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ABSTRACT: Monolayer WS, has interesting properties as a direct
bandgap semiconductor, photocatalyst, and electrocatalyst, but it is still a
significant challenge to prepare this material in colloidal form by liquid-
phase exfoliation (LPE). Here, we report the preparation of 1—2 layer
semiconducting WS, nanosheets in a yield of 18—22 wt % by a modified
LPE method that involves preintercalation with substoichometric
quantities of n-butyllithium. The exfoliated WS, nanosheeets are n-
type, have a bandgap of ~1.78 eV, and act as a cocatalyst with CdS
nanorods in photocatalytic hydrogen evolution using lactate as a
sacrificial electron donor. Up to a 26-fold increase in H, evolution rate

was observed with WS,/CdS hybrids compared with their pure CdS

B Bl
SRR Buli S ——
P ] edge intercalation S
P e ustsisiind S
R Qe T

Oxidation product
<
%4 : Lactic Acid

CdS NRs

2
UW/CdS NRs

Exfoliatied
in solium
cholate/water
solution

VY
Ultra Thin WS, Sheets (UW)

counterpart, and an absorbed photon quantum yield (AQE) of >60% was measured with the optimized photocatalyst.

KEYWORDS: liquid-phase exfoliation, 1—2 layer semiconducting WS, nanosheets, preintercalation, cocatalyst,

photocatalytic hydrogen evolution

B INTRODUCTION

Over the past decade, the remarkable properties of single-layer
graphene” have stimulated renewed interest in two-dimen-
sional nanomaterials,” > especially the transition metal
dichalcogenides (TMDs).>® TMDs are layered compounds in
which the metal atoms are sandwiched between close-packed
chalcogenide planes, and their bulk crystals thus consist of
stacks of three atom-thick sheets. Because the sheets are held
together by largely noncovalent interactions, TMD crystals can
be exfoliated into mono- or few layered nanosheets by both
chemical and physical methods. Unlike graphene, which is a
zero-bandgap material, some TMD nanosheets have intrinsic
semiconducting characteristics and thus have promise for
utilization in optoelectronic devices, thin film transistors, and
solar energy conversion.””'” Among these compounds, WS,
and MoS, have been most widely studied because their
bandgaps are nearly optimal for solar photoconversion and
because they are good catalysts for the hydrogen evolution
reaction.'””

At present, the lithium intercalation method, normally
involving nonaqueous lithium intercalation followed by a
water exfoliation step, is the oldest and most 2popular method
for preparing exfoliated WS, and MoS,."”~*° However, an
undesirable phase conversion from the semiconducting 2H to
the metallic 1T (trigonal-antiprismatic) phase occurs upon
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intercalation to form LiMoS, or LiWS,.*’™** Although the
recovery of the 2H (or 1H for monolayer)*® phase can be
realized by annealing or irradiation of the 1T phase,'”'®***°
abundant vacancy defects and lattice distortions are observed in
the exfoliated nonosheets.”’ The micromechanical exfoliation
method,*® which produces high-quality nanosheets without the
2H — 1T phase conversion, is not scalable to applications that
require bulk quantities of material. Therefore, sonication®”** or
shear mixing””*" assisted liquid-phase exfoliation (LPE) is
typically used, not only because of the low defect density of the
resulting semiconducting nanosheets but also because of simple
processability and potentially low cost.

Normally, LPE can be achieved in solvents with appropriate
surface tension.””*'™** For example, a number of high-boiling
organic solvents, especially N-methyl-2-pyrrolidone and other
pyrrolidone-based solvents, have been found to be compatible
with Mo$, exfoliation.””**** Effective LPE can be also achieved
in aqueous media with a range of surfactants, proteins, and
polymers.”>~** However, the LPE strategy suffers from a low
yield of single- or few-layer products. Recently, we and other
groups have found that the exfoliation of MoS, or other TMDs

Received: October 14, 2017
Accepted: January S, 2018
Published: January S, 2018

DOI: 10.1021/acsami.7b15614
ACS Appl. Mater. Interfaces 2018, 10, 2810—2818


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b15614
http://dx.doi.org/10.1021/acsami.7b15614

ACS Applied Materials & Interfaces

Research Article

can be significantly improved by intercalation, preintercalation,
or oxidation at the edges of the bulk crystals.2 29742 However,
it is still a formidable challenge to exfoliate bulk crystals of 2H-
WS, by LPE into monolayer products, which have a direct band
.. L . . 8,43—46

gap and promising applications in photocatalysis.

In this study (Scheme 1), we demonstrate that 1—2 layer 2H-
WS, nanosheets can be directly exfoliated from WS, crystals

Scheme 1. Illustration for 1-2 Layered 2H-WS, Preparation
and Its Application as Co-catalyst for Photocatalytic
Hydrogen Evolution

BuLi

edge intercalation

r' --------- S e e e L)
R TS
| ——— | |
e | ————
| m— W e:S e:li | me—
1 eSS |
| r—————— | | —— |

Exfoliated

in sodium

Oxidation product cholate/water

.
C‘%‘ : Lactic Acid
Wans

solution

UWI/CdS NRs

Ultra Thin WS, Sheets (UW)

after preintercalation with substoichiometric amounts of
lithium, with record high yield of 18—22 wt %. The properties
of these nanosheets as a cocatalyst for photocatalytic hydrogen
evolution were also investigated. Exfoliation is found to
dramatically increase the H, evolution rate and absorbed
photon quantum yield in WS,/CdS nanorod hybrids relative to
their pure CdS counterpart.

B RESULTS AND DISCUSSION

Density Functional Theory Calculations. As we
previously reported for the preparation of MoS,"" the
preintercalation of WS, crystals was achieved by reaction with
substoichiometric n-butyllithium. However, because of the
greater difficulty of WS, intercalation, larger quantities of n-
butyllithium were used, and the reaction was carried out at 50
°C." Density functional theory (DFT) calculations revealed
that at low Li content, the formation energy of the 2H phase
Li,WS, (normalized per Li atom) with different stage structures
are all energetically favored over their 1T phase counterparts
(Figure 1). For example, the formation energy of the first-stage
1T phase of LiysWS, is calculated to be 46.4 kJ/mol higher
than that of its 2H phase counterpart (Figure S1), although this
conclusion is valid only at thermodynamic equilibrium for an
ordered distribution of Li atoms. Experimentally, we detected
very little of the 1T phase by using X-ray photoelectron
spectroscopy (XPS) when substoichiometric n-butyllithium (x
= Li/W < 0.35) was used (see the Supporting Information,
Figure S2). Therefore, the Liy;sWS, compound was chosen for
subsequent exfoliation experiments.
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Figure 1. Formation energy of Li(WS,), at different Li stoichiome-
tries. S1, S2, S3, and S4 mean the stage 1, stage 2, stage 3, and stage 4
intercalation. Solid circles denote the 2H structure while the hollow
circles denote the 1T structure. DFT calculations are further explained
in the Supporting Information.

Optical Spectra. While Liy;MoS, is efficiently exfoliated in
an ethanol—water mixture,” this method was not effective with
Lig3sWS,. Systematic studies of Liy3sWS, were carried using
sodium cholate/water solutions, which have shown much
higher efficiency, relative to ethanol—water, for liquid phase
exfoliation of pristine TMDs.””*** Briefly, the samples were
first kept under 2 h of sonication in aqueous surfactant
solutions by using a horn sonicator, and the residual bulk
crystals were removed by a standard centrifugation procedure.*”
UV—vis absorption spectroscopy of the supernatant shows the
characteristic A-exciton peak of exfoliated 2H-WS, in both the
Liy;sWS, sample and the WS, control, despite their noticeable
difference in absorption intensity and curve configuration
(Figure 2a). Coleman and co-workers proposed that the
concentration of exfoliated WS, nanosheets could be estimated
with the local minimum of extinction spectra at ~295 nm in the
UV—vis spectrum.”” Based on this metric, a significant increase
in the yield of the exfoliated WS, nanosheets can be observed in
the Liy3sWS, sample when compared with the WS, control.
Furthermore, the Lij3WS, suspension displays a distinct blue-
shift of the A transitions, indicating that thinner nanosheets
were obtained.

To enrich the fraction of single- and few-layer products, the
centrifugation speed was optimized. Figure 2b shows
normalized UV—vis spectra of Liy;sWS, suspensions after
centrifugation at different speeds. A successive blue-shift of the
A-exciton from 628 to 621 nm can be obviously detected when
the speed increases from 1000 to 6000 rpm. According to the
empirical equation®" that correlates the A-exciton peak and the
average layer numbers (N,,) of WS,, the N, of WS,
nanosheets in the dispersions after centrifugation at a speed
of 4000—6000 rpm is close to 1. The corresponding
concentrations measured by vacuum drying methods (after
subtraction of the surfactant content) are in the range of 2.35 to
4 mg mL™". Thus, the yield of suspended WS, nanosheets was
calculated to be 18—22 wt %, by taking the initial concentration
of the starting WS, crystals into account (15 mg mL™"). Note
that the yield here is at least 1 order of magnitude greater than
those in previous reports of WS, exfoliation.”” Interestingly, a
gradual decrease of the extinction coefficient at 295 nm was
observed with increasing centrifugation speed. Similar

DOI: 10.1021/acsami.7b15614
ACS Appl. Mater. Interfaces 2018, 10, 28102818


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15614/suppl_file/am7b15614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15614/suppl_file/am7b15614_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15614/suppl_file/am7b15614_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b15614

ACS Applied Materials & Interfaces

Research Article

a

0.5
S 0.4
)
8 0.3+
c
3
6 0.2 1
@
o
< 0.1

0.0 T 1 - T - T T

300 400 500 600 700 800 900
S b Wavelength (nm)
S 16 ——1000 rpm
8 14 ——— 2000 rpm
% ’ —— 3000 rpm
el 1.2 —— 4000 rpm
o 404 —— 5000 rpm
(7] -V
a —— 6000 rpm
< 0.84
E 0.6—-295 nm
T 0.4 628 nm
E 02]
] 621 n
Z 00 T 1 T ‘* T T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Figure 2. (a) UV—vis spectra of Liy;sWS, (red line) and pristine WS,
(blue line) suspensions. Note that the suspensions were diluted for
comparison. Both Lij ;s WS, and WS, had an initial concentration of 15
mg mL™’, and the samples were subjected to sonication of 2 h (40% X
700 W) prior to 30 min of centrifugation at 4000 rpm. The positions
of the A-excitons are marked. (b) UV—vis spectra are normalized to
the absorbance at 295 nm. Li3sWS, dispersions were obtained under
optimized conditions with a starting Li, ;sWS, concentration of 15 mg
mL~". The suspensions were sonicated for 2 h (40% X 700 W) and
centrifuged from 1000 to 6000 rpm for 30 min.

phenomena have been observed in MoS, exfoliation and may
be attributed to the increased transparency of thinner and
smaller nanosheets.””>°

Raman spectra (633 nm laser) of the exfoliated WS,
nanosheets show the characteristic Elzg (in-plane phonon)
and A, (out-of-plane phonon) modes of 2H-WS, (Figure 3a).
Compared with bulk WS, crystals, the exfoliated WS, samples
(after centrifugation at 4000—6000 rpm) show a red shift of the
Ay, peak and an obvious blue shift of the Elzg peak. As shown in
Figure 3b, the difference (A) between the Elzg and A,
frequencies of these samples obviously decreases (~3 cm~
smaller than in bulk WS, crystals). In addition, the peak
intensity ratio of the El2g to A, modes significantly increases in
exfoliated WS, (Figure 3c). These results can be explained by
the fact that the E',, and Aj; modes have a well-defined
thickness dependence.§ % Note that a 1.3—-3.9 cm™" decrease
in the difference (A) between the Elzg and Ay, frequencies was
observed in 1-2 layer WS, nanosheets,”™ suggesting a 1-2
layered nature of the WS, nanosheets obtained in our study, as
discussed below.

Nanosheet Morphology. The specific layer numbers and
sizes of the nanosheets obtained after centrifugation at 4000
rpm were evaluated by atomic force microscopy (AFM). In
Figure 4ab, despite the presence of many small fragments,
abundant larger nanosheets with lateral dimensions of 0.2 to 1.5
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Figure 3. (a) Raman spectra of samples collected at various
centrifugation speeds and normalized to the intensity of A, peak,
including that from the bulk with 633 nm laser line, displaying the two
characteristic Elzg and A, modes. Each spectrum was acquired under
the same conditions of laser power and collection time. (b) Raman
shift plotted as the difference (A) between the Elzg and A;; mode
frequencies and (c) peak intensity ratio for two characteristic peaks of
E17_g and A;, modes as a function of centrifugation speed, including
those from bulk WS,.
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Figure 4. AFM images on a Si substrate with the cross-sectional
analysis of the prepared nanosheets (a and b). (c) Typical TEM
images of exfoliated WS, nanosheets. (d) High-resolution TEM image.
Inset shows the FFT and inverse FFT patterns (scale bar = 2 nm) with
individual W (green dots) and S (yellow dots) atoms and their
honeycomb arrangement in a blown up image.

pum can be readily observed. Importantly, most of these larger
nanosheets (~75%; Figure S8—1S for details) have an apparent
AFM height of ~2.2 or 3.6 nm. According to previous detailed
studies by Coleman et al,***" the averaged layer number of
these WS, nanosheets can be estimated to be 1—2 layers. It
should be noted that the deviation of the apparent AFM height
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Figure S. (a) Photocatalytic H, generation from WS,/CdS NRs with nanosheets prepared by centrifugation rates between 1000 and 6000 rpm. A Xe
lamp (300 W) with L42 cutoff was used as the light source in 20 vol% lactate solution (100 mL) with SO mg catalyst. (b) The hydrogen evolution
rate of different photocatalysts under visible light and simulated sunlight. (c) Photocatalytic H, generation from WS,/CdS NRs during irradiation
under simulated sunlight at AM 1.5. (d) Transient photocurrent response and (e) electrochemical impedance spectra (EIS) of electrodes consisting
of CdS NRs, exfoliated WS, and WS,/CdS nanohybrids. The inset displays an equivalent circuit applied to model the EIS result.**** (f) Diffuse

reflectance UV—vis spectra of CdS, WS,, and WS,/CdS.

from the theoretical thickness can be explained by the intrinsic
out-of-plane deformation of two-dimensional nanosheets, as
well as by the possible presence of trapped solvent or
surfactant.”® These results are in line with the empirical
UV—vis results (N,,, of 1-2) described above.

As shown in Figure 4c, the WS, nanosheets appear
transmissive to electrons, despite their heavy stacking on the
TEM grids. Moreover, an obvious hexagonal lattice can be
readily observed in high-resolution TEM (Figure 4d) and the
fast Fourier transform (FFT) pattern (inset A in Figure 4d).
After inverse FFT filtering of the TEM image, inset B in Figure
4d shows the 2H honeycomb structure of WS,, in which
differences in their contrast can be used to identify W and S
sites easily. These results indicate the successful preparation of
2H-WS, nanosheets with a high degree of crystallinity.

Photocatalytic H, Evolution. As WS,/CdS has been
demonstrated to be a promising composite for the photo-
catalytic H, evolution reaction,™”**° we further investigated
the performance of our exfoliated WS, nanosheets as non-noble
metal cocatalyst for HER of CdS. Considering that CdS
nanorods (NRs) show much better performance than conven-
tional nanoparticles,””*" the WS,/CdS NRs hybrids were
constructed by mixing the WS, nanosheets with CdS nanorods
(NRs; Figure S16) in different mass ratios. A preliminary
investigation revealed that an optimized hybrid with 8 wt %
WS, nanosheets showed the highest H, evolution rate (Figure
S17) when lactate was used as a sacrificial electron donor. To
evaluate the influence of the layer number on the catalytic
performance of the WS,/CdS NRs hybrids (8 wt % WS,), WS,
nanosheets that were centrifuged at different speeds were mixed
with CdS nanorods (NRs), and the hybrids were systematically
compared (Figure Sa). Note that the CdS NRs alone have
limited H, evolution activity, whereas the exfoliated WS,
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nanosheets are inert for the photocatalytic reaction (Figure
Sb). As expected, the hybrid with bulk WS, crystals shows
hardly any activity for the HER during visible light irradiation.
In contrast, the cocatalytic activity of WS, nanosheets increased
with increasing centrifugation speed, indicating that the thinner
and smaller WS, nanosheets are more active. Notably, the
hybrid with WS, nanosheets centrifuged at >4000 rpm showed
a sudden rise in activity, in concert with the result that most of
these WS, nanosheets are 1—2 layers thick. The H, evolution
rate of this hybrid under visible light and simulated sunlight are
11.41 and 17.73 mmol h™' g7/, respectively. These values are
about 26-fold higher than that obtained with bare CdS NRs
under the same conditions, and an absorbed photon quantum
yield (AQE) of 67% was observed at 420 nm (Figure S16).
Note that the AQE of the WS,/CdS NRs hybrid here is
comparable to the best counterpart which involves single layer
WS, and that it is obviously better than the other hybrids
used in previous studies.””***” As summarized in Table S2,
previous studies have showed that the thinner the WS,
nanosheets involved, the higher the AQE of the hybrids. This
suggests that the high AQE found here can be attributed to the
abundant 1-2 layered WS, nanosheets, which have much
higher AQE than bulk or few-layer WS,.% It should be noted
that the activities of the CdS/WS, composite depend on not
only the synergistic effect between CdS and WS, but also the
intrinsic activities of the CdS. Besides, the different sizes and
phases of the WS, should also affect the synergistic catalysis of
CdS and WS,. That may explain the relatively lower hydrogen
evolution rate of the CdS/WS, composite here when compared
with the state-of-art CdS/WS, composite.”>*® Moreover, there
is no obvious decrease in the H, evolution rate after irradiation
for 24 b, indicating good stability of the photocatalysts (Figure
5c). Photoelectrochemical measurements revealed that the
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Figure 6. Mott—Schottky plots of (a) CdS NRs with Ej, of about —0.70 V and (b) exfoliated WS, with Ey, of about —0.56 V vs Ag/AgCl, from the
intercepts of the plots on the potential axis. These values can be converted into —0.40 V for bare CdS NRs and —0.26 V for WS, nanosheets vs RHE,
respectively. (c) The Kubelka—Munk plot vs photon energy for CdS NRs. The energy value at the point of intersection of the tangent line and the
horizontal axis is the band gap (energy band gap of CdS NRs: ~2.55 eV). The indirect band gap of WS, nanosheets is ~1.78 eV (d). (e) Energy level

of CdS and exfoliated 2H-WS,,.

WS,/CdS NR hybrid gave approximately twice the photo-
current when compared with unmodified CdS NRs (Figure
5d). Electrochemical impedance spectroscopy (EIS) measure-
ments (Figure Se) confirmed that the hybrids had a much
smaller R, (charge transfer resistance) in comparison with bare
WS, and CdS NRs. It is known that a smaller R, means more
effective charge transfer across interfaces between electrode and
electrolyte."* In UV—vis diffuse reflectance spectra (Figure
5f), the absorbance of the WS,/CdS NRs hybrid in visible
regions obviously increases, and the characteristic high
absorbance of 1-2 layered WS, is apparent in the visible
region, both of which contribute to the photocatalytic activity.
However, the 1—2 layer WS, nanosheets alone are inert for the
photocatalytic reaction (Figure Sb). Therefore, we can
conclude that the significant increase in the H, evolution rate
of the WS,/CdS hybrids can be mainly due to the synergistic
effect between WS, nanosheets and CdS.

To probe the mechanisms involved, Mott—Schottky analyses
of the CdS NRs and WS, nanosheets were performed under
dark conditions to estimate the flat band potential (Eg). As
seen in Figure 6a,b, the Mott—Schottky plots show positive
slopes, demonstrating that both bare CdS NRs and WS,
nanosheets have n-type semiconducting properties with flat-
band potentials (Eg,) of about —0.70 and —0.56 V vs Ag/AgCl,
respectively. In general, for n-type semiconductors, it is known
that Eg values measured by the Mott—Schottky method are
about 0.3 V positive of the conduction-band minimum
(CBM).*~% Thus the CBM of the CdS NRs and the WS,
nanosheets can be estimated to be —0.70 and —0.56 V vs RHE,
respectively (see the Supporting Information, eq S3).
Considering that the optical band gaps of the CdS NRs and
the 1—2 layered WS, nanosheets were measured to be 2.55 and
1.78 eV, respectively (Figure 6¢,d), their energy band positions
can be summarized as shown in Figure 6e. Since the estimated
conduction band potential of the WS, nanosheets is more
positive than that of the CdS NRs, electrons generated from the
CdS NRs under irradiation can be transferred easily to the WS,
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nanosheets. Photogenerated holes should remain at the VBM
of CdS where they are trapped by lactate ions in the solution.
Therefore, the recombination between photoinduced electrons
and holes can be efficiently suppressed. In addition, the Gibbs
free energy of adsorbed atomic hydrogen for MoS, and WS, is
close to that of catalytic precious metals like Pt,’’ and the
electrons transferred from the CdS NRs to the WS, can thus be
effectively utilized. As a consequence, more photoinduced
electrons can be used to produce hydrogen, and the rate of
hydrogen evolution improves.

B CONCLUSION

In summary, we have successfully exfoliated WS, crystals into
1-2 layer 2H-WS, nanosheets by a modified liquid-phase
exfoliation (LPE) method that involved a preintercalation step
with substoichiometric n-butyllithium. Both DFT calculations
and experimental results confirmed that the WS, crystals can
react with n-butyllithium up to a stoichiometry of Lij;sWS,
without the undesired 2H — 1T phase change. Li;3sWS, can
be readily exfoliated into 1—2 layer 2H-WS, nanosheets with an
unprecedented high yield of 18—22 wt %. The exfoliated WS,
nanosheeets show an optical indirect band gap of ~1.78 eV and
can be used as a cocatalyst for photocatalytic hydrogen
evolution. The hydrogen evolution rate was dramatically
increased for the WS,/CdS hybrids relative to their pure CdS
counterpart by lowering the charge transfer resistance of the
system through catalysis of the hydrogen evolution reaction.

B EXPERIMENTAL SECTION

Density Functional Theory Calculations. All density functional
theory (DFT) computations were performed using CASTEP.”" A
cutoff energy of 450 eV was used for plane-wave basis set. The electron
exchange-correlation energy was described by the general gradient
approximation (GGA) in the Perdew—Burke—Ernzerh (PBE)
exchange-correlation functional.”” The semiempirical method pro-
posed by Grimme””* was used to account for the van der Waals
interaction in WS,. The geometry optimizations were performed using
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the conjugated gradient algorithm with a convergence threshold of 2.0
X 107° eV/atom for energy and 0.05 eV/A for force. The Brillouin
zone was represented by Monkhorst—Pack grids with a spacing of 0.05
A™". All calculations were spin-polarized. More explanations are given
in the Supporting Information.

Preintercalation and Exfoliation of 2H-WS,. Microcrystals of
WS, (2 ym 99.9%, Aladdin) were intercalated by adding a controlled
amount of n-butyllithium (2.5 M in hexane, SPC scientific) at S0 °C.
In detail, for the Liy3sWS,, 6.199 g of WS, was mixed with 40 mL of
hexanes that included 8.75 mmol n-butyllithium under Ar atmosphere
at 50 °C for 3 days. Then 30 mL of hexanes was used to wash the
obtained compound three times and then drying in a vacuum oven at
room temperature overnight.

The resulting preintercalated compound or bulk WS, crystals were
sonicated in sodium cholate/water solutions with a sonicator
(QSONICA Q700), and then the unexfoliated crystals were removed
by centrifugation. The optimized procedure to obtain 1—2 layer WS,
nanosheets was 225 mg of Liy3;sWS, and 15 mL of sodium cholate/
water solution (1 mg/mL) loaded in a 25 mL vial, and then subjected
to 2 h of sonication (40% X 700 W). Finally, the obtained dispersion
was centrifugated (4000 rpm/1467 g, 30 min), and the supernatant
was collected (Figure S3). UV—vis analyses were carried out to
compare the parallel results provided by dividing the raw dispersion
(~15 mL) after ultrasonic treatment into equal fractions and
centrifuging at various speeds. The yield was calculated by measuring
the concentration of the exfoliated WS, nanosheets in the final
dispersion via the drying method and then dividing it by the initial
concentration of the starting WS, crystals. In short, to get the averaged
concentration of WS,, 1 mL of the dispersion was repeatedly dropped
on Sn foil and dried in a vacuum oven at 60 °C. Then a microbalance
was used to measure the weight difference (Figures S4—S7 for more
details).

Preparation of CdS NRs and WS,/CdS NRs Hybrids. CdS NRs
were prepared according to our previous work.”> In short, 90%
ethylenediamine with Cd(OAC),-2H,0 (2.4 mmol) and NH,CSNH,
(4.8 mmol) was added to a 150 mL autoclave and reacted at 120 °C
for 20 h. After cooling, the residues of organic solvent were removed,
and the yellow precipitate was obtained. The precipitate was used to
prepare WS,/CdS NRs hybrids (Figure S16). The exfoliated WS,
dispersion collected by centrifugation at 4000 rpm was washed with a
45 vol % ethanol—water solution three times and redispersed in 45 vol
% ethanol—water with bath sonication for 15 min. This suspension was
mixed with CdS NRs in different stoichiometric ratios, bath sonicated
for 2 h, stirred overnight until dry, and dried under vacuum at room
temperature overnight.

Photocatalytic Hydrogen Evolution. Photocatalytic H, evolu-
tion was carried out in a glass reaction cell filled with 50 mg of catalyst
dispersed in 20 vol % lactate solution (100 mL). This reaction cell was
connected to a closed gas system with a gas circulation pump. A xenon
lamp (300 W) with a L42 cutoff filter was applied as the visible light
source (4 > 420 nm). An online gas chromatograph was used to
measure H, evolution. A series of band-pass filters was used to obtain
apparent quantum efficiency (AQE) at various monochromatic
wavelengths. The average light intensity was measured by a radiant
power energy meter (CEAULIGHT). The detailed calculation
procedure is given in the Supporting Information.

Fabrication of Film Electrodes and Photoelectrochemical
Measurements. A total of 10 mg of as-synthesized CdS NRs,
exfoliated WS,, and WS,/CdS NRs nanohybrids was added in 45 vol
% ethanol—water (1 mL) and sonicated for at least 30 min. Afterward,
50 uL of the obtained colloidal solution was dropped onto the surface
of a1l cm X 1 cm pretreated F-doped SnO, (FTO) transparent
conducting glass electrode and then dried under vacuum at 60 °C for 2
h. Photoelectrochemical measurements were carried out in a three-
electrode system using a CHI 660 electrochemical workstation. The
irradiation source was a solar simulator equipped with an AM 1.5G
filter and 300 W Xe lamp. A light intensity meter was used to adjust
and measure the output light intensity to 200 mW cm > Counter and
reference electrodes were Pt foil and Ag/AgCl, respectively, and the
prepared thin film FTO electrode was used as the working electrode.
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Photoresponses were measured during on—off (30 s) cycling of the
solar simulator for 600 s in 0.5 M Na,SO,. Electrochemical impedance
spectroscopy (EIS) measurements were carried out under solar
simulator illumination by using a redox probe of 2.5 mM
K;[Fe(CN)4]/K,[Fe(CN)4] (1:1) mixture in 0.1 M KCL The voltage
of measurement is open-circuit potential vs Ag/AgCl under S mV AC
perturbation signal, and the frequency is 1 X 10° to 0.1 Hz. The
impedance spectra were fitted by using Zview software with the
equivalent circuit shown in Figure Sd. The flat-band potentials (Eg,) of
the CdS NRs and exfoliated WS, were obtained from Mott—Schottky
plots which were carried out in the range of —0.8 to +0.6 V upon a
frequency of 50 Hz. The pH (6.23) of 0.5 M aqueous Na,SO, solution
was adjusted by addition of H,SO, to the same pH (1.8) of 20 vol %
lactic acid solution. This solution then served as the electrolyte under
dark conditions for the Mott—Schottky measurements.

Characterization. Samples were characterized by a series of
methods, such as UV—vis spectroscopy (UV-3802 and PerkinElmer
Lambda 35), X-ray photoelectron spectroscopy (XPS, PerkinElmer,
PHI 1600), atomic force microscopy (AFM, Nova Px 3.2.4 and CSPM
5000), high-resolution transmission electron microscopy (HRTEM,
Philips Tecnai G2F20), Raman (NTEGRA Spectra), scanning electron
microscopy (SEM, Hitachi S4800), and online gas chromatography
(CEL-SPH2N).
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Exfoliated WS, nanosheets were further characterized,
including the details of the DFT caculations, the XPS
spectrum analysis of WS, crystals before and after
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and a film, additional UV—vis spectra, AFM data, details
for size and thickness distributions, the low-resolution
SEM and TEM images of WS,/CdS composites and
photocatalytic H, evolution activities. (PDF)
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