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HIGHLIGHTS

o 1 T-C04S3-WS,/CC is constructed by
in-situ growth and vulcanization
strategies.

« The catalyst displays a remarkable
OER/HER activity of
278 mV/75 mV@10 mA cm 2.

« The bifunctional catalyst only
requires 1.59 V cell voltage to reach

10 mA cm2 in overall water splitting.

« The synergy between Co,S3 and 1 T-
WS, contributes to improving water
splitting kinetics.

GRAPHICAL ABSTRACT

A highly effective 1T-Co4S3-WS, ultrathin nanosheet arrays on carbon cloth is successfully constructed by
a facile in-situ growth and vulcanization strategies. Electrochemical studies illustrated that the designed
bifunctional catalyst exhibited excellent OER/HER catalytic, long-term stability, as well as the simulated
two electrode system.
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ABSTRACT

Developing the earth-abundant transition metal-based bifunctional electrocatalysts for water splitting
and renewable energy devices has attracted much attention. Herein, we report a 1 T-WS; in ultrathin
nanosheet arrays grafted with Co4S; on conductive carbon cloth (CC) (1 T-Co4S3-WS;/CC) through a fea-
sible in-situ growth and vulcanization. The optimized 1 T-Co4S3-WS,/CC catalyst exhibits an impressive
electrocatalytic activity and remarkable stability with the oxygen/hydrogen evolution reaction (OER/
HER: 278/75 mV for 10 mA cm2). It also showed the small Tafel slope values of 61.7 and
58.4 mV dec!, respectively. Additionally, the 1 T-C04S5-WS,/CC~/*) achieved 1.59 V@10 mA cm~2 in
alkaline media superior to the most previously reported non-precious metal electrocatalysts. The out-
standing performance could be attributed to the synergy between heterostructures of Co4S; and 1 T-
WS, modifying the electronic structure to accelerate water splitting kinetics. Thus, this work presents
a rational design of scalable, high-efficiency, stable water splitting electrocatalysts based on WS,.
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1. Introduction

Developing efficient and sustainable clean energy technologies
has become an urgent concern for the scientific community [1-
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3]. Hydrogen production through electrochemical water splitting is
considered a viable approach to resolving the energy crisis and
environmental problems, which has aroused extensive attention
recently due to the high energy density and pollution-free feature
[4,5]. Unfortunately, the anodic oxygen evolution reaction (OER)
and cathodic hydrogen evolution reaction (HER) require large over-
potentials. Significantly, the OER catalysts demand high overpoten-
tials for overcoming the kinetically slow multi-electron transfer
process [6-9]. The high overpotential can be lowered by construct-
ing a unique structure-function relationship to elucidate more
active sites [10] and creating a positive synergy between various
compositions in the catalysts [11].

The precious-metal-based electrocatalysts, such as Ru-, Ir- and
Pt, and their oxides are recognized as the most suitable OER and
HER catalysts regardless of their scarcity and high cost, which pri-
marily hinders the widespread commercialization [12]. Therefore,
considerable efforts have been devoted to exploring earth-
abundant and stable non-noble-metal electrocatalysts, including
metal chalcogenides, carbides, and phosphides [11,13-15]. Fur-
thermore, bifunctionality permits an additional cost reduction
and better stability at a higher operating voltage range, thereby
extending the catalyst’s lifetime during the regeneration through
bias-switching. Recently, the transition metal chalcogenides
(TMCs) such as MoS; [16], CoS;, [17], NiS, [18], WS, [19] have been
widely investigated due to their abundancy, high electronic con-
ductivity, and good chemical stability [20,21].

Notably, the WS, is considered as promising HER electrocatalyst
owing to its multiple oxidation states, superior chemical stability,
and high melting point. The WS, is formed of multilayered
nanosheet arrays that produce polymorphism with distinctive
phases like 1 T (metallic), 2H, and 3R (semiconductor) [22,23].
Moreover, density functional theory (DFT) studies have shown that
the 1 T-WS, exhibits excellent HER performance in alkaline media,
thanks to the lower bandgap and high base surface active sites
[24]. Yet some properties of 1 T-WS, significantly hamper its fur-
ther application in electrocatalysis [25], including (1) The lower
density and reactivity of active sites. (2) The limited corrosion sta-
bility in an acid medium. (3) The poor thermodynamic stability and
scalability. Moreover, the electrocatalytic behavior of 1 T-WS; to
OER has not been investigated thoroughly. Specifically, combining
the 1 T-WS, with other sulfides showed better performance
through high conductivity and synergy between the components
[26]. Apart from the synergetic effect, designing the high specific
surface area porous catalysts to expose the active sites is critical
for improving water splitting performance [27]. Therefore, we
decide to develop an electrocatalyst with unique synergy between
the compounds that complement each other positively and a
structure-function relationship, which elucidates more active sites
[28].

Herein, we proposed a rational design of the ultrathin
nanosheet arrays structure of 1 T-Co04S3-WS,/CC for OER and
HER catalysis in alkaline environments. The achieved 1 T-C0,4S3-
WS,/CC shows good activity and remarkable durability against
OER and HER. The overpotential of OER at 10 mA cm2 is as
low as 278 mV, and the Tafel slope is 61.7 mV dec™!. For HER,
it has a Tafel slope of 58.4 mV dec™!, and an ultra-low overpo-
tential (75 mV@10 mA cm 2). Besides, the 1 T-C04S3-WS,/
CC-M) two-electrode system requires a cell voltage of 1.59 V to
reach 10 mA cm 2 and shows outstanding long-term durability
for at least 100 h with almost no degradation, illustrating an
excellent economic perspective for large-scale H, production.
The detailed characterizations revealed unusual activity results
from a strong coupling effect with heterogeneous structure
between Co4S; and 1 T-WS,, good electronic conductivity, and
accessible active sites.
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2. Experimental section
2.1. Materials and chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0, 99.5%, Aladdin,
500 g), ammonium metatungstate ((NH4)sHoW12040-xH,0, 99.5%,
Aladdin, 100 g), polymer F127 (MW = 12600, Aladdin, 1 kg), sulfur
powder (S, 99.5%, Xilong, 500 g), potassium hydroxide (KOH, 90%,
Macklin, 500 g), ethanol (C;HsOH, 99.7%, Xilong, 500 mL),
hydrochloric acid (HCl, 37%, Xilong, 500 mL), commercial Pt/C
(20 wt% Pt, Sinero, 1 g), carbon cloth (CC, W0S1009, 0.33 x 400
x 400 mm). RuO, powder was prepared by directly annealing
RuCl5-3H,0 (37%, Inno-chem, 25 g) at 400 °C in air. All chemical
reagents were used directly without further purification.

2.2. Synthesis of Co4Ws02;(0H),-4H,0 on CC (CoWO/CC)

Typically, the CC (2 x 3 cm) was successively cleaned by 0.5 M
HCl, deionized water, and ethanol in an ultrasonication unit for
15 min. A mixture of 1.5 mmol CoCl,-6H,0, 0.1 mmol (NH4)sH>-
W1,040-XH,0 and 200 mg polymer F127 were dissolved in deion-
ized water (20 mL), which was continuously stirred for 30 min to
form a homogeneous solution, then transferred into a Teflon-
lined stainless steel autoclave (50 mL) with a pre-treated CC in it.
The autoclave was heated at 200 °C for 6 h and then cooled down
to room temperature. The obtained product (named as CoWO/CC)
was taken out and rinsed with deionized water and dried under
vacuum at 60 °C.

2.3. Synthesis of 1 T-C04S3-WS, on CC (1 T-Co4S3-WS,/CC)

The obtained CoWO/CC and 0.5 g sulfur powders were put at
the center and upstream side of the tube furnace, respectively.
The furnace was heated up to 400, 500, and 600 °C at a ramping
rate of 5 °C min~! and annealed for 2 h under N, atmosphere. After
naturally cooling to room temperature, the obtained samples were
marked as 1 T-Co4S3-WS,/CC-400, —500, and —600, separately. The
loading of 1 T-Co4S3-WS, on CC is approximately 3.3 mg cm 2. Fur-
thermore, we prepared two groups of 1 T-Co4S3-WS,/CC-500 cata-
lysts, calcined with different mass ratios of S powder (2:1 and 1:2),
and compared the electrocatalytic performance. The Co4S;/CC and
WS,/CC were synthesized according to the methods reported in the
previous literature [25,29,30].

2.4. Material characterizations

Morphologies and microstructures of samples were character-
ized by scanning electron microscopy (SEM, FEI Quanta 200) and
transmission electron microscopy (TEM, JEM-2100F). The crystal-
lography of the catalyst was investigated by X-ray powder diffrac-
tion (XRD, Rigaku D/Max 2500 V/PC) with Cu Ko radiation. The
elements and chemical valence of catalysts were detected by X-
ray photoelectron spectroscopy (XPS, JPS-9010TR, Japan).
Brunauer-Emmett-Teller (BET) surface area and pore size distribu-
tion of materials were analyzed by a Quantachrome instrument
(3H-2000PS4). Raman spectra of catalysts were conducted at a
Raman instrument (Renishaw inVia) with a 514 nm excitation
laser. The thickness of the sample was analyzed by Atomic Force
Microscopy (AFM) on a Bruker (Dimension ICON) scanning probe
microscope. The actual metal loadings in the samples were mea-
sured by inductively coupled plasma atomic emission spectrome-
try (ICP-AES, IRIS Intrepid II XSP).
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2.5. Electrochemical measurements

All electrochemical tests were performed on a Biologic VMP3
electrochemical workstation with a standard three-electrode sys-
temina 1.0 M KOH (pH = 13.5) electrolyte. The catalysts electrode
(1 x 1 cm?), graphite plate, and standard calomel electrodes (SCE)
were applied as the working, counter, and reference electrodes,
respectively. Cyclic voltammetry (CV) tests at a scan rate of
10 mV s~! were used to stabilize the catalysts’ performance. The
electrochemical double-layer capacitance (Cqy) of the electrocata-
lysts were obtained by CV at different scan rates, and the equation
calculated the Cy: Cq1 = (ja-jc)/(2 x v). Where j,, j., and v correspond
to the current density of anode and cathode and the scan rate,
respectively. The Cq was used to estimate the electrochemical
active surface area (ECSA). Linear sweep voltammetry (LSV) was
conducted on a scan rate of 1 mV s~'. Electrochemical impedance
spectroscopy (EIS) measurements were carried out near the onset
potential with the frequency range from 200 kHz to 10 MHz. All
potentials (vs. SCE) were calibrated by the equation: Egyg = Escg +
0.242 + 0.059 x pH (Fig. S1). The overall water splitting test was
implemented in a two-electrode system with the voltage range
of 0-2.0 V (vs. SCE) at a scan rate of 5 mV s~' in 1.0 M KOH elec-
trolyte, and all reported curves were corrected against iR
compensation.

3. Results and discussion
3.1. Synthesis and structural analysis

The synthesis procedure of 1 T-Co4S3-WS,/CC was schemati-
cally illustrated in Fig. 1a. The interlinked nanowires grown on
CC were initially prepared by a facile hydrothermal reaction at
200 °C for 6 h, and the corresponding crystal structure was deter-
mined as cubic Co4Wg0,1(OH),-4H,0 (JCPDS: 47-0142) by X-ray
powder diffraction (XRD) (Fig. S2a) [31]. Afterward, the as-
prepared CoWO/CC was treated with 0.5 g sulfur powders at differ-
ent temperatures of 400, 500, and 600 °C for 2 h under N, flowing
to synthesize 1 T-C04S3-WS,/CC. As shown in Fig. 1b, after vulcan-
ization treatment, the crystal structure of the catalyst has changed,
the representative six diffraction peaks at 14.4°, 33.5°, 41.2°, 44.4°,
58.7°, and 60.5° are designated for the (003),(101),(015), (009),
(110), and (1010) lattice planes of hexagonal 1 T-WS, (JCPDS: 35-
0651) [25,32], respectively. Meanwhile, the other diffraction peaks
located at 30.0°, 50.0°, and 73.4° are identified as the planes (111),
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(220), and (400) of cubic Co,S3 phase (JCPDS: 30-0458) [33]. The
broad peak around 26° belongs to graphitic carbon’s (002) lattice
plane. Significantly, when the vulcanization temperature is
400 °C, the crystal structure of the catalyst is consistent with
CoWO (Figs. S2b-c), indicating that lower temperature cannot suc-
cessfully convert the material into sulfide. Moreover, the vulcan-
ized catalyst’s BET and ECSA at 600 °C were lower than those of
the vulcanization product at 500 °C. It suggests the collapsing of
porous morphology above 500 °C, thereby lowering electrocat-
alytic performance. As a result, the optimal performance was
achieved after vulcanization at 500 °C.

Raman spectroscopy further analyzes the catalysts’ crystal
form, phase state, and crystallinity changes during the process.
As displayed in Fig. 1c and Fig. S3, the characteristic Raman modes
at352.3 and 415.0 cm ™' are ascribed to the plane Ej; and A, vibra-
tion modes, demonstrating the formation of 2H phase WS, [20,34].
In addition, due to the small content of Co,4S3 in WS,, four relatively
immature Raman modes at 140, 175, 230, and 325 cm ™! in the low-
frequency region are attributed to J4, J», Ag, and J3 peaks, respectively,
clearly confirming the formation of 1 T phase WS, [24,34]. However,
The Raman peak intensity does not reflect the actual content of the
specific crystal phase. XPS is used to determine the 2H and 1 T
phases composition of WS, [35]. The XPS spectrum indicated that
the content of 1 T-WS, is much higher than that of 2H-WS,.

Since the preliminary analysis showed that 1 T-Co4S3-WS,/CC-
500 electrocatalyst is provided with better catalytic performance,
the Brunauer-Emmett-Teller (BET) gas adsorption test was carried
out on its surface properties. The N, adsorption-desorption iso-
therm curve of 1 T-C04S3-WS,/CC-500 illustrated the BET surface
area of 58.0 m? g~ ! and was confirmed as the typical type iii iso-
therm. Moreover, the 1 T-C04S3-WS,/CC-500 electrocatalyst exhi-
bits a particle size of 24.8 nm and a pore volume of 0.30 cm® g !
[36], which are significantly higher than 1 T-Co4S3-WS,/CC-(400,
600) (Fig. 1d and Fig. S4). The presence of mesopores structure
with a high BET surface area in the 1 T-C0,4S3-WS,/CC-500 can
enhance the electrolyte mobility toward the OER/HER active sites,
therefore reducing transfer resistance [37].

The morphology and microstructure of the 1 T-Co4S3-WS,/CC-
500 were characterized by scanning electron microscope (SEM)
and transmission electron microscope (TEM). Fig. S5a shows that
the surface of the cleaned CC was smooth. The precursor CoWO/
CC presents a cross-linked nanowires structure at high magnifica-
tion (Fig. 2a), which appears as a spherical structure consisting of
many nanowires under low-magnification SEM images (Figs. S5b-
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Fig. 1. (a) Schematic representation of the 1 T-Co4S3-WS2/CC-500 catalyst synthesis procedure. (b) XRD pattern, (c) Raman spectrum, and (d) N, adsorption-desorption

isotherm with BJH pore-size distribution curve of 1 T-C04S3-WS,/CC-500.
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¢), indicating a high level of porosity. Upon vulcanization, the 1 T-
C0,4S3-WS,/CC-500 catalyst morphology is transformed from nano-
wires to nanosheets (Fig. 2b). Notably, the morphology of 1 T-
C04S3-WS,/CC-400 is similar to CoWO/CC, consistent with the
XRD results (Figs. S2b-c). Furthermore, when changing the amount
of (NH4)sH;W12049-xH,0 (0.05 and 0.15 mmol), the morphology of
the catalyst does not change significantly (Fig. S6), showing the
minor impact of the precursor concentration towards the surface
morphology. Additionally, the TEM image of 1 T-Co4S3-WS,/CC-
500 (Fig. 2c) was obtained and once again confirmed the nanosheet
arrays structure. The high-resolution TEM (HRTEM) image dis-
played a series of lattice fringes of 0.157, 0.267, 0.324, 0.182 nm,
and 0.337 nm corresponding to the (110),(101), and (006) crystal
planes of 1 T-WS,, and (220) crystal plane of Co,4S3, and (002)
crystal plane of graphite carbon, respectively (Fig. 2d) [38]. As
shown in Fig. 2e-f, the nanosheet arrays consist of ultrasmall crys-
talline nanodomains (labeled regions 1 and 2) as the main compo-
nent. The selected area electron diffraction (SAED) pattern also
reaffirmed the existence of (101), (220), and (110) crystal planes
for 1 T-Co4S3-WS,/CC-500 and further revealed a polycrystalline
structure of the 1 T-Co4S3-WS,/CC-500 nanosheet arrays (Fig. 2g)
[39]. The energy dispersive X-ray (EDX) pattern (Fig. 2h) proved
the coexistence of Co, W, S, and C elements. Atomic force micro-
scopy (AFM) verified the morphology of 1 T-Co4S3-WS,/CC-500
nanosheet arrays and indicated that the thickness of nanosheet
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arrays was 2.2 nm (Fig. 2i-j). Moreover, the EDS elemental mapping
images showed the homogeneous distribution of C, Co, W, and S
elements within the 1 T-Co4S3-WS,/CC-500 nanosheet arrays
(Fig. 2k-n). The inductively coupled plasma atomic emission spec-
trometry (ICP-AES) test revealed that 1 T-C04S3-WS,/CC-500 cata-
lyst is composed of Co (5.73 wt%) and W (73.92 wt%) (Table S1).
The ICP results further support the XRD analysis to prove the suc-
cessful formation of 1 T-Co4S3-WS,/CC.

3.2. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurement is
performed to explore the valence state and composition of the
sample. The full survey spectrum further confirmed the existence
of Co, C, S, and W elements in 1 T-C04S3-WS,/CC (Fig. S7a). For
1 T-Co4S3-WS,/CC-500, the C 1 s spectrum can be deconvoluted
into three peaks at binding energies of 284.8, 286.0, and
289.1 eV, which are attributed to C — C, C — O, and C=0 bonds,
respectively (Figs. S7b-d) [40,41]. In Fig. 3a, the Co 2p XPS spec-
trum shows six peaks, analogously, two characteristic peaks at
779.3 and 794.3 eV are ascribed to Co>* in Co4S;, while two peaks
at 781.9 and 797.9 eV corresponding to the Co** 2p3j2 and 2pqa,
respectively, and the other two shakeup satellite peaks at 785.5
and 802.3 eV [33,42]. Meanwhile, the XPS peak belonging to Co>*
in Co4S3/CC illustrates a positive shift (0.8 eV) compared to 1 T-

WS, (110),

Co,S, (220) g
WS; (1 UN

g 21/nm

Fig. 2. SEM images of (a) CoWO/CC and (b) 1 T-C04S3-WS,/CC-500. (¢) TEM image, (d) high-resolution TEM image, and (e-f) FFT diffraction patterns for the marked regions 1
and 2 in a panel of 1 T-Co,4S3-WS,. (g) SAED pattern, (h) EDX spectrum, (i-j) AFM image and the corresponding height profiles, and (k-n) EDS elemental mapping images of 1 T-

C04S3-WS,/CC-500 nanosheet arrays.
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C04S3-WS;/CC, revealing that more electrons can be transferred
from Co to W in the catalyst [43,44]. In addition, in the XPS spec-
trum of W 4f (Fig. 3b), the main binding energy peaks at 32.0 eV
(W* 4f;,) and 34.2 eV (W*" 4fs,) corresponding to the 1 T-
phase, whereas two peaks at 32.7 and 34.8 eV are assigned to
the 2H-phase of WS, as stated in the previous research report
[35,45]. The other two peaks are ascribed to W — O bonds, the exis-
tence of W — O is inevitable due to the surface oxidation of WS,
[20,34]. Compared with the 2H-phase, the peak intensity of the
1 T-phase is much stronger, which indicates that the 1 T-phase
dominated ultrathin nanosheet arrays structure of 1 T-C0,4Ss3-
WS, /CC. Interestingly, careful study of the W 4f XPS shows that
the binding energies for W 4f7), in 1 T-WS,/CC exhibit a negative
shift (0.5 eV) compared with 1 T-Co,4S3-WS,/CC. The above results
indicate the presence of partial electron transfer from Co to W in
1 T-C04S3-WS;/CC, which results from the strong electronic cou-
pling effect among Co and W [44]. And the oxygen XPS profile
(Fig. S8) was deconvoluted into three peaks at 529.9, 531.1, and
533.3 eV, which can be indexed to metal-oxygen (M — O),
carbon-oxygen (C — 0O), and adsorbed OH groups (0,.) [5,46],
respectively. Meanwhile, as presented in Fig. 3¢, the S 2p region
is deconvoluted into four peaks at 162.5 eV (S 2ps;;) and
163.6 eV (S 2psj2), which correspond to metal-S [30,47]. Overall,
as expected, the XPS analysis further determined that the 1 T-
C04S3-WS; was successfully prepared, which is well-aligned with
the XRD and TEM results.

3.3. Electrocatalytic OER analysis

The OER performance of 1 T-C04S3-WS,/CC was measured by a
standard three-electrode system in 1.0 M KOH. The 1 T-C04S3-WS,/
CC-500 catalyst only needs 278, 328, and 366 mV to drive 10, 50,
and 100 mA cm™2, respectively (Fig. 4a-b), the 1 T-C0,4S3-WS,/
CC-500 catalyst possesses the highest electrocatalytic OER activity
as compared to its counterpart. In Fig. 4c, the corresponding Tafel
slope of 1 T-C0,4S3-WS,/CC-500 (61.7 mV dec™!) is smaller than
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those of CoWO (725 mV dec!'), 1 T-C04S5-WS,/CC-400
(69.3 mV dec™ '), and 1 T-C04S3-WS,/CC-600 (67.4 mV dec™'), even
comparable to Ru0,/CC (61.1 mV dec™!), indicating the 1 T-C04Ss-
WS, /CC-500 catalyst exhibit enhanced kinetics for OER [48]. It is
worth noting that the 1 T-C04S3-WS;/CC-500 catalyst shows com-
parable and even better OER activity than some advanced catalysts
reported so far (Fig. 4d and Table S2). Also, we studied the effect of
different amounts of (NH4)sH,W1,040-XH,0 (0.05 and 0.15 mmol)
toward the OER catalytic performance of 1 T-C04S3-WS,/CC
(Fig. S9). Herein, the OER performance of 1 T-C04S3-WS,/CC-500
was investigated in acidic (0.5 M H,SO4) and neutral solution
(1.0 M PBS); they both showed inferior performances (Figs. S10-
11). To explore the possible reason for the high activity of the
1 T-C04S3-WS,/CC-500 catalyst, we first investigate the electro-
chemical active surface area (ECSA) of the catalysts based on the
double-layer capacitance (Cg). The Cq4 of different catalysts is
obtained from the CV curves at multiple scan rates in non-
Faradaic regions (Figs. S12-13). Meanwhile, the Cqy value of 1 T-
C0453-WS,/CC-500 is 214.8 mF cm 2 (Fig. 4e), which is much larger
than all control catalysts (Table 1). Besides, the ECSA has been cal-
culated by the equation (1):

ECSA = Cy4/C; (1)

The catalyst’s electrochemical active surface area (ECSA) is
directly proportional to the number of active sites. The Cs is usually
in the range of 20-60 pF cm 2 to calculate the ECSA value in 1.0 M
KOH solution, and the average value of C; (40 puF cm~2) used in this
work [49,50]. The results show that the 1 T-Co4S3-WS,/CC-500 cat-
alyst retains the maximum ECSA of 3580 cm? higher than those of
CoWO (1168 cm?), 1 T-C04S3-WS,/CC-400 (2438 cm?), and 1 T-
C0453-WS,/CC-600 (3058 cm?) (Fig. 4f). The largest ECSA value pro-
vides more catalytic active sites for OER. Furthermore, the superior
catalytic performance of 1 T-Co4S3-WS,/CC-500 catalyst also bene-
fits from the abundant reaction sites and ultrathin nanosheet
arrays structure with high specific surface area. To understand
the intrinsic activity of each active site, the LSV curves using

a b
1T-Co,S,-WS,/CC Co2p 1T-Co,S,-WS,/CC
35 3
A s
2 2
5 ‘a
c c
[ ' Q
£ g €
= | cos,CC ‘ = | 1TWws,cc

C
W 4f 1T-Co,S,WS,/CC s2p
1T-WS,/CC
3
s
2
\ ®
A c
o £
A =

Co,s,/CC

810

800 790 780 40 38

Binding energy (eV)

36

Binding energy (eV)

34

166

164 162

Binding energy (eV)

Fig. 3. The high resolution XPS spectra of (a) Co 2p, (b) W 4f, and (c) S 2p of 1 T-C04S3-WS;/CC, Co,4S; /CC, and 1 T- WS;/CC.
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Fig. 4. Electrocatalytic OER performance in 1.0 M KOH. (a) LSV curves. (b) Comparison of overpotentials at 10, 50, and 100 mA cm~2 for 1 T-C04S3-WS,/CC-500 and other
samples. (c) Tafel slopes. (d) Overpotentials at 10 mA cm~2 and Tafel slopes of some previously reported catalysts. (e) Double-layer capacitance (Cq;) plots. (f) Comparison of
the ECSA of CoOWO/CC, 1 T-Co4S3-WS,/CC-(400, 500, and 600). (g) ECSA-normalized LSV curves. (h) Potential-dependent TOF curves (insert: the summarized TOF of 1 T-C04Ss-
WS,/CC-500 at applied overpotentials of 280, 300, and 320 mV). (i) Chronopotentiometry curve of 1 T-C04S3-WS,/CC-500 (insert: LSV curves initial and after 1000 CV cycles).

ECSA-normalized current density (jecsa) demonstrate the 1 T-
C04S3-WS,/CC-500 has the highest intrinsic catalytic activity
among all electrocatalysts (Fig. 4g). The turnover frequency (TOF)
was calculated by ICP and was used to evaluate further the inher-
ent activity of electrocatalysts Eq. (2):

JxA

TOF =

2)

where j is the current density, A is the electrode area with moles of
catalyst, F is the Faraday constant (96485C mol~!), and n is the
number of active sites of all metals present in the electrode [51].
As shown in Fig. 4h, the TOF value of 1 T-Co4S3-WS,/CC-500
increased more rapidly compared to 1 T-Co4S3-WS,/CC-400 and
1 T-Co,4S3-WS,/CC-600 when the applied potential increases. The
TOF values of the 1 T-Co4S3-WS,/CC-500 catalyst are 0.00167,
0.0032, and 0.00596 s~! at overpotentials of 280, 300, and
300 mV. The higher TOF value indicates excellent OER intrinsic elec-
trocatalytic activity.

Table 1

The summarized OER catalytic parameters of different catalysts in 1.0 M KOH solution.

Electrochemical impedance spectroscopy (EIS) measurement
was implemented to investigate the charge transfer process
between electrolyte and electrocatalyst. The Nyquist plots of the
catalysts (Fig. S14a) manifest that the charge transfer resistance
(Re) of 1 T-Co4S3-WS,/CC-500 is smaller than CoWO 1 T-C0,4S3-
WS,/CC-400, and —600, indicating the best conductivity and fast
interface Faradaic reaction process. In addition, around 8.5% poten-
tial loss was detected during the chronopotentiometry measure-
ment at 10 mA cm 2 for 100 h on 1 T-C04S35-WS,/CC-500
(Fig. 4i). Meanwhile, an accelerated CV cycling test was conducted
to investigate the catalytic robustness showing a negligible shift of
polarization curves after cycling 1000 CVs (insert of Fig. 4i). The
catalyst after the OER test was also subjected to XRD characteriza-
tion. The result shows that the surface is composed of CoOOH and
WO(0,)-H,0 (Figure S21b). Further insights into the morphology of
1 T-C04S3-WS,/CC-500 after the OER stability test confirmed that
the nanosheet arrays structure gradually collapses and agglomer-
ates (Fig. S15a), and the change in the crystalline phase and the

Catalysts 10 (MV) Tafel slope (mV dec™') Cqi (MF cm™2) R (Q)
CoWO0/CC 355 72.5 70.1 11.0
1 T-C04S3-WS,/CC-400 330 69.3 146.3 4.7
1 T-C04S3-WS,/CC-500 278 61.7 214.8 1.2
1 T-C04S3-WS,/CC-600 285 67.4 183.5 1.7
Ru0,/CC 213 61.1 261.2 0.6
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morphology of the catalyst together to cause performance
degradation.

3.4. Electrocatalytic HER analysis

Besides the exceptional OER activity, the distinguished HER per-
formance was also achieved on the heterostructured 1 T-Co04Ss-
WS,/CC-500 nanosheet arrays. As shown in Fig. 5a-b, the 1 T-
C04S3-WS,/CC-500 catalyst displayed a relatively low overpoten-
tial of 75, 144, and 184 mV to yield 10, 50, and 100 mA cm™2, sur-
passing the control catalysts. The electrocatalytic kinetics and
mechanism were investigated by the Tafel slopes obtained by fit-
ting the linear regions of Tafel plots. Obviously, the Tafel slope of
1 T-C04S3-WS,/CC-500 (58.4 mV dec™!) was much lower than
those of CoWO (102.6 mV dec™!), 1 T-Co,S5-WS,/CC-400
(98.9 mV dec™!), 1 T-C0,4S3-WS,/CC-600 (79.2 mV dec™!), and Pt/
C/CC (65.5 mV dec™ ') (Fig. 5¢). A small Tafel slope demonstrates
rapid HER reaction kinetics on 1 T-C0,4S3-WS,/CC-500 and follows
the Volmer-Heyrovsky mechanism. Meanwhile, the rate limit step
is the electrochemical desorption of hydrogen [52,53]. Further-
more, the exchange current density (jo) was calculated by extrap-
olating the Tafel slope, which is another key parameter reflecting
the intrinsic activity of HER. As shown in Fig. 5d, the 1 T-C0,4S3-
WS,/CC-500 exhibited higher value of 1.496 mA cm~2 compared
with CoWO (0.0123 mA cm™2), 1 T-Co4S3-WS,/CC-400
(0.150 mA cm™2) and 1 T-Co,4S3-WS,/CC-600 (0.402 mA cm™2),
the immense j, value of 1 T-C04S3-WS,/CC-500 represents the elec-
trodes’ faster electrochemical reaction rate at equilibrium. Mean-
while, the #10 and corresponding Tafel slope for 1 T-Co4S3-WS,/
CC-500 is lower than most of the HER electrocatalysts reported
previously (Fig. 5e and Table S3). As shown in Fig. S14b, by order
of HER performance, 1 T-Co04S3-WS,/CC-500 delivers the lowest
R (4.5 Q) among all control samples (Table 2), proving the rapid
charge transfer at the interface of a heterostructure of 1 T-C0,4Ss-
WS, and electrolyte, which is related to the better conductivity.
In addition, we also discussed the effect of the amount of (NH,4)s-
HyW12040-xH,0 (0.05 and 0.15 mmol) on the HER performance of
1 T-C0,4S3-WS,/CC-500 (Fig. S16). At the same time, the HER activ-
ity of 1 T-Co4S3-WS,/CC-500 was also tested in acidic (0.5 M

(e
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H,S04) and neutral solution (1.0 M PBS), the 1 T-Co4S3-WS,/CC-
500 showed poor performance and was inferior to the alkaline con-
dition (Figs. S10-11). The results showed that both catalysts’ OER/
HER performances were not as good as 1 T-Co4S3-WS,, indicating
the synergy between Co,S; and WS, (Fig. S17). Furthermore, we
optimized the performance of the 1 T-C04S3-WS,/CC-500 catalyst
by changing the ratio of S powders (2:1, 1:1, and 1:2) used for sul-
fidation. The results showed that the catalyst exhibited the best
OER and HER performance when the ratio of 1 T-Co4S3-WS,/CC-
500/S was 1:1 (Fig. S18).

For the stability, there is no apparent attenuation of the current
densities of 10 and 100 mA cm™2 over 70 h, demonstrating remark-
able long-term stability for 1 T-C04S3-WS,/CC-500 (Fig. 5f). Mean-
time, the polarization curve shows an insignificant change after
1000 cycles CV in the potential range of 0 to —0.4 V (inset of
Fig. 5f), indicating a potential for practical application. Interest-
ingly, the nanosheet arrays structure after the HER stability test
is well maintained, which could be one of the reasons for the excel-
lent performance of HER (Fig. S15b). Besides, the XPS after the HER
stability test is also unchanged (Figs. S19-20). On the other hand,
the XPS full spectra after OER showed significant alterations. Nota-
bly, the ratio of Co>*/Co?" increased, and the W®" peak was fully
converted into W* after the OER stability test indicating the
importance of Co®" for the OER performance. The disappearance
of the W®* improves the conductivity of the catalyst. The XRD char-
acterization of the catalyst after the HER test showed that the crys-
tal structure was transformed into Co(OH), and WS;, which proved
that the transformation of Co,4S; to Co(OH), after the HER test was
beneficial to the HER process. The result of the XRD analysis
showed that it was consistent with XPS (Fig. S21a).

3.5. Overall water splitting analysis

Based on the above analysis, 1 T-C04S3-WS,/CC-500 is a promi-
nent candidate for efficient electrocatalytic water splitting.
Inspired by OER and HER performance, a two-electrode configura-
tion electrolyzer (1 T-Co4S3-WS,/CC=/?)) was employed as an
active catalyst (Fig. 6a). As plotted in Fig. 6b, the polarization curve
shows that the 1 T-Co,S5-WS,/CC-/") electrolyzer delivers the
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Fig. 5. Electrocatalytic HER performance in 1.0 M KOH. (a) LSV curves. (b) Comparison of overpotentials at 10, 50, and 100 mA cm 2 for 1 T-C04S3-WS,/CC-500 and other
samples. (c) Tafel slopes. (d) Exchange current density. (e) Comparison of the overpotentials at 10 mA cm~2 and Tafel plots of 1 T-Co4S3-WS,/CC-500 with recently reported
catalysts. (f) Chronopotentiometry test at 10 and 100 mA cm 2 (insert: LSV curves initial and after 1000 CV cycles).
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Table 2

The summarized HER catalytic parameters of different catalysts in 1.0 M KOH solution.
Catalysts 10 (MV) Tafel slope (mV dec™') jo (MA cm™2) Rt (Q)
CoWO/CC 297 102.6 0.0123 194
1 T-Co4S3-WS,/CC-400 152 98.9 0.150 18.4
1 T-Co4S3-WS,/CC-500 75 58.4 1.496 4.5
1 T-C04S3-WS,/CC-600 112 79.2 0.402 8.9
Pt/C/CC 32 65.5 4914 0.7

lower cell voltage of 1.59 V at 10 mA cm 2. The alkaline elec-
trolyzer outperformed the Pt/C7[|RuOS” benchmark when the
current density was higher than 80 mA cm~2. More importantly,
it was evident from the long-term durability test that the 1 T-
C04S3-WS,/CC"" electrolyzer is stable for more than 100 h at
10 mA cm 2 without substantial potential decay (Fig. 6¢). It is com-
parable or even better than most reported electrocatalysts on the
overall water splitting process (Fig. 6d and Table S4). The outstand-
ing stability indicates a potential to develop high-activity 1 T-
C04S3-WS,/CC catalysts for large-scale water splitting.

3.6. Catalytic mechanism analysis

As discussed above, the exceptional OER and HER electrocat-
alytic activity and durability, superior overall water splitting per-
formance in the 1 T-C04S3-WS,/CC-500 catalyst can be attributed
to the following aspects. (1) The nanosheet arrays catalyst has a
large specific surface area and a mesoporous structure that acceler-
ates the charge transfer and faster gas released during the reaction.
(2) an immense ECSA value means more active sites that promote
higher electrocatalytic OER, HER, and overall water splitting per-
formance [54]. (3) Previous studies have shown that introducing

a suitable second component in the mixed catalyst can optimize
the adsorption energy of the active sites. During the OER/HER pro-
cess, a part of the Co,S3 and 1 T-WS, component surface was pri-
marily oxidized to be Co/W oxide/hydroxide, which creates the
contact between Co4S; and 1 T-WS; components [55,56]. (4) In situ
interface engineering design 1 T-Co4S3-WS,/CC can generate a
metal-sulfur bond, which increases the effective reaction sites of
the active surface [57]. The strong metal-sulfur bond interaction
increases the local electron state of the W atom, thus reducing
the energy of proton to hydrogen, and improving the intrinsic
activity of the catalyst, thereby synergistically enhancing the cat-
alytic activity of the OER/HER process.

4. Conclusions

In summary, we developed a practical and straightforward
approach to fabricate an ultrathin nanosheet arrays 1 T-C0,4Ss3-
WS, catalyst. Notably, the nanosheet arrays structure in situ grown
on the conductive CC could offer an efficient charge transfer chan-
nel and the fast release of bubbles during the OER/HER processes.
The optimized 1 T-Co4S3-WS,/CC catalyst promoted reaction kinet-
ics and exhibited excellent OER and HER activities in alkaline solu-
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Fig. 6. (a) Schematic description of overall water splitting in the two-electrode system. (b) Polarization curves by the two-electrode design in 1.0 M KOH electrolyte
(experimental phenomenon during catalyst stability test). (c) The chronoamperometric curve of 1 T-C04S5-WS,/CC(~/*) with the current density of 10 mA cm~2 in the two-
electrode system. (d) Comparison of the voltages at 10 mA cm~2 with previously reported catalysts in 1.0 M KOH.
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tion with low overpotentials of 278 and 75 mV at 10 mA cm 2. Fur-
thermore, the 1 T-Co,4S5-WS,/CC/*) cell only requires the cell volt-
age of 1.59 V to achieve 10 mA cm 2 with outstanding stability for
100 h. Overall, the synthetic strategy developed in this work could
be extended to the design and synthesis of various low-cost, high-
efficient WS,-based electrocatalysts for water splitting. The pro-
cess is scalable due to the simple synthesis, quantitative yield,
and cheap reagents. It will stimulate a series of heterogeneous
interfaces studies for electrochemical applications in future
projects.
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