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Abstract Electrochemical production of hydrogen from  Graphical Abstract
water holding tremendous promise for clean energy has
been directed to the search for non-noble metal based and
earth-abundant catalysts. Here we report dramatically
enhanced HER catalysis of ternary /-Cu,WS, nanosheets
from chemically exfoliated via lithium intercalation. Struc-
tural characterization and electrochemical study confirmed
that the enhanced electrocatalytic activity of I-Cu,WS,
nanosheets is associated with the larger surface area to pro-
vide an easy path for the hopping of electrons. This study
opens a new way for the development of ternary highly
active non-noble electrocatalysts for hydrogen production
from water splitting.
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1 Introduction
Developing green energy conversion material systems will

greatly alleviate the energy crisis and the impaction on
our life and environment. The electrochemical catalytic

Electronic supplementary material The online version of this decomposition of water into hydrogen is friendly environ-
article (doi:10.1007/s10562-016-1907-2) contains supplementary mental energy conversion strategy [1-4]. However, among
material, which is available to authorized users. the many hydrogen evolution reaction (HER) electrocata-
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W) compounds as potential efficient catalysts for HER has
opened up an exciting new path for the field,[5-10] the sci-
entific community has been still actively understanding of
the HER mechanism at the molecular level that guide the
design of better catalysts and make the hydrogen produc-
tion more economic and competitive.

Ternary transitional metal chalcogenides which pos-
sess a variety of intriguing chemical and physical proper-
ties [11-14] are common complexes that have seldom been
explored for electrocatalysis despite past suggestion that
they could be efficient HER catalysts. The exploration of
their novel and useful HER properties has great scientific
and practical meanings [15]. Lately, it was reported that
introducing certain transition metal ions result in encour-
aging HER activity for the significant improvement both
in the intrinsic catalytic properties and effective electro-
chemical surface area of Mo/W sulfides or nitrides when
they are incorporated into the host lattice [16]. For exam-
ple, the ternary Co,¢Mo,; 4N, [17] is expected that the lay-
ered nature of this structure allows the 3d transition metal
to tune the electronic states of molybdenum at the catalyst
surface without disrupting the catalytic activity and that
alternative substitutions on the octahedral site of this struc-
ture type may lead to even better HER activity, in which
abundant H species can be identified on the surface which
bond strongly with molybdenum atoms. However, guided
by the “volcano plot”, [18] it is revealed that strong Mo—H
bond could impede hydrogen release from the active sites
and fail to evolve hydrogen [19-21]. Similarly, the bime-
tallic Ni-Mo-N, catalyst may be more amenable to opti-
mization, though catalytically active samples were found
to contain a mixture of an ionic rock salt phase (y—-Mo,N-
type) and a Ni,Mo;N (Mo;AL,C-type) phase, and it has
not yet been established which phase is responsible for
the observed HER activity [19]. In particular, it has been
recently reported that the layered ternary sulfide copper-
molybdenum-sulfide (Cu,MoS,) shown good HER cata-
lytic performance, but the active site responsible for the
HER is presently not completely elucidated [22]. This is
partly because the structure is too complex to easily iden-
tify hydrogen adsorption sites. Therefore, much simpler
crystal systems and/or more controlled surface conditions
can help precisely identify the role of the catalyst in elctro-
catalytic water splitting.

Both experimental and theoretical works suggest that the
catalytic activity of ternary transitional metal chalcogenides
may be more amenable to optimization by the 3d transi-
tion metals tune the electronic states of Mo/W [19, 20].
Ternary transitional metal chalcogenides could be a new
class of efficient electrocatalysts and worthy of further in-
depth study because they not only provide new opportuni-
ties for exploring advanced catalytic functional composites
but also expand and enrich the family of high performance
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HER catalysts. Although a lot of ternary transitional metal
chalcogenides were synthetised, there have only been a few
scattered studies focusing on them based HER electrocata-
lysts to date [22]. Furthermore, their electrocatalytic mech-
anism such as identifying the active site is also far from sat-
isfactory with the scientific research needs. For the HER,
a key point lies in the identification of potential active
sites. Identifying the active site will certainly come with
a deeper fundamental understanding of the reaction and
its mechanism and is critical to designing and developing
improved catalytic materials because through proper com-
positional and structural engineering, the catalyst is able to
catalyze hydrogen generation at small onset overpotentials
with remarkable durability [23, 24]. However, progress in
the field of ternary (or heterogeneous) catalysis is usually
hampered by the difficulty of identifying the active site on
a catalyst surface and prevented the massive deployment of
these materials for hydrogen production.

The two-dimensional (2D) nanosheets have recently
sparked worldwide interests owing to their unique elec-
tronic structures and physical properties compared with
the corresponding bulk samples [25, 26]. With their high
surface area-to-volume ratio, nanosheets provide an ideal
electrocatalyst structure for determining the reaction mech-
anisms. Herein, we investigate the body-centred copper-
tungsten-sulfide (I-Cu,WS,) 2D nanosheet as a model for
mechanistic studies of ternary transitional metal chalcoge-
nides for the HER, which has a square planar arrangement
formed by interlinked copper and tungsten atoms tetrahe-
drally coordinated to bridging sulfur atoms. The tungsten
atoms in one layer lie above metal vacancies in adjacent
layers, minimising electrostatic interactions between them
[27, 28]. The surface of every sheet is thoroughly com-
prised by the S atoms, which sandwiched Cu/W atoms in
the center of individual monolayers. The highly crystal-
line ternary transitional metal sulfide with the unique atom
alignment manner were put forward as an excellent plat-
form to promote the hydrogen evolution activity through
affording abundant catalytically active sites and increased
2D conductivity. The possible catalytic mechanism
involved in the HER is also explained.

2 Results and Discussion

In this work, the I-Cu, WS, nanosheets were fabricated by
chemical exfoliation of the bulk material through ultra-
sonicating the Li-intercalated /-Cu, WS, precursor in water,
giving the ternary I-Cu, WS, freestanding nanosheets. The
X-ray powder pattern (Fig. la) showed that the product
of the reaction was a form of I-Cu,WS,, identical to that
previously reported,[29] containing layers of edge-sharing
WS, and CuS, tetrahedrals separated by a van der Waals
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Fig.1 a XRD pattern of the product. Inser the structure of
I-Cu,WS,. b HRTEM image of the [-Cu,WS, nanosheets. ¢ TEM
image of an individual nanosheet. d AFM image revealing the atomic

gap (Fig. 1a). Meanwhile, as depicted in Supporting Fig-
ure S1, the X-ray photoelectron spectroscopy (XPS) reveals
that the product consisted of the elements W, Cu and S.
Two characteristic peaks arising from Cu 2pl/2 and Cu
2p3/2 orbitals are located at 952.30 and 932.80 eV, suggest-
ing the dominance of Cu(l) in the product [30]. The peaks
at 35.33 and 33.16 eV correspond to W 4f5/2 and W 4{7/2
[31]. While the S 2p region exhibits primarily a single dou-
blet with the 2p3/2 peak at 162.52 eV, which is consistent
with —2 oxidation state of sulfur [32]. The HRTEM image
(Fig. 1b) was performed on a typical ultrathin nanosheet,
showing the high degree of [001] orientation. In addi-
tion, Figure S2 displays the scanning electron microscopy
(SEM) image of bulk /-Cu,WS,, showing a regular mor-
phology with lateral size of about 2 pm and a thickness of
about 0.5 pm. In contrast, the transmission electron micros-
copy (TEM) image of the as-exfoliated products clearly
shows a 2D sheet-like structure with a size about 200 nm
(Fig. 1c), significantly differing from the morphology of
larger and more regular bulk /-Cu,WS,, which is further
verified by the atomic force microscopic (AFM) image
and the corresponding height profile shown in Fig. 1d. The
AFM image and the corresponding height profile display

thickness of the I-Cu, WS, nanosheets. Inset the corresponding height
image of the nanosheet in (d)

the sheet-like morphology with a height of about 0.8 nm,
which agrees well with the 0.76 nm of a double-layered
I-Cu, WS, slab along the [001] direction. Thus, taking into
account the evidence from each characterization technique,
we can summarize that the /-Cu,WS, nanosheets possess
uniform two-dimensional morphology, atomically thick-
ness and large surface areas.

In order to verify the structural benefits of the
nanosheet and survey the HER mechanism for I-Cu, WS,
catalysts, the HER measurements with chemically exfo-
liated I-Cu,WS, nanosheets thin film as the catalyst on
glassy carbon electrode(GCE) with 0.285 mg cm™ was
carried out using the standard three-electrode electro-
chemical configuration in 0.5 M H,SO, electrolyte de-
aerated with H,. For comparison, the current density
versus voltage (j versus V) for the nanosheets and bulk
I-Cu,WS, powder samples along with glassy carbon as a
reference were all measured. The Pt reference trace was
recorded using a Pt wire as the working electrode [33].
As shown in Fig. 2a, benefiting from the 2D structure,
the HER activity was dramatically enhanced in the as-
exfoliated nanosheets as compared to their bulk material.
The I-Cu,WS, nanosheets exhibit substantially improved
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Fig. 2 a Polarization curves obtained from glassy carbon electrodes
modified with different /-Cu,WS, catalysts. b The corresponding
Tafel plots recorded with a catalyst loading of 0.285 mg cm™2; scan

rate is 50 mV s~'. ¢ Nyquist plots of different samples. The fitted

electrocatalytic activity with low onset overpotentials of
~170 mV (Fig. 2a), beyond which the cathodic current
rises rapidly under more negative potentials. In contrast,
the bulk material exhibits serious fade of HER activity
with high onset overpotential value of ~500 mV in the
same condition. Interestingly, the I-Cu,WS, nanosheets
electrodes show HER characteristics that are consist-
ent with reported WS, and MoS, with typical overpo-
tential of 150-200 mV whereas the bulk powder exhib-
its poor catalytic activity [9]. Cathodic current density
is considered as an important evaluating criterion for
HER activity. The as-exfoliated nanosheet exhibits an
extremely large cathodic current density of 74 mA cm™>
at n=500 mV, showing 74-fold enhancement compared
with that of the bulk counterpart, confirming the excel-
lent activity of the atomically-thin /-Cu, WS, nanosheets.
The bulk I-Cu,WS, particles have smaller surface areas
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Potential/V vs.RHE

curves are presented by solid lines. d Polarization curves revealing
that negligible degradation of HER activity is observed for /-Cu, WS,
nanosheets even after 2000 CV cycles

and exhibited very lower catalytic activities, indicat-
ing that the surface area is a crucial structural param-
eter dominating the HER, as reported widely in the lit-
erature. In addition, upon lithium intercalation, layers of
I-Cu,WS, become charged due to the electron transfer
between n-BuLi and I-Cu,WS,. Some of these negative
charges react with water during the exfoliation process,
but a fraction remain on the nanosheets, rendering them
negatively charged [10]. The removal of charged impuri-
ties from the surface of /I-Cu,WS, nanosheets facilitates
electron transfer between the nanosheets and the protons
in the electrolyte solution during HER. Moreover, the 2D
configuration with extremely large surface area provided
intimate contact with the GC electrode and high interfa-
cial contact area with the electrolyte, thus guaranteeing
fast interfacial charge transfer and facile electrochemi-
cal reactions as well as low corrosion rates. As discussed
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above, the significantly improved catalytic activity of
I-Cu, WS, nanosheets from a potent combination of spe-
cific structural properties, namely large surface areas and
nanosized crystallites, contributing to the high abundance
of available catalytic active sites and smaller charge-
transfer resistances of the electrode.

It is well known that the Tafel slope is an inherent
property of the catalyst which is determined by the rate-
limiting step of the HER. Further insight into the cata-
lytic activity of the /-Cu,WS, nanosheets electrodes was
obtained by extracting the slopes from the Tafel plots
shown in Fig. 2b. The Tafel slope of 95 mV decade™ for
the I-Cu,WS, nanosheet is much smaller than the bulk
counterpart of 120 mV decade™!, which suggests that
the rate determining step is adsorption of protons on the
catalyst surface. Typically, the exchange current density
(jo) 1s expected to be proportional to catalytically active
surface area. The exchange current density of /-Cu,WS,
nanosheets is calculated to be about 177 mA/cm?2, 6.8
times of that of bulks (26 mA/cm?) (Figure S4). We
attribute this high j, to the unique exfoliated nanosheet
nanostructure that affords plenty of highly accessible
reactive sites. Furthermore, electrochemical double layer
capacitances (Cg) are measured to evaluate the effective
surface area of various catalysts at the solid-liquid inter-
face with cyclic voltammetry (Figure S5). The nanosheet
exhibits much larger (Cy of 347 pF) than the bulk, indi-
cating the high exposure of effective surface area, which
is responsible for the excellent HER activity.

Catalytic stability is another significant criterion for
HER catalysts. To assess the long-term durability of the
catalyst, the catalytic stability of our /-Cu,WS, nanosheet
is characterized by continuous cyclic voltammetry
performed between —0.5 V and 0.2 V versus RHE at
50 mV/s scan rate for 2000 cycles (Fig. 2d). At the end of
the cycling procedure, the current densities show that the
catalyst affords similar to the initial cycle with negligible
loss of the cathodic current, indicating that the I-Cu,WS,
catalysts maintained its unique nanosheet structure over
a long time in an acidic environment. Overall, these
electrochemical results demonstrate that as-exfoliated
I-Cu,WS, nanosheets could be effective electrocatalysts
for HER.

The enhanced electrocatalytic activity of I-Cu,WS,
nanosheets may arise from two reasons. Firstly, the
ultrathin thickness and 2D planar nanostructure with huge
surface area are in favor of the catalyst full contact with the
electrolyte, effectively shortened the diffusion path of elec-
trolyte ions, facilitating fast interfacial charge transfer and
electrochemical reactions. Secondly, 2D nanosheet with
huge surface area increased the density of active sites for
the redox reaction. Therefore, the I-Cu, WS, nanosheet cat-
alyst shows excellent electrocatalytic performance.

3 Conclusions

In conclusion, we have demonstrated that facile chemi-
cally exfoliation can transform bulk, a poor catalyst,
into I-Cu,WS, nanosheets, an active and stable catalyst
for HER for the first time. Analyses indicate that the
enhanced electrocatalytic activity of the nanosheet is
correlated to the the ultrathin thickness and 2D planar
nanostructure. In acids, the /-Cu, WS, nanosheets catalyst
exhibited efficient and durable activity for the hydrogen
evolution reaction, with a small onset overpotential of
approximately 170 mV and a Tafel slope of 95 mV dec-
ade™!. Our present study offers us a novel inexpensive
hydrogen-evolving electrocatalyst with excellent activity
and durability.
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