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a b s t r a c t

The hydrogen evolution reaction (HER), an appealing solution for future energy supply, requires efficient
and inexpensive electrocatalysts with abundant active surface sites. Although crystalline MoS2 and WS2

are promising candidates, their activity is dominated by edge sites. Amorphous tungsten sulfide prepared
so far lacks the required active sites and its application has thus been hampered. In this work, nickel and
cobalt incorporated amorphous tungsten sulfide synthesized by a thermolytic process is demonstrated
eywords:
ickel
obalt
morphous tungsten sulfide
ydrogen evolution

to enhance the HER efficiency dramatically. The amorphous nickel tungsten sulfide (amorphous NiWS)
annealed at 210 ◦C delivers the best HER performance in this system boasting a Tafel slope of 55 mV
per decade and current density of 8.6 mA cm−2 at 250 mV overpotential in a sustained test for 24 h. The
introduction of Ni or Co into the catalyst and subsequent thermal treatment alters the porous structure
and chemical bonding states thereby increasing the density of active sites on the surface.

© 2015 Elsevier B.V. All rights reserved.
. Introduction

Hydrogen produced by electrolysis or solar-driven water split-
ing offers an environmentally acceptable and technologically
romising approach to fulfill future energy demand [1–3]. Platinum
roup metals are the most electroactive catalysts but their rareness
imits the applicability. Recently, transition-metal dichalcogenides

X2 (M = Mo, W; X = S, Se) have drawn much attention as effi-
ient and low-cost catalysts [4–8]. MX2 is a bio-inspired catalyst
9] and has been used in the hydrotreating (HDT) process [10].
ontaining Fe, Ni, Mo, S in the active sites, hydrogenases and nitro-
enases exhibit excellent HER activity [11]. Many HDT catalysts
uch as molybdenum carbide [12,13], molybdenum nitride [13],

ungsten carbide [14], tungsten carbonitride [15], and nickel phos-
hide [16] are good HER candidates [10]. These electrocatalysts
lso have potentials as photocatalysis and photoelectrocatalysis

∗ Corresponding author at: Key Laboratory of Modern Acoustics, MOE, Insti-
ute of Acoustics and Collaborative Innovation Center of Advanced Microstructures,
ational Laboratory of Solid State Microstructures, Nanjing University, Nanjing
10093, PR China. Tel.: +86 025 83686303; fax: +86 025 83595535.

E-mail address: hkxlwu@nju.edu.cn (X. Wu).
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169-4332/© 2015 Elsevier B.V. All rights reserved.
[17–21]. 2H-MX2 is a general phase and the edge sites in lieu of
the inert (0 0 0 1) basal planes have been identified experimen-
tally and theoretically to be catalytically active. This indicates the
importance of uncoordinated centers [9,22].

In order to achieve better performance, much effort has recently
been made to produce various MX2-based catalysts by taking
advantage of the edge sites on nanosheets [23,24], double-gyroid
networks [25], and molecular mimicking systems [26]. Particu-
larly, crystalline WS2 nanoribbons [27], WS2 nanosheets produced
by ball-milling method [28], and WS2 nanoflakes prepared by
sonochemistry [29] or solution-phase method [30] expose dense
edge sites. It has been shown that the WS2/Au hybrid [31] and
WS2/graphene hybrid produced by hydrothermal reaction [32]
or electrodeposition [33] can facilitate charge transport. WS2
nanosheets prepared by lithium intercalation [34] or microwave-
assisted reaction [35] display impressing HER efficiency due to
the existence of strained metallic 1T-WS2. Crystalline catalyst is
usually more stable and it is relatively easy to elucidate the cat-
alytic mechanism compared to that of amorphous materials [8,22].

However, amorphous materials have a high concentration of unsat-
urated sites and can yield high activity with the proper structure
[36,37]. Recently, amorphous molybdenum sulfide (MoSx) has been
shown to be an effective HER catalyst by electro-deposition [38],
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et chemistry [39], heat treatment [40], and other techniques
41,42]. Similar fabrication procedures have been employed to pro-
uce crystalline [33,43] or amorphous tungsten sulfide (WSx) [44],
ut the amorphous products show poor HER performance [44,45].

Considering the nickel center in hydrogenase [11] and exten-
ive use of Ni and Co as promotional elements for 2H-MS2 (M = Mo,

) in hydrodesulfurization (HDS) [5,10,46,47], we fabricate amor-
hous nickel and cobalt tungsten sulfides by a simple thermolysis
rocess at low temperature in this work and the amorphous struc-
ure is demonstrated to be highly active for HER. The Ni2+ or Co2+

ations can interact with tetrathiomolybdate or tetrathiotungstate
nions (MS4

2−) to form complexes like [M’(MS4)2]n− or M′MS4
M′ = Ni, Co; M = Mo, W; n = 2, 3) which exhibit strong M′ → MS4
lectron delocalization [48–52]. Hence, Ni/Co incorporation and
hermal treatment can be implemented together to optimize the
morphous structure. Our results reveal that although the undoped
atalyst shows slow HER kinetics, the modified catalyst film with
porous morphology and larger density of active surface sites

xhibits enhanced catalytic activity. By adopting the optimal syn-
hesis conditions, the HER performance is comparable to that of
rystalline WS2 and metal pyrite families [53].

. Experimental

.1. Materials

Unless otherwise stated, the reagents were purchased from
inopharm Chemical Reagent Co., Ltd. and used without further
urification.

.2. Electrode pretreatment

The fluorine-doped tin oxide electrode (FTO-coated glass, Nip-
on Sheet Glass, 14 �/sq) was cleaned in a bath containing

sopropanol and then thoroughly rinsed with acetone, deionized
ater, and ethanol prior to use. The glassy carbon (GC, Tianjin Aida-
engsheng Technology Co., 2 cm × 1 cm) substrate was polished
ith 1.0 �m alpha alumina and 0.05 �m gamma alumina powders

CH Instrument) suspended in de-ionized water on a Microcloth
olishing pad (CH Instruments). The GC electrode was treated in
n ultrasonic bath of deionized water and ethanol for 15 min.

.3. Sample preparation

The catalyst films were synthesized by thermolysis in a CVD
urnace under nitrogen atmosphere at different temperatures. In

typical procedure to prepare the amorphous nickel tungsten
ulfide, 0.345 mmol (120.0 mg) of ammonium tetrathiotungstate
(NH4)2WS4, Alfa Aesar] and 0.115 mmol (27.3 mg) nickel(II) chlo-
ide hexahydrate (NiCl2·6H2O) were dissolved in 3 mL of water
o form a dark red solution, followed by ultrasonic treatment for
everal minutes. 600 �L of the stock solution was dropped onto
10 mm × 20 mm FTO sample, desiccated, and kept in a vacuum

ryer at room temperature immediately. Afterwards, the FTO sub-
trate was put in a quartz tube, heated to 210 ◦C in 20 min, and
ept at this temperature for 30 min in a nitrogen atmosphere at
flow rate of 100 standard-state cubic centimeter per minute

sccm). Finally, the FTO substrate was coated by epoxy resin and
5 mm × 5 mm square area was exposed for electrochemical mea-

urements to precisely accurately control the area of the catalyst
lm. Nickel(II) chloride hexahydrate was replaced by cobalt(II)
hloride hexahydrate (CoCl2·6H2O) to synthesize cobalt tungsten

ulfide, and no Nickel(II) or cobalt(II) chloride hexahydrate was
sed in the preparation of the unpromoted tungsten sulfide. In
he comparative experiments, nickel(II) acetate tetrahydrate and
obalt(II) acetate tetrahydrate served as the Ni2+ and Co2+ sources,
ience 341 (2015) 149–156

and hydrochloric acid was added to ammonium tetrathiotungstate
at a molar ratio of 2:3 as the precursor of the unpromoted tung-
sten sulfide. Similar catalyst films were also deposited on the GC
substrates for our electrochemical testing.

2.4. Characterization

The samples were characterized by field-emission scanning
electron microscopy (FE-SEM, Hitachi S4800), high-resolution
transmission electron microscopy (HR-TEM, JEOL-2100), X-ray
powder diffraction (XRD, Philips, Xpert), and X-ray photoelec-
tron spectroscopy (XPS, PHI5000 VersaProbe). Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
were performed on a STA-449C (Netzsch Instruments) thermo-
microbalance under nitrogen. The nitrogen adsorption and
desorption isotherms were acquired at 77 K on a TriStar 3000
(Micromeritics Instrument Co.) adsorption analyzer and the spe-
cific surface areas were determined from nitrogen adsorption
according to the Brunauer–Emmett–Teller (BET) method.

2.5. Electrochemical measurements

The electrochemical measurements were carried out using a
three-electrode system on the CHI 660D workstation (CH Instru-
ment) at ambient temperature in a 0.5 M H2SO4 solution. The
catalyst films deposited on FTO-coated glass were used as the
working electrode, whereas the Ag/AgCl (in 3.5 M KCl solution)
electrode and platinum mesh served as the reference and counter
electrodes, respectively. All of the potentials reported were cal-
ibrated to the reversible hydrogen electrode (RHE) using the
following equation: E(RHE) = E(Ag/AgCl) + 0.059 V × pH + 0.205 V.
Polarization curves and Tafel analysis acquired from the catalyst
films in 0.5 M H2SO4 at a scanning rate of 2 mV s−1. Electrochemi-
cal impedance spectroscopy (EIS) measurements were performed
using the same configuration at −0.10 V vs. RHE from 105 to
0.1 Hz with an AC voltage of 5 mV. The impedance experiments
were conducted to determine the series resistance and subsequent
correct the Tafel analysis for iR losses. In the galvanostatic polar-
ization experiment, the headspace of the cathodic compartment
was purged with high purity nitrogen for 2 h with vigorous stirring
before the measurement. The evolved hydrogen was quantified by
a GC-8A (Shimadzu Co., Ar carrier gas) gas chromatograph.

3. Results and discussion

MS4
2− anions have been extensively investigated from the

perspective of bioinorganic and complex chemistry [48,54]. Mean-
while thermolysis of the ammonium salts ((NH4)2MS4) is widely
employed to fabricate 2H-MS2 as HDS catalysts [52,55]. The cat-
alysts reported here are produced on FTO by simple thermal
decomposition using ammonium tetrathiotungstate ((NH4)2WS4),
nickel(II) chloride, and cobalt(II) chloride as precursors. Some cata-
lysts are deposited on glassy carbon (GC) substrates for comparison.
By heating (NH4)2WS4, amorphous WSx is produced between 170
and 310 ◦C. When the temperature is above 350 ◦C, (NH4)2WS4
begins to decompose into crystalline 2H-WS2 (Fig. S1).

The undoped tungsten sulfide annealed at 210 ◦C displays a
branched texture with a typical dimension of several micrometers
(Fig. S2a–c). In contrast, as shown in Fig. 1a and b, the nickel doped
film exhibits a uniform nanoporous morphology with characteris-
tic dimensions of 50–300 nm with a thickness of about 18 �m (Fig.
S3). The cobalt tungsten sulfide is also porous but has more cracks

(Fig. S2d–f). The absence of lattice fringes in the HR-TEM images
and typical diffraction pattern in SAED reveal that the catalyst films
produced at 210 ◦C are amorphous (Fig. 1c and d; Fig. S4a–f). The
elemental mapping shown in Fig. 1e indicates that Ni, W, and S
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Fig. 1. (a and b) FE-SEM images of the nickel tungsten sulfide film prepared by thermolysis at 210 ◦C on FTO with the inset in (b) depicting the magnified local image, (c)
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igh-resolution TEM image, (d) SAED pattern of a nickel tungsten sulfide nanopartic
he  homogeneous distribution of Ni, W,  and S (scale bar = 100 nm).

re homogeneously distributed (Fig. S5). The amorphous nature
s further confirmed by the broad XRD peaks (Fig. S6) [55]. When
he annealing temperature reaches 400 ◦C, the morphology of cat-
lysts changes slightly. Both samples show polycrystalline 2H-WS2
RD patterns. No crystalline nickel sulfide side-phase like Ni3S2 is
bserved from nickel tungsten sulfide, indicating that the catalyst
rocessed at 400 ◦C is a single NiWS phase, corroborated by TEM
nd SAED (Figs. S2g–l, S4g–l and S6).

To investigate the electrocatalytic activity of the samples, lin-
ar sweep voltammetry is performed in 0.5 M H2SO4 at 2 mV s−1.
ig. 2a shows the polarization curves of the a-WSx prepared at
10 ◦C with different Ni concentrations. The HER efficiency reaches

 maximum when the Ni to W ratio is 1:3. The non-baseline
urrent cannot be observed from the a-WSx before a 300 mV  over-
otential, but the optimal NiWS structure with optimal loading
hows an onset potential of ∼100 mV  and a current density of
4.1 mA  cm−2 at −0.30 V vs. RHE (Fig. S7). Fig. 2b illustrates the

nfluence of the annealing temperature on the HER performance of
iWS (Ni:W = 1:3). According to the above analysis, NiWS is amor-
hous at below 300 ◦C and polycrystalline over 350 ◦C. The HER
ctivity shows an ‘N’ shape relationship with annealing tempera-
ure. The amorphous NiWS (a-NiWS) processed at 210 ◦C exhibits

he highest activity and a minimal efficiency is observed at 240 ◦C.
n contrast, poor HER efficiency is observed from the undoped cata-
ysts produced in the same temperature range, as shown in Fig. S8.
his unusual temperature dependence of the HER activity observed
ibiting amorphous structure, and (e) elemental maps of the nanoparticle revealing

from  NiWS is quite different from that of MoS2 nanosheets [56] and
amorphous MoSx [40].

After replacing Ni2+ with Co2+, the catalyst film again unambigu-
ously shows enhanced activity at an onset potential of ∼120 mV
(Fig. S9). Consistent with the best amorphous NiWS structure,
the Co to W ratio is 1:3 and the catalyst is treated at 210 ◦C. To
achieve a current density of 10 mA cm−2, overpotentials of 604,
330, and 265 mV  are required for the amorphous WSx, CoWS, and
NiWS films, respectively. A drastic decrease of 339 mV  is observed
from NiWS compared to a-WSx. Herein, the effect of Ni is much
more pronounced than previously reported Ni-promoted MoS2
microspheres [57], Co-doped 2H-MS2 [5], and Fe/Co/Ni-promoted
amorphous MoS3 [49]. This activity enhancement is further con-
firmed by using nickel(II) acetate and cobalt(II) acetate as the Ni2+

and Co2+ sources (Fig. S10). After correcting for the ohmic potential
drop (iR) loss, rather small overpotentials of 189 and 250 mV are
needed to deliver a current density of 10 mA  cm−2 for the Ni and
Co doped catalysts, respectively (Figs. S9 and S11).

With regard to the amorphous NiWS annealed below 180 ◦C and
CoWS annealed at 210 ◦C, a reduction peak emerges prior to hydro-
gen evolution in the first polarization scan and disappears from
the second scan (Fig. S12). The reduction peak of NiWS becomes

smaller as the annealing temperature increases from 160 to 180 ◦C
and completely vanishes from the film annealed at 210 ◦C. The
reduction process is also observed from electro-polymerized amor-
phous MoSx [38] and crystalline Cu2MoS4 [53]. In the XPS spectra
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Fig. 2. Polarization curves acquired from the catalyst films on FTO in 0.5 M H2SO4

at a scanning rate of 2 mV s−1. (a) Unpromoted and nickel promoted catalyst films
annealed at 210 ◦C (Ni to W ratio varying from 1:10 to 1:2). The corresponding curve
of a Pt foil is shown for comparison. (b) Nickel tungsten sulfide films annealed at
different temperature. Curves of 160 and 180 ◦C are from the second polarization
scans which show a reduction process in the first scan. The inset in (b) depicts the
corresponding current density at −0.30 V vs. RHE as a function of temperature. The
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Fig. 3. (a) Tafel plots of unpromoted, nickel and cobalt promoted amorphous tung-
sten sulfide films (WS, NiWS, and CoWS). (b) Galvanostatic polarization curve (black
line) showing the potential required to reach a 4 mA cm−2 current for the amorphous
NiWS film on FTO. Corresponding theoretically derived hydrogen evolution (green
dashed line) assuming a 100% Faraday yield with the H2 production measured by
gas chromatography (red square dots) as a function of time. (For interpretation of

precious HER catalysts, its electrocatalytic property is still inferior
to that of Pt. Pt(1 1 1) exhibits a Tafel slope of 29 mV dec−1,
rror bars are based on several measurements on multiple samples.

Fig. S13), distinct reduction of S2
2− to S2− is observed from the

rst polarization scan acquired from the NiWS annealed at 180 ◦C
nd CoWS at 210 ◦C. This also reflects the reduction process [38].

The Tafel plots in Fig. 3a provide insights into the mechanism
10]. After iR correction, the linear segments are fitted to the Tafel
quation (� = a + blog

∣
∣j
∣
∣) to obtain the exchange current den-

ity (j0) and Tafel slope (b) [59]. Exchange current densities of
.86, 3.2, and 3.5 �A cm−2 are obtained from the undoped as well
s cobalt and nickel incorporated catalyst films, respectively. The
Sx exhibits a large Tafel slope of 129 mV per decade, indicating

hat the discharge process is slow and rate-determining (see Tafel
nalysis in Supporting Information) [12]. A Tafel slope of 55 mV
er decade observed from the amorphous NiWS film reveals the
olmer–Heyrovsky mechanism and the rate limiting step is the
lectrochemical desorption reaction [13]. Hence, it is likely that Ni
educes the free energy barrier in the discharge reaction to at least
hat of the following desorption reaction resulting in the obvious
ecrease in the Tafel slope [6]. Besides, a more complex HER mech-
nism is suggested for amorphous CoWS with a higher Tafel slope
f 74 mV per decade. This Tafel slope cannot be simply ascribed to a
urely activation controlled dynamic process [58]. The Ni/Co doped

atalysts with enhanced HER kinetics have enormous potential in
ater-splitting devices [60].
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Galvanostatic polarization is performed to determine the sta-
bility of the amorphous NiWS (Fig. 3b) [61]. An overpotential of
188 mV is required to reach a current density of 4 mA cm−2 with
slight degradation during the 5 h span. The amount of evolved
hydrogen determined by gas chromatography demonstrates unity
Faradaic efficiency. The durability is further confirmed by constant-
voltage electrolysis at 250 mV overpotential showing a current
density of 8.6 mA cm−2 for 24 h (Fig. S14a). The fluctuation in the
cathodic current may originate from damage in the catalyst film
caused by the hydrogen bubbles (Fig. S15) [62]. Moreover, our dura-
bility test of 24 h reveals robustness of the catalyst materials left in
air for a month (Fig. S14b).

In catalysis, the turnover frequency (TOF) of each active site
is commonly employed to evaluate the intrinsic activity [11].
Assuming that all the surface sites are catalytically active, we can
estimate the TOF values (see Figs. S16 and S17 and TOF calcula-
tion in Supporting Information) [16]. The calculated TOFs of the
H2 molecules are 0.34 and 0.12 s−1 at 300 mV overpotential for
amorphous NiWS and CoWS. These values are close to those of
other efficient molybdenum sulfide catalysts [39] but smaller than
those of the accurately accounted MoS2 edge sites [22] or molecu-
lar mimic catalyst [63]. As the active sites may occupy only a small
fraction of the surface, the actual TOF may be even larger [39].

Although the amorphous NiWS is comparable to other non-
exchange current density of 450 �A cm−2, and TOF of 0.9 s−1 [22].
The performance gap is probably due to the intrinsically low
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ig. 4. XPS spectra obtained from amorphous nickel tungsten sulfide (NiWS) and
epresents the experimental data and the cyan line is the fitted curve (Fig. S19).

lectrical conductivity of the amorphous films and poor synergis-
ic effects between the catalyst and substrate [64]. This is similar
o the case of amorphous molybdenum sulfide. The activity of the

oSx/NCNT (N-doped carbon nanotube) hybrid is superior to that
f the electro-deposited MoSx film [38,64], but surprisingly, the
oSx/PPy (polypyrrole) copolymer displays even much higher effi-

iency comparable to that of commercial Pt/C catalysts [62]. Hence,
ore work is needed to elucidate the HER mechanism and improve

he activity [65]. In addition, we have evaluated the performance
f the catalyst films on the GC electrode (Fig. S18). Remarkable
ncrease in the exchange current density is observed as demon-
trated by values of 17.4 and 13.4 �A cm−2 observed from the
morphous NiWS and CoWS, respectively. Here, we would like to
ention that better performance can be expected by coupling with

onductive electrode like graphene [59].
To obtain more knowledge about the chemical nature of the

atalysts, XPS is performed to determine the atomic composition
nd bonding states. As shown in Fig. 4, the Ni 2p spectrum of the
iWS film annealed at 210 ◦C shows two peaks corresponding to

he Ni 2p1/2 and 2p3/2 (see the XPS results of amorphous CoWS in
upporting Information, Figs. S20 and S21) [66]. The Ni 2p3/2 peak
t 853.54 eV is attributed to the Ni 2p in NiWS phase as it differs
rom the typical Ni 2p3/2 signal from Ni3S2 at 853.0 eV [51,66]. The

4f spectra are fitted to several doublets including W4+ 4f5/2–7/2,
5+ 4f5/2–7/2, and W6+ 4f5/2–7/2 [44]. Signals of W4+ and W5+ species

re commonly observed from amorphous WSx and its derivatives
67], but the ratios of the contents are smaller in amorphous NiWS
han crystalline WSx. The W6+ peaks representing oxidation of W
re more obvious in NiWS, as the precursor becomes more unstable
fter WS4

2− interacts with Ni2+ [48,67]. In the S 2p spectrum, the
eaks at 162.47–162.75 and 161.37−161.65 eV correspond to the S
p1/2 and 2p3/2 of S2− ligand [38]. Previous studies have revealed
hat the S2

2− ligand may play an important role in the HER activity
f amorphous MoSx [40,62]. In NiWS, the intensity of the S 2p1/2
nd 2p3/2 peaks at 164.05−164.20 and 162.95−163.10 eV, which
ndicate the presence of bridging S2

2− and/or apical S2− [62], is
arger than that in WSx. By integrating the XPS data, the amorphous

iWS structure is derived to be Ni0.36WS2.78.

With regard to the amorphous NiWS after the HER studies, the
6+ signal increases slightly, while the S2

2− content decreases
lightly (Figs. S22 and S23). We have also acquired XPS spectra
hous tungsten sulfide (WS): (a) Ni 2p, (b) W 4f, and (c) S 2p. The black circle line

from the NiWS annealed at 180 and 240 ◦C (Figs. S24–S26). Notable
difference is from the W 4f and S 2p regions compared to the
NiWS annealed at 210 ◦C, especially the signal of S2

2− decreases
with increasing annealing temperature. For the NiWS annealed
at 400 ◦C, the Ni 2p spectrum is similar to that from the NiWS
annealed at 210 ◦C. However, in the W 4f and S 2p regions, both
the undoped and nickel incorporated catalysts show similar fea-
tures as 2H-WS2 (Figs. S28 and S29) [27,52]. XPS indicates that the
proper Ni:W:S ratio and concomitant binding structures formed at
210 ◦C are responsible for the excellent catalytic activity.

Similar to other effective HER catalysts like Pt, the edge sites on
2H-MS2 has a free energy of hydrogen adsorption (�GH) close to
zero, suggesting that the uncoordinated centers are crucial [22,54].
Theoretical and experimental studies have revealed that molybde-
num sulfide and tungsten sulfide with various coordination states
such as MoS2 edge, MoS4

2−, Mo3S4
4+, and Mo3S13

2− exhibit differ-
ent �GH and catalytic ability [68–71]. Ni and Co are widely applied
to MS2-derived HER or HDS catalysts because of the enhancement
effect rendered by the edge structures [5,46]. For 2H-WS2, �GH of
the S-edge decreases from 0.22 to 0.07 eV after cobalt incorporation
[5].

Amorphous materials offer more diversity and flexibility from
the perspective of composition and microstructure than the crys-
talline counterparts and it is possible to tailor the surface chemistry
of amorphous materials to improve the activity on the molecular
level [36,37]. In MS4

2−, Mo or W is tetrahedrally coordinated to
S with the Td symmetry and considerable �-bonding proportion
exists in the metal–sulfur (M–S) bonds, especially for WS4

2−. Owing
to the smaller electron density on the S atoms, the proton affinity of
WS4

2− is lower than that of MoS4
2− [48]. The MS4

2− ion with low-
lying unoccupied orbitals shows versatile coordination behavior
with Ni2+ or Co2+ forming complexes like [M′(MS4)2]n− or M′MS4
[49–52]. In these complexes, the strong 3d–� interactions in the lig-
and orbitals (i.e. M′ → MS4 electron delocalization) occur, accompa-
nied by reduction in the coordination symmetry and perturbation
of the electronic structure. The bonding states of the square planar
coordinated Ni in the complexes differ from those of tetrahedrally

coordinated Co [48]. Meanwhile, the structure of amorphous tung-
sten sulfide can be altered by thermal treatment. Different from
both WS4

2− and 2H-WS2, a chain-model with a W2S9 unit is pro-
posed to be the typical structure of WSx in which the W atoms may
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ave oxidation state IV or V and the W2 dimer is bridged to S2− and
2

2− [55]. Hence, Ni/Co introduction and heating treatment are uti-
ized together to optimize the amorphous structure in an attempt
o enhance the HER activity and as a result, the chemical structure
s altered significantly as disclosed by the XPS spectra.

To further elucidate the effects of Ni or Co incorporation, the
lectrochemically active surface area (Sechem) is assessed by capac-
tance measurements (Fig. 5) because Sechem is assumed to be
inearly proportional to the double layer capacitance (Cdl) [39,49].
he relative value (S∗

echem
) of Sechem can be obtained by normaliza-

ion of Cdl and the relative geometric surface area (S∗
geom) is derived

rom the BET data (Figs. S29–S32). It is generally supposed that
echem is directly proportional to the amount of active sites in HER
39]. After doping, S∗

echem
becomes larger compared to the relatively

mall increase in S∗
geom (Table 1). In addition, for amorphous NiWS,
he values of S∗
echem

at 180 and 240 ◦C are smaller than that at 210 ◦C,
ut still much larger than those of a-WSx. The relative surface den-
ity of the active sites (�eff) can be determined by dividing S∗

echem

able 1
ER performance and relative surface density of active sites (�eff) of the amorphous
Sx , CoWS, and NiWS films. b: Tafel slope, j0: exchange current density, S∗

geom and
∗
echem

referring to the relative geometric and electrochemical active surface areas,
espectively.

Material b (mV dec−1) jo (�A cm−1) S∗
geom S∗

echem
�eff

WSx 129 0.86 1 1 1
CoWS 74 3.2 1.89 234 124
NiWS 55 3.5 1.30 342 263
ience 341 (2015) 149–156

by S∗
geom Compared to WSx, the �eff values of amorphous NiWS and

CoWS are 263 and 124 times larger, respectively, indicating pro-
nounced increase in the active site density due to incorporation of
Ni or Co.

In contrast to the Co/Ni–S centers in the crystalline CoWSx and
NiWSx [43], it is more likely that the enhanced activity arises from
the structure of Ni–W–S or Co–W–S, as the performance of the cat-
alysts is not directly related to the Ni/Co concentration [49]. Dopant
atoms and thermal treatment greatly alter the electronic struc-
tures, especially the coordination states, and so �GH can be tuned
[5]. Under optimal conditions, the average �GH is expected to be
largely reduced and inert surface sites are galore activated based
on the previously theoretical analyses [5,49]. Therefore, the active
site density is increased, especially in amorphous NiWS annealed
at 210 ◦C. The discharge reaction barrier is reduced by reformative
bonding of the intermediates and closer proximity among active
sites [70]. Consequently, the electrochemical desorption reaction
becomes more rate determining and the HER dynamics is acceler-
ated [6,70]. Hence, the intrinsic activity in amorphous NiWS and
CoWS is significantly improved and comparable to that of other
MX2-based catalysts (Table S1).

4. Conclusion

In conclusion, amorphous nickel/cobalt tungsten sulfide is syn-
thesized by a thermolysis and the catalysts, especially amorphous
NiWS, deliver outstanding catalytic performance. Hence, utiliza-
tion of tungsten sulfide derived materials in HER catalysis is no
longer limited to the crystalline 2H or 1T phase. Ni/Co incorpo-
ration and thermal treatment alter the morphology and chemical
structure of the amorphous WSx and produce numerous surface
sites. By adopting the optimal conditions, the density of active sur-
face sites is significantly increased and the HER kinetics is largely
promoted compared to WSx. The results clearly indicate that amor-
phous NiWS and CoWS catalysts have immense potentials in water
splitting devices.
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Fig. S1. TG/DSC curves of three precursors. Thermal decomposition is performed at a 

heating rate of 10 oC min-1 in nitrogen. 

It is generally understood that thermal decomposition of (NH4)2WS4 takes place by 

the following reactions:S1 

(NH4)2WS4 → WS3 + H2S + 2NH3 

WS3 → WS2 + S 

Amorphous tungsten trisulfide is produced in an inert ambient at a temperature 

between 170 and 310 oC and the materials are stable between 310 and 350 oC.  The 

amorphous WS3 begins to decompose into crystalline 2H-WS2 and S above 350 

oC.S1,S2  It is noted that decomposition of NiCl2/(NH4)2WS4 occurs at a temperature as 

low as 110 oC and the amorphous phase begins to crystallize at 320 oC.S2 

 



 

4 

 

Fig. S2. FE-TEM images of the catalyst films prepared by thermolysis on FTO. (a, b, 

c) Tungsten sulfide film annealed at 210 oC. (d, e, f) Cobalt tungsten sulfide film 

annealed at 210 oC. (g, h, i) Tungsten sulfide film annealed at 400 oC. (j, k, l) Nickel 

tungsten sulfide film annealed at 400 oC. 



 

5 

 

Fig. S3. (a, b) Cross-sectional FE-SEM images of the amorphous nickel tungsten 

sulfide film deposited on FTO electrode.  The average film thickness is 18 m 

(varying from 15 to 20 m). 



 

6 

 

Fig. S4. Low magnification TEM images, high-resolution TEM images, and SAED 

patterns of nanoparticles deposited from the diluted catalyst suspension. (a, b, c) 

Tungsten sulfide annealed at 210 oC. (d, e, f) Cobalt tungsten sulfide annealed at 210 

oC. (g, h, i) Tungsten sulfide annealed at 400 oC. (j, k, l) Nickel tungsten sulfide 

annealed at 400 oC. HR-TEM images (b, e) and SAED patterns (c, f) revealing the 

amorphous structure of tungsten sulfide and cobalt tungsten sulfide annealed at 210 

oC. Typical polycrystalline structures revealed by the HR-TEM images (h, k) and 

SAED patterns acquired from the tungsten sulfide and nickel tungsten sulfide 

annealed at 400 oC.  No crystalline nickel sulfide side-phase like Ni3S2 is observed 

from nickel tungsten sulfide annealed at 400 oC from Fig. S4k, l, indicating that the 

catalyst is a single NiWS phase. 
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Fig. S5. Ni, W, and S elemental mapping images of three films deposited from the 

diluted catalyst suspension utilizing TEM: (a) NiWS film annealed at 180 oC (scale 

bar = 500 nm), (b) NiWS film annealed at 400 oC (scale bar = 500 nm), (c) CoWS 

annealed at 210 oC (scale bar = 250 nm).  The elemental mapping images indicate that 

Ni/Co, W, and S in the catalysts are homogeneously distributed. 
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Fig. S6. XRD patterns acquired from the unpromoted, nickel and cobalt promoted 

tungsten sulfide films (WS, NiWS, CoWS) processed at 210 and 400 oC on FTO-

coated glass. ( ) represents the peaks from (NH4)2WS4 which appear at 2  of about. 

17o and 23o corresponding to the [(120), (111)] and [(100), (101)] reflections (JCPDS 

card No. 48-1663). ( ) indicates the peaks from 2H-WS2. The broad diffuse features 

at 2  ca. 14o and 33o stem from the (002) and [(100), (101)] reflections of 2H-WS2 

(JCPDS card No. 08-0237), respectively.S1  Nickel/Cobalt clusters or phase 

segregation of the NiWS into Ni3S2 and WS2 is not observed as a result of the 

relatively small Ni or Co concentration and low processing temperature.S2,S3 
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Fig. S7. Polarization curves of amorphous nickel tungsten sulfide films annealed at 

210 oC for different precursor mass loadings in 0.5 M H2SO4 at a scanning rate of 2 

mV s-1. 
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Fig. S8. Polarization curves of the unpromoted tungsten sulfide on FTO electrode for 

different annealing temperature.  The potential scanning rate is 2 mV s-1.  The inset 

shows the corresponding current density at 0.65 V vs. RHE as a function of heating 

temperature, indicating poor catalytic activity of the unpromoted tungsten sulfide 

annealed below 400 oC.  The error bars are presented according to several 

measurements on multiple samples. 
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Fig. S9. Polarization curves of unpromoted, nickel and cobalt promoted amorphous 

tungsten sulfide films (WS, NiWS, and CoWS) on FTO electrode in 0.5 M H2SO4 at 2 

mV s-1 with and without correction for iR losses (Fig. S11).  The curve of the CoWS 

film is from the second polarization scan which shows a reduction process in the first 

scan. The curve of the Pt foil is shown for comparison. 
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Fig. S10. Polarization curves of the catalyst films produced from different precursors.  

They are put together to estimate the effects of hydrogen and chloride ions.  The curve 

acquired from pure FTO electrode is shown for comparison.  Compared to previous 

results, similar catalytic activity is observed with nickel(II) acetate (Ni(Ac)2) as the 

Ni2+ source, cobalt(II) acetate (Co(Ac)2) as the Co2+ source, and HCl added to 

(NH4)2WS4 as the precursor of the unpromoted tungsten sulfide.  The results indicate 

that hydrogen ions do not make a big difference and the activity does not depend on 

the original Ni2+ or Co2+ counter ions. 
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Fig. S11. Nyquist plots of the amorphous tungsten sulfide (WS), amorphous nickel 

tungsten sulfide (NiWS), and amorphous cobalt tungsten sulfide (CoWS) films on the 

FTO electrode at 0.10 V vs. RHE in 0.5 M H2SO4.  All of the series resistances are 

in the range of 6-10 2Ω cm  and the average values are 7.7 2Ω cm  for WSx, 7.9 2Ω cm  

for amorphous NiWS, and 8.0 2Ω cm  for amorphous CoWS.  The series resistance 

mainly comes from the catalyst film, FTO substrate, and electrolyte. 
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Fig. S12. First (dark line) and second (red dashed line) polarization curves of the 

freshly prepared catalyst films on FTO electrode in 0.5 M H2SO4 solution at a 

scanning rate of 2 mV s-1. Nickel tungsten sulfide film annealed at 160 (a), 180 (b), 

210 oC (c), and cobalt tungsten sulfide film annealed at 210 oC (d).  The polarization 

curves in (a), (b) and (d) suggest a reduction process prior to hydrogen evolution as 

indicated in Fig. S12.  This reduction peak is probably related to the interaction 

between Ni2+/Co2+ and WS4
2- as a result of incomplete thermolysis (Fig. S6).S4,S5 
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Fig. S13. S 2p XPS spectra of the Ni and Co tungsten sulfide films before (a, c, e) and 

after (b, d, f) the first polarization experiment. Nickel tungsten sulfide is annealed at 

180 (a, b) and 210 oC (c, d). Cobalt tungsten sulfide is annealed at 210 oC (e, f).  The 

S 2p data are extracted from Fig. 5 in the manuscript and Figs. S19-S24 in Supporting 

Information.  Similar reduction peak is also observed from amorphous molybdenum 

sulfide by electro-depositionS6 or acidification.S7  After the polarization testing, the S 

2p spectrum of the NiWS annealed at 210 oC changes slightly.  For the NiWS 
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annealed at 180 oC and CoWS annealed at 210 oC, the S2
2- features become weak, but 

do not disappear, indicating the reduction of portion S2
2- to S2-. 
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Fig. S14. (a) Long-term electrochemical stability test showing the variation of the 

current density measured from the amorphous nickel tungsten sulfide film on the FTO 

electrode at 0.25 V vs. RHE in 0.5 M H2SO4 with time.  The current density is 

around 8.6 mA cm-2 and is sustained for 24 h, revealing the excellent catalytic activity 

and robustness of the materials.  (b) Electrochemical activities of the freshly prepared 

amorphous nickel tungsten sulfide film (black line) on the FTO electrode in 0.5 M 

H2SO4 and the same catalyst left in air for a month (red dashed line). 
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Fig. S15. (a, b) FE-SEM images of the amorphous nickel tungsten sulfide film after 

conducting the electrochemical stability test for 24 h. 
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Fig. S16. Nitrogen adsorption-desorption isotherms of the amorphous tungsten sulfide 

(WS), amorphous nickel tungsten sulfide (NiWS), and amorphous cobalt tungsten 

sulfide (CoWS). The Brunauer-Emmett-Teller (BET) model is adopted to assess the 

surface area. The BET surface areas of the amorphous WSx, NiWS, and CoWS are 

6.31, 6.79, and 9.78 m2 g-1, respectively. 
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Fig. S17. Calculated lower limit turnover frequency versus overpotential of the 

amorphous nickel tungsten sulfide (NiWS, red line) and amorphous cobalt tungsten 

sulfide (CoWS, green line).  The obtained results are based on data of the linear 

polarization curves from the catalyst films on FTO electrodes.  The onset potential of 

amorphous WSx is ~300 mV according to previous experimental results. 
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Fig. S18. HER activities of amorphous WSx, CoWS, and NiWS films on GC 

electrodes.  (a) Polarization curves of the catalyst films in 0.5 M H2SO4 at a scanning 

rate of 2 mV s-1.  The curve from CoWS in (a) is the second polarization scan. It also 

exhibits a reduction process in the first scan, as shown in (b).  The HER performance 

of amorphous nickel tungsten sulfide on glassy carbon is quite impressive, as 

overpotentials of 260, 349, 658 mV are required to achieve a current density of 40 mA 

cm-2 for the amorphous WSx, CoWS, and NiWS films, respectively.  (c) 

Corresponding Tafel plots of the catalyst films after correction for iR losses.  (d) 

Nyquist plots of the catalyst films at 0.10 V vs. RHE.  Based on the Tafel plots in (c), 

the Tafel slopes and exchange current densities are obtained to be 142 mV dec-1 and 

3.6 A cm-2 for amorphous WSx, 74 mV dec-1 and 13.4 A cm-2 for amorphous 

CoWS, 56 mV dec-1 and 17.4 A cm-2 for amorphous NiWS. 
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Fig. S19. (a) XPS survey spectrum of amorphous nickel tungsten sulfide (NiWS) 

annealed at 210 oC.  The ratio of Ni: W: S is 0.36:1:2.78.  (b) XPS survey spectrum of 

the amorphous tungsten sulfide (WS) annealed at 210 oC.  The S to W ratio is 2.62:1. 
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Fig. S20. XPS spectra of the amorphous cobalt tungsten sulfide (CoWS) annealed at 

210 oC: (a) XPS survey spectrum, (b) Co 2p region, (c) W 4f region, and (d) S 2p 

region.  The Co:W:S ratio is 0.36:1:2.86.  In the Co 2p spectrum in (b), the two peaks 

correspond to Co 2p1/2 and 2p3/2 binding energies.  Similar to the NiWS annealed at 

210 oC, the bonding states of the amorphous CoWS are quite different from those of 

WSx in the W 4f and S 2p regions.  The present W6+ and S2- features are more obvious 

than those of WSx.  Moreover, the relative intensity ratio of S2
2- to S2- is even larger 

than that from the NiWS annealed at 210 oC. 
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Fig. S21. XPS spectra of the amorphous cobalt tungsten sulfide (CoWS) annealed at 

210 oC after the first polarization experiment: (a) XPS survey spectrum, (b) Co 2p 

region, (c) W 4f region, and (d) S 2p region.  After testing, the Co 2p and W 4f 

spectra display relatively small changes.  However, the S2- signal increases and S2
2- 

signal decreases obviously.  The S 2p XPS spectra indicate that portion S2
2- is reduced 

to S2- after the voltammetry measurement, comporting with the reduction peak in the 

polarization curve in Fig. S11(d). 
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Fig. S22. XPS spectra of the amorphous nickel tungsten sulfide (NiWS) annealed at 

210 oC after the first polarization experiment: (a) XPS survey spectrum, (b) Ni 2p 

region, (c) W 4f region, and (d) S 2p region.  In contrast to the XPS spectra of the 

amorphous NiWS annealed at 180 oC and CoWS at 210 oC, the XPS spectra in the Ni 

2p, W 4f, and S 2p regions of the amorphous NiWS annealed at 210 oC present little 

changes after the polarization scan.  This result reveals the stability of the Ni-

promoted catalyst annealed at 210 oC.  This is in accordance with the linear sweep 

voltammetry shown in Fig. S11(c). 
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Fig. S23. XPS spectra of the amorphous nickel tungsten sulfide (NiWS) annealed at 

210 oC after conducting the electrocatalytic reaction for 3 h: (a) XPS survey spectrum, 

(b) Ni 2p region, (c) W 4f region, and (d) S 2p region.  After the HER test, the peak 

positions of Ni 2p1/2 and 2p3/2 in (b) alter a little.  The W6+ signal in the W 4f region 

and S2
2- signal in S 2p region slightly increases and decreases, respectively.  In 

addition, the W5+/W4+ ratio becomes larger after the HER testing.  
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Fig. S24. XPS spectra of the amorphous nickel tungsten sulfide (NiWS) annealed at 

180 oC: (a) XPS survey spectrum, (b) Ni 2p region, (c) W 4f region, and (d) S 2p 

region.  As shown in (b), the two peaks correspond to the Ni 2p1/2 and 2p3/2 binding 

energies and their positions are close to those of the NiWS annealed at 210 oC.  

However, the W 4f spectra are different in the two samples.  The W5+ and W6+ signals 

are more obvious and the W4+ signal is relatively small in the NiWS annealed at 180 

oC.  In the S 2p region, the S2
2- peaks are stronger than that in the NiWS annealed at 

210 oC but they decrease after the polarization scan, as shown in Fig. S24. 



 

27 

1200 1000 800 600 400 200 0 880 875 870 865 860 855 850 845

44 42 40 38 36 34 32 30 28 172 170 168 166 164 162 160 158

W 4d5/2

W 4d3/2

C 1s

O 1s

W 4p3/2 W 4f
S 2s

S 2p

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

NiWS 180 °C (after)

O KLL
Ni 2p

a

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 Experimental data
 fitted curve
 Ni 2p1/2
 Ni 2p3/2

Ni 2pb

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 Experimental data
 fitted curve
 W 6+ 4f5/2

 W 6+ 4f7/2

 W 5+ 4f5/2

 W 5+ 4f7/2

 W 4+ 4f5/2

 W 4+ 4f7/2

W 4fc

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 Experimental data
 fitted curve
 S2

2- 2p1/2

 S2
2- 2p3/2

 S 2- 2p1/2

 S 2- 2p3/2

S 2pd

 

Fig. S25. XPS spectra of the amorphous nickel tungsten sulfide (NiWS) annealed at 

180 oC after the first polarization experiment: (a) XPS survey spectrum, (b) Ni 2p 

region, (c) W 4f region, and (d) S 2p region.  After the polarization scan, relatively 

small changes are observed in the Ni 2p and W 4f spectra.  However, the S2
2- and S2- 

signals decreases and increases, respectively.  This indicates the reduction of portion 

S2
2- to S2-.  The relative intensity of the S2

2- peak after the test is even lower than that 

in the amorphous NiWS annealed at 210 oC. 



 

28 

1200 1000 800 600 400 200 0 880 875 870 865 860 855 850 845

44 42 40 38 36 34 32 30 28 174 172 170 168 166 164 162 160 158

W 4d5/2

W 4d3/2

C 1sO 1s

W 4p3/2 W 4fS 2s
S 2p  

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

NiWS 240 °C

O KLL
Ni 2p

a

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 Experimental data
 fitted curve
 Ni 2p1/2
 Ni 2p3/2

Ni 2pb

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 Experimental data
 fitted curve
 W 6+ 4f5/2

 W 6+ 4f7/2

 W 5+ 4f5/2

 W 5+ 4f7/2

 W 4+ 4f5/2

 W 4+ 4f7/2

W 4fc

 

 

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

 Experimental data
 fitted curve
 S2

2- 2p1/2

 S2
2- 2p3/2

 S 2- 2p1/2

 S 2- 2p3/2

S 2pd

 

Fig. S26. XPS spectra of the amorphous nickel tungsten sulfide (NiWS) annealed at 

240 oC: (a) XPS survey spectrum, (b) Ni 2p region, (c) W 4f region, and (d) S 2p 

region.  The two peaks in the Ni 2p spectrum which correspond to the Ni 2p1/2 and 

2p3/2 binding energies indicate the incorporation of Ni element.  Compared to the 

amorphous NiWS annealed at 210 oC, the peak intensity ratios of W5+/W4+ in the W 

4f region and S2
2-/S2- in the S 2p region decrease.  The W6+ peaks in the W 4f 

spectrum are still more apparent than those from the unpromoted catalyst. 
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Fig. S27. XPS spectra of the nickel tungsten sulfide (NiWS) annealed at 400 oC: (a) 

XPS survey spectrum, (b) Ni 2p region, (c) W 4f region, and (d) S 2p region.  In the 

Ni 2p region, the two peaks correspond to the Ni 2p1/2 and 2p3/2 binding energies.  The 

peak position of Ni 2p3/2 is a little larger than that from the NiWS annealed at 210 oC.  

But in the W 4f and S 2p regions, the W5+ and S2
2- signals vanish and the W4+ and S2- 

peaks become the main features of the spectra.  Besides, the W6+ peaks representing 

oxidation of W still exist.  The XPS data coincide with the previous TGA, XRD, TEM, 

and SAED results. 
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Fig. S28. XPS spectra of the unpromoted tungsten sulfide (WS) annealed at 400 oC: 

(a) XPS survey spectrum, (b) W 4f region, and (c) S 2p region.  Similar to the case 

from the NiWS annealed at 400 oC, the W5+ and S2
2- signals disappear and the W4+ 

and S2- signals become the main features of the W 4f and S 2p spectra for the 

unpromoted tungsten sulfide annealed at 400 oC.  In addition, the W6+ peaks are 

smaller compared to those in the promoted catalyst.  This is similar to the case from 

the NiWS annealed at 210 oC.  The XPS results further confirm that the tungsten 

sulfide annealed at 400 oC is a crystalline 2H-WS2. 
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Fig. S29. (a) Cyclic voltammograms of the amorphous cobalt tungsten sulfide 

(CoWS) film annealed at 210 oC on FTO electrode acquired at different scanning rates 

(10-100 mV s-1) in 0.5 M H2SO4.  (b) Corresponding scanning rate dependence of the 

current density at 0.20 V vs. RHE.  The calculated double layer capacitance of 

amorphous CoWS is 4460 -2μF cm . 
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Fig. S30. (a) Cyclic voltammograms of the amorphous tungsten sulfide film annealed 

at 210 oC obtained at different scanning rates (10-100 mV s-1).  (b) Corresponding 

scanning rate dependence of the current density at 0.20 V vs. RHE.  The calculated 

capacitance of amorphous WSx is 19 -2μF cm . By normalizing the capacitance to the 

value of WSx, the relative geometric surface areas ( *
echemS ) are 1, 234, and 342 for 

amorphous WSx, CoWS, and NiWS, respectively. 
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Fig. S31. (a) Cyclic voltammograms of the amorphous NiWS annealed at 180 oC 

obtained at different scanning rates (10-100 mV s-1).  (b) Corresponding scanning rate 

dependence of the current density at 0.20 V vs. RHE.  Cdl of the amorphous NiWS 

annealed at 180 oC is 4715 -2μF cm  and *
echemS  is 248.  These values are in accord with 

the previous HER performance, indicating that the activity of the amorphous NiWS 

annealed at 180 oC is inferior to the amorphous NiWS annealed at 210 oC, but it is 

still much better than that of the amorphous WSx annealed at 210 oC. 
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Fig. S32. (a) Cyclic voltammograms of the amorphous NiWS annealed at 240 oC 

obtained at different scanning rates (10-100 mV s-1).  (b) Corresponding scanning rate 

dependence of the current density at 0.20 V vs. RHE.  Cdl of the amorphous NiWS 

annealed at 240 oC is 4220 -2μF cm  and *
echemS  is 222.  Similar to the case in the NiWS 

annealed at 180 oC, these values are smaller than those from the NiWS annealed at 

210 oC, but they are still much larger than those from the amorphous WSx.  This is in 

line with the previous HER activity. 
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Tafel analysis and HER mechanism 

In an acidic medium, hydrogen evolution is considered to involve the following 

three elementary reactions:S8 

H3O+ + e + cat  H-cat + H2O, discharge step (Volmer reaction) (1) 

H-cat + H-cat  H2 + 2cat, recombination step (Tafel reaction) (2) 

H3O+ + e + H-cat  H2 + cat + H2O, desorption step (Heyrovsky reaction) (3) 

The Tafel slope is an intrinsic property of electrocatalysts and determined by the 

rate-limiting step of HER.  In the Volmer-Tafel mechanism, if a fast discharge 

reaction is followed by a rate-determining recombination reaction, a Tafel slope of 29 

mV dec-1 should be observed, as is well known for Pt(111).  In the Volmer-Heyrovsky 

mechanism, if the discharge reaction is fast and the electrochemical desorption 

reaction is slow, the Tafel slope should be 38 mV dec-1.  In both mechanisms, a rate-

determining discharge reaction results in a theoretical Tafel slope of 116 mV dec-1. 

The Tafel slope depends on many factors such as the reaction pathway and 

adsorption conditions in a complex way and the influencing factors in Tafel analysis 

are not completely clear with respect to MX2-based catalysts.S8  More work is needed 

to elucidate the HER mechanism clearly. 
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Calculation of the lower limit for turnover frequency (TOF). 

The method used to determine the lower limit of the TOF values shown below is 

similar to that described in Refs. S9 and S10.  The relative roughness factor is 

obtained from the BET and XPS measurementsS9 and the hypothetical geometry of 

the 2H-WS2 surface is adopted to calculate the surface site densityS10 in order to 

derive the lower limit of the TOF values at the specified current density. 

In the typical procedure, the initial loading of (NH4)2WS4 is 6 mg cm-2 for 

unpromoted and promoted catalyst films.  The elemental composition is calculated 

from XPS spectra and considering the fixed W content, the final loading values are 

4.18 mg cm-2 for WSx, 5.07 mg cm-2 for amorphous NiWS, and 5.11 mg cm-2 for 

amorphous CoWS.  The relative roughness factor (RFBET) is defined as the quotient of 

the actual surface area of the catalyst films divided by the FTO substrate area.  

Utilizing the BET data, the RFBET values are 264.3 for WSx, 344.3 for amorphous 

NiWS, and 499.5 for amorphous CoWS.  By normalization of these values, the 

relative geometric surface areas ( *Sgeom ) are obtained to be 1, 1.30, and 1.89 for 

amorphous WSx, NiWS and CoWS, respectively. 

To estimate the upper limit for the surface density of active sites, it is assumed that 

all the surface sites are catalytically active.  The quantity of surface sites is calculated 

based on the geometry of 2H-WS2.S10  As an approximation, it is postulated that the 

average area of surface sites has the same value as  the WS2 unit in the 2H-WS2 basal 

planes.S10  The calculated surface area of a WS2 unit is 0.26 nm2, according to the 

hexagonal arrangement of sulfur atoms and S-S bond length of 0.318 nm on the 2H-

WS2 surface.S11 

The lower limit TOF per site at a given current density of j mA cm-2 is calculated as 

follows: 
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Using this formula, the TOF values of hydrogen molecules evolved per second are 

calculated to be 0.34 and 0.12 s-1 at 300 mV overpotential for the amorphous NiWS 

and CoWS films on FTO electrodes, respectively. 
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Table S1. Comparison of various MX2-based HER catalysts in acid media. 

Catalyst -1

b
(mV dec )

 0
-2

j
(μA cm )

 
-2

(mV) at
10 mA cm


 Ref 

Amorphous NiWS (Glassy Carbon) 56 17.4 210 

this 
work 

Amorphous NiWS (FTO) 55 3.5 265 

Amorphous CoWS (Glassy Carbon) 74 13.4 236 

Amorphous CoWS (FTO) 74 3.2 330 

MoS2 nanoparticles on Au(111) 55 0.31   S12 

Double-gyroid MoS2 network 50 0.67 ~284*  S13 

MoS2/graphene hybrid 41 ~2.4*  ~154*  S14 

1T-MoS2 nanosheets 43 ~0.51*  195 S15 

Amorphous MoS3 film 40 0.13 ~211*  S16 

WS2 particles 135 ~3.2*    S17 

WS2 nanosheets 72 2.5 ~151*  S18 

WS2 nanoribbons 68 12.5 225 S19 

WS2 nanoflakes exfoliated from WS2 
nanotubes ~200   ~351*  S20 

WS2 nanoparticles on carbon cloth 68 5.8 ~215*  S21 

Ultrathin WS2 nanoflakes mixed 
with carbon black  48 ~6.5*  ~154*  S22 

WS2/graphene hybrid by 
hydrothermal reaction 58 ~0.69*  ~265*  S23 

WS2/graphene hybrid by 
electrodeposition 67 ~0.66*  306 S24 

WS2/Au hybrid 57   ~367*  S25 
1T-WS2 nanosheets by lithium 
intercalation 55 ~10*  ~233*  S26 

1T-WS2 nanosheets by microwave-
assisted intercalation 70 ~74*  151 S27 

(* ) Calculated or read based on their data.
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