

The ECSA can be calculated from the following equation
[60, 61]:
Car _ Ca

ECSA =—% — 1
C, 0.04 (19)

where C; is the capacitance of the sample of an atomically
smooth planar surface of material per unit area under identi-
cal electrolyte conditions. Herein, the general specific capaci-
tance of C;=0.04mFcm ™ could be employed. The results
indicated that the ECSA of MoS,/WS, NF, WS, NF, and MoS,
NF are 27.5, 15.75, and 17, respectively.

When hydrolysis process takes place, the hydrogen gas is
freed from the surface of cathode electrode. The protons
(H") in the electrolyte could receive electrons from the elec-
trode under an applied voltage. The HER mechanism in
acidic media could be reacted as the following equations:

H" +e =H,; Volmerstep
H" +e +H, H,Heyrovsky step (20)
H,,+ H,;=H, Tafelstep

The yield of the released hydrogen gas is highly depen-
dent on the properties of the cathode electrode materials. If

the cathode electrode is made from highly active catalysts
with a larger specific area, the hydrogen gas will be more
easily formed and released leading to high yield product.
Figure 7(e) shows the specific surface area (Sprt) of MoS,/
WS, NF (3.72 m? g_l) which is higher than that of WS, NF
(1.74m>g™") and MoS, (2.78 NFm*g™"). The larger Sgpr
induces to the better HER performance of MoS,/WS, NF
compared with that of WS, NF and MoS, NF which have
been indicated by overpotential and Tafel slope value.

The stability of the electrocatalysts is another important
parameter to determine the properties of the materials. For
HER performance, the stability of MoS,/WS, NF was con-
tinuously tested by CV and CA measurements. The CV and
CA results were presented in Figures S12 and S13, respec-
tively. As can be seen, in both CV and CA curves, there is a
neglectable degradation for 1,000 cycles of CV test and 12 hr
of CA test. After stability tests, the LSV of M0S,/WS, NF was
also reconducted to investigate the degradation of the cata-
lyst. In Figure 7(f), the small change of LSV curves before
and after stability tests indicates the superior stability of the
catalysts toward HER application. All the data confirm that
the HER performance improvement of MoS,/WS, NF com-
pared with that of WS, NF and MoS, NF could be contributed
to the larger specific area, good conductivity, and synergistic
effect of the heterostructure materials. Therefore, MoS,/WS,
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Ficure 7: HER performance of the synthesized catalysts: (a) LSV curves of MoS,/WS, NF, WS, NF, and MoS, NF, (b) calculated Tafel slope of
the synthesized catalysts, (c) EIS curves of the prepared catalysts, (d) Calculated Cy of the prepared catalysts, (e) Sggr of the prepared
catalysts, and (f) LSV curves of MoS,/WS, NF before and after stability tests.

NF could be a great catalyst for electrochemical application
including HER process.

4. Conclusions

In summary, various nanoflower catalysts have been success-
tully prepared including MoS,/WS, NF, WS, NF, and MoS,
NF. Their structures, morphologies, and catalytic activities
were also completely investigated and confirmed. The results
indicate that MoS,/WS, NF exhibits great performance toward
HER application with low overpotential (251 mV at current
density of 10 mA cm™?) and small Tafel slope (61 mV dec™)
as well as the superior stability in acidic media. The catalytic
improvements of MoS,/WS, NF could be assigned to the high
uniformity of small nanoflower (200-500 nm) and large sur-
face area as well as the synergistic effect of MoS, and WS,
elements. The study has provided a facile process to prepare a
good catalytic material for high-efficient hydrogen products
as well as other electrocatalytic processes.
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