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ABSTRACT: Visible light photocatalytic H, production
through water splitting is of great importance for its potential
application in converting solar energy into chemical energy. In
this study, a novel visible-light-driven photocatalyst was de-
signed based on photoinduced interfacial charge transfer
(IFCT) through surface modification of ZnS porous nanosheets
by CuS. CuS/ZnS porous nanosheet photocatalysts were pre-
pared by a simple hydrothermal and cation exchange reaction
between preformed ZnS(en)ys nanosheets and Cu(NOs3),.
Even without a Pt cocatalyst, the as-prepared CuS/ZnS porous
nanosheets reach a high H,-production rate of 4147 yumol h™"
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g~ ! at CuS loading content of 2 mol % and an apparent quantum

efficiency of 20% at 420 nm. This high visible light photocatalytic H,-production activity is due to the IFCT from the valence band of
ZnS to CuS, which causes the reduction of partial CuS to Cu,S and thus enhances H,-production activity. This work not only shows
a possibility for substituting low-cost Cu$ for noble metals in the photocatalytic H, production but also for the first time exhibits a
facile method for enhancing H,-production activity by photoinduced IFCT.
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As a potential answer to the global energy crisis and environ-
mental pollution, the application of hydrogen energy has
attracted great attention." However, hydrogen is mainly pro-
duced from fossil fuels or the high-energy consumption process
at present, which is not environmentally friendly and
economical.” Since Fujishima and Honda first reported the
photoelectrochemical water-splitting on a TiO, electrode,’
photocatalytic water-splitting for hydrogen production has be-
come a promising approach for clean, economical, and envir-
onmentally friendly production of hydrogen by using solar
energy. Numerous active photocatalysts for splitting water have
been synthesized and investigated in the past few decades,* ®
whereas most of these photocatalysts can solely absorb the UV
light, which accounts for only 4% of the total sunlight, and thus
greatly restricts its practical applications. Hence, it is highly
desirable to develop photocatalysts with high activities under
visible light illumination.

Recently, metal sulfides have been intensively studied in
photocatalysis because of their suitable bandgap and catalytic
functions. In particular, ZnS is a well-known photocatalyst as a
result of the rapid generation of electron—hole pairs by photo-
excitation and the highly negative potentials of excited electrons,
showing high activity for H, evolution, even without any
assistance of noble metal cocatalysts.” " While the bandgap of
ZnS (3.66 V) is too large for visible light response,'® and many
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methods such as doping with metal ions (i.e., Ni**, Cu®, and
Pb**),">"'* preparing solid solutions and combining with var-
ious narrow bandgap semiconductors have been applied to make
ZnS$ have visible light activity."®"” In recent years, sulfide solid
solutions such as Cu,Zn,.,S, Zn,Cd,_S, Cu—Z7n,Cd,_S and
CuS—In,S;—ZnS have been proved to be an efficient visible light
driven photocatalysts for H, production from water
splitting.'>'”~2® Unfortunately, cadmium is a widespread envir-
onmental pollutant, which is toxic and harmful to human beings.
Moreover, in order to achieve high crystallinity, a high-tempera-
ture heat treatment is usually needed for the preparation of these
solid solutions and sometimes an expensive Pt cocatalyst is still
needed for the higher quantum efficiency. In addition, the
morphology of these solid solutions through solid-state reaction
or coprecipitation method is usually irregular (e.g, bulk or
aggregate of nanoparticles). In this case, the facile preparation
of well-crystallized and low-toxic ZnS-based photocatalysts with
controllable morphology and high photocatalytic activity is still a
challenge.

In this work, for the first time we reported the fabrication of
CuS/ZnS porous nanosheets by a simple hydrothermal and
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Figure 1. SEM image (a), EDX pattern (b), TEM (c), and HRTEM
image (d) of sample CZ2.

cation exchange method using preformed ZnS(en), s nanosheets
and Cu(NO3), as precursors, and their highly visible light-driven
photocatalytic H,-production activity from aqueous solutions
containing Na,S and Na,SO; without Pt cocatalyst. Further-
more, the photoinduced interfacial charge transfer (IFCT)
mechanism was first proposed to explain the origin for the visible
light induced response and enhanced visible light H,-production
activity by loading CusS.

CuS/ZnS porous nanosheets were prepared by hydrothermal
method instead of high-temperature calcinations,”” " that is, by
cation exchange reaction using the preformed ZnS(en), s nano-
sheets and Cu®" ions as precursors at 140 °C for 12 h. A series
of samples with the nominal Cu®*/Zn*" molar ratio x were
labeled as CZx (x =0, 0.5, 1,2, 3, and 5 mol %), respectively, and
the Cu™* concentration in these samples was measured by
inductively coupled plasma atomic emission spectrometry
(ICP-AES) (see details in Supporting Information). The typical
SEM image (CZ2 with the highest Hy-production activity) is
shown in Figure 1a. It can be seen clearly that the sheet structures
are basically remained after the hydrothermal treatment of
ZnS(en)o s precursor, while some nanoparticles appear on the
surface of these nanosheets, becoming rougher compared with
the original smooth surface of ZnS(en)q s nanosheets (Figure
Sla in Supporting Information). The energy-dispersive X-ray
(EDX) spectrum (Figure 1b) confirms that the CZ2 sample
consists of zinc, copper, and sulfur elements. Also, the sample
exhibits sheetlike morphology with clear porous structure in the
transmission electron microscopy (TEM) image (Figure Ic).
These nanosheets are composed of numerous nanoparticles with
diameters ca. 20 nm and the pores are formed between these
nanoparticles. From the high-resolution TEM (HRTEM) image
in Figure 1d, the lattice fringes can be clearly observed, suggesting
the well-defined crystal structure, and the fringe with lattice
spacing of ca. 0.31 nm corresponds to the (002) plane of the
hexagonal ZnS. Notably, it can be observed that some small
clusters with the size of ca. 2—5 nm are deposited on the surface
of ZnS particles (as indicated in Figure 1d). Associated with the
EDX results (EDX confirms the presence of copper element) and
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Figure 2. (a) Typical XPS survey spectrum of sample CZ2, and (b) Cu
2p region of the XPS spectra of the sample CZ2 before and after 2 h
photocatalytic reaction under visible light irradiation. The inset in Figure
2b is Auger Cu LMM spectrum of sample CZ2 after photocatalytic
reaction for 2 h.

discussions below, it can be concluded that these small clusters
are consisted of CuS nanoparticles. The close interconnection
(or heterojunction) between ZnS and CuS by cation exchange
reactions is believed to favor the vectorial transfer of photo-
generated electrons from ZnS to CusS, thus enhancing the charge
separation and photocatalytic efficiency.>"** In this case a
question subsequently arises, namely, how does the sheetlike
porous structure form? It is proposed that during the hydro-
thermal treatment of ZnS(en)ys precursor, the ZnS(en)gs
nanosheets are unstable and completely decompose to ZnS first
while the sheetlike structure remains unchanged.30 Then, ZnS
nanocrystallites in situ nucleate and preferentially grow on the
surface of the sheets due to the fact that the interface nucleation
has the lowest activation energy of nucleation.*® This results in
the formation of the sheetlike porous structure.

The complete conversion of ZnS(en)ys to ZnS under our
hydrothermal experimental conditions is proved by the XRD
patterns of CZx with the diffraction peaks for all samples are well
indexed to ZnS wurtzite phase [JCPDS No. 36-1450, space
group: P63mc (186)] as shown in Figure S2 in Supporting
Information. However, CuS phase is not detected by XRD even
though the molar concentration of CuS is as high as 5% (CZS)
owing to the weak crystallization and high dispersion of CuS
particles deposited on the surface of ZnS nanoparticles.>* It is
worth noting that the diffraction peaks of ZnS become weaker
and the widths of the peaks become slightly wider with increasing
CuS content, implying a decrease in the crystallinity and the
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Figure 3. (a) UV—vis absorption spectra of CZx samples as well as Cu$
and Zn$ + CuS. ZnS + CuS: physical mixture of CuS and ZnS (i.e., CZ0)
(the molar content of CuS is 2%). (b) Nitrogen adsorption—desorption
isotherms and the corresponding pore size distribution curves of ZnS-
(en)y s precursor, CZ0, and CZ2.

average crystallite size. The average crystallite size of ZnS, which
is determined by the broadening of the (002) diffraction peak
using the Debye—Scherrer formula,>® decreases from 19.8 to
15.7 nm with increasing CuS content from 0 to 5% as listed in
Supporting Information Table S1.

To analyze the chemical composition of the prepared samples
and to identify the chemical status of Cu element in the samples,
X-ray photoelectron spectroscopy (XPS) analysis was carried
out. Figure 2a exhibits the XPS survey spectrum of CZ2 and the
peaks of Cu 2p, S 2p, Zn 2p, O 1s, and C Is can be clearly
observed. The weak peaks of O and C come from H,0, O,, and
CO, adsorbed on the surface of the sample and adventitious
hydrocarbon from XPS instrument itself, respectively.’® The
high-resolution XPS spectrum of Cu in the 2p region for CZ2
before the photocatalytic reaction (Figure 2b) shows the binding
energies of Cu 2p3, and Cu 2p; /, peaks at 932.7 and 952.8 eV,
respectively, which are typical values for Cu®" in CuS.>"
Meanwhile, two shakeup lines at 943.2 and 963.6 eV are
observed, indicating the paramagnetic chemical state of Cu®".*®
Furthermore, symmetrical shapes of the two Cu 2p XPS peaks
also imply the presence of pure CuS. However, after photo-
catalytic reaction for 2 h, the XPS spectrum of CZ2 exhibits a
significant change. Two shakeup lines almost disappear and the
binding energies of Cu 2p;,, and Cu 2p, /, slightly left-shift to
932.5 and 952.4 eV, respectively, indicating the presence of either
Cu® or Cu'*. However, associate with the Auger Cu LMM
spectrum of sample CZ2 after photocatalytic reaction for 2 h
(inset in Figure 2b), the Cu LMM line position is found at around
917.6 eV, which suggests that Cu’ does not seem to be present
since its characteristic feature (Cu LMM at 918.7 eV) is not
detected.** From this brief analysis, it is realistic to assume that
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Figure 4. Comparison of the visible light photocatalytic H,-production
activity of CuS/ZnS porous nanosheets and ZnS samples under visible
light (A = 420 nm) with the mixed aqueous solution containing 0.35 M
Na,S and 0.25 M Na,SO3 as sacrificial solution; light source: 350 W
xenon arc lamp.

after photocatalytic reaction for 2 h, a small amount of Cu®" in
CusS is reduced to Cu,S. These results also confirm the electron
transfer from the CB of ZnS to CuS and the partial reduction of
CuS to Cu,S.

Figure 3a shows the UV—vis diffuse reflection spectra of the
samples CZx (x =0, 0.5, 1, 2, 3, and 5). A significant increase in
the absorption at wavelengths shorter than 365 nm can be
assigned to the intrinsic bandgap absorption of ZnS,*' and the
bandgap energy is estimated to be 3.35 eV according to the
Kubelka—Munk method.** As for CZx samples, with increasing
the content of CuS an enhanced absorption in the visible light
region (at wavelength over 400 nm) is clearly observed. This
enhancement is ascribed to increasing the content of CuS, which
has an obvious absorption in the range of 300—800 nm (as
shown in the spectrum of the pure CuS).">*® The absorption at
700—800 nm can be assigned to the d—d transition of Cu(1I).*~*
In addition, there is no shift in the absorption edge of the CZx
samples in comparison to that of pure ZnS (sample CZ0), further
implying that CuS is only deposited on the ZnS surface instead of
incorporating to the lattice of ZnS. Furthermore, in comparison
with the absorption spectrum of the physical mixture of CuS and
ZnS (sample ZnS + CuS), an absorption shoulder from ~350 to
450 nm can be distinctly observed for sample CZ2. By analogy to
the reported IFCT from the VB of TiO, to Cu(Il),* *" the
absorption shoulder from ~350 to 450 nm can be ascribed to the
direct IFCT from the VB of ZnS to CuS. This photoinduced charge
transfer has also been confirmed by the above XPS results that
electrons are photoexcitated from VB of ZnS directly to CuS and
then reduce partial CuS to Cu,S. In contrast, sample ZnS+CuS
shows negligible visible light H,-production activity (see Figure 4 as
discussed later) due to the loose contact between ZnS and CusS.
This fact associated with the UV—vis and TEM results indicates
that the intimate contact between CuS and ZnS via the cation
exchange reaction is crucial for the interelectron transfer between
the two components, which result in the possibility for the direct
IFCT from the VB of ZnS to Cu$ and the visible light activity.

It is well-known that heterogeneous photocatalysis is a sur-
face-based process, because the large surface area can provide
more surface active sites for the adsorption of reactant molecules,
making the photocatalytic process more efficient.** > More-
over, the porous structure is believed to facilitate the transporta-
tion of reactants and products through the interior space due to
the interconnected porous network and to favor the harvesting of
exciting light due to enlarged surface area and multiple scattering
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within the porous framework.>" Figure 3b shows nitrogen
adsorption—desorption isotherms and the corresponding pore
size distribution curves of ZnS(en), s precursor, CZ0, and CZ2.
The nitrogen adsorption—desorption isotherms of all samples
are of type IV, indicating the presence of mesopores (2—S50 nm).
The shape of hysteresis loops is of type H3, associated with
aggregates of platelike particles, giving rise to slitlike pores,”>>>
which is well consistent with the scanning electron microscopy
(SEM) and TEM results (Figure 1). In addition, the isotherms
show high absorption at high relative pressure (P/P,) range
(approaching 1.0), suggesting the formation of large mesopores
and macropores.” The pore-size distributions (inset in
Figure 3b) of the samples indicate a wide pore-size distribution
from 2 to 100 nm, further confirming the existence of mesopores
and macropores. Supporting Information Table S1 lists the
Brunauer—Emmett—Teller (BET) surface areas and pore vo-
lumes of the different samples, and the ZnS(en), 5 precursor has
the lowest BET surface area and pore volume. After hydrother-
mal treatment of ZnS(en)os precursor with or without Cu™*
ions, the CuS/ZnS and pristine ZnS samples exhibit higher BET
surface areas and pore volumes than that of ZnS(en)ys pre-
cursor. In addition, the specific surface areas progressively
increase with increasing CuS content up to 3%, and then the
specific surface areas decrease. It is easy to understand that the
BET surface areas and pore volumes of CuS/ZnS samples
increase with increasing CuS content at first, because the
crystallinity and average crystallite size decrease according to
the XRD results. However, higher Cu®" content results in the
formation of more CuS nanocrystallites and these nano-
particles may deposit on the surface of ZnS particles or em-
bedded in the pores, thus reducing the specific surface areas and
pore volume.

The photocatalytic H,-production activity of CuS/ZnS por-
ous nanosheets and pristine ZnS (i.e., CZ0) from an aqueous
solution containing 0.35 M Na,S and 0.25 M Na,SO; under
visible light irradiation (4 = 420 nm) are compared in Figure 4.
Pure ZnS shows a negligible visible light H,-production activity
because the bandgap of ZnS is too large to absorb visible light. In
contrast, considerable visible light photocatalytic H,-production
activity is recorded for CuS/ZnS samples. After adding only a
small amount of Cu”" in the reaction system, the activity of
CZ0.5 is remarkably improved. The photocatalytic activity of the
samples increases with increasing the amount of CuS from 0.5 to
2% and reaches a maximum H,-production rate as high as 4147
umol h™" g~ ! with 20% apparent quantum efficiency (QE) at
420 nm for sample CZ2. A further increase in the content of
CuS leads to a reduction of the photocatalytic activity. Especially
for sample CZS, the activity for H, produciton decreases
dramatically. This is probably due to the combined effects of
the following several factors: (i) high Cu** content leads to
the deposition of excessive CuS clusters and thus decrease the
surface active sites of ZnS; (ii) excessive CuS covered on the
surface of ZnS may shield the incident light, and thus prevent
the light absorption and generation of photogenerated electrons
by ZnS inside; (iii) the increase of their particle size results in
deterioration of the catalytic 5properties of CuS clusters or
disappearance of surface effect;>> (iv) CuS at high content may
act as charge recombination centers, resulting in the decrease of
the photocatalytic activity. However, sample ZnS + CuS
(physical mixture of CuS and ZnS) demonstrates a negligible
visible light H,-production activity. This is ascribed to fact that
mechanical mixture of CuS and ZnS is difficult to form close
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Figure 5. Schematic illustration for visible light induced IFCT from the
valence band of ZnS to the CuS clusters in CuS/ZnS system as the
proposed mechanism for photocatalytic H, production.

interaction (or heterojunction) between the two components
and the intimate contact is crucial for the interelectron
transfer.’*> As a consequence, the direct IFCT could not
happen for sample ZnS + CuS, which has been proved by
UV—vis results, and thus no visible light activity. Control
experiments indicated that no appreciable hydrogen production
was detected in the absence of either irradiation or photocatalyst,
suggesting that hydrogen was produced by photocatalytic reac-
tions on photocatalyst. In addition, no hydrogen can be detected
when CuS alone is used as the catalyst (data not shown here),
suggesting that pure CuS is not active for photocatalytic H,
production under the experimental conditions studied. Interest-
ingly, when using ZnS nanoparticles (NPs) as precursor, the
prepared sample CZ2-NPs show much lower H,-production
activity than that of sample CZ2. This result clearly demonstrates
that the good photocatalytic activity of CZ2 is associated with the
formation of sheetlike porous structures. The sheetlike porous
structures are expected to exhibit not only high light-collection
efficiency and a fast motion of charge carriers"™’ but also
provide efficient transport pathways to reactant and product
molecules,** which greatly enhance the photocatalytic H,-pro-
duction activity. According to the results reported by our and
other groups,lgfm’58 the quantum efliciencies of Cd; ,Zn,S,
ZnS—In,S;—Ag,S, Cu—Cd, ,Zn,S, Cu—Znln,S, photocata-
lysts without noble metals are in the range of 9.6—22.6% at
420 nm. Therefore, the prepared CuS/ZnS porous nanosheets in
this work are one of the most highly active metal sulphide
photocatalysts in the absence of noble metal cocatalysts. More
importantly, only Cu®" ions were used to modify ZnS, instead of
harmful cadmium or other expensive elements (such as Ag or In)
in the experiment.

From what has been observed and discussed above, several
important conclusions can be obtained: (1) Due to the great
difference of solubility products (Ky,) of ZnS (1.6 x 10 **) and
CuS (6.3 x 107°), ZnS could be spontaneously transformed
into CuS preferentially on the surface of ZnS particles in the
presence of Cu®" (as shown in Figure 1d). (2) Pure ZnS
nanosheets are not active for photocatalytic hydrogen generation
under visible light irradiation. However, the photocatalytic
activity of CuS/ZnS samples can be remarkably improved. (3)
By tuning the Cu®" content, the H,-production activity of CuS/
ZnS samples can be controlled. (4) The sheetlike porous
structure is believed to greatly enhance the photocatalytic
activity. On the basis of the above results, the visible light
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photocatalytic H,-production mechanism of CuS/ZnS porous
nanosheets is proposed as illustrated in Figure S. First, the
bandgap of ZnS is found to be 3.35 eV based on the UV—vis
results, then the band edge positions of the CB and VB of ZnS
can be determined by the following equation®*

1
Ecp ZX—ES—EEg (1)

where Ecp is the conduction band edge potential, ) is the
electronegativity of the semiconductor, expressed as the geo-
metric mean of the absolute electronegativity of the constituent
atoms, which is defined as the arithmetic mean of the atomic
electron affinity and the first ionization energy. E° is the energy of
free electrons on the hydrogen scale ca. 4.5 V. E, is the bandgap
of the semiconductor. The calculated conduction and valence
band positions of ZnS prepared in our experimental condition at
the point of zero are about —0.91 and 2.44 eV, respectively.
Obviously, the band-to-band transition of ZnS cannot be
excited under visible light irradiation due to the large bandgap
energy, and the pure CuS also shows no visible light activity.
However, the prepared CuS/ZnS samples show high visible
light H,-production rate, so how could be the visible light
H,-production activity explained? Very recently, Irie and
Hashimoto et al. reported that Cu(II)-TiO,, Cu(II)-WOj;,
Cu(II)-Ti;_3,W,Ga,, O, and Cu(II)-(Srl_yNay)(Til_XMox)O3
systems are sensitive to visible light.**”*" For the above-
mentioned systems, they proposed that visible light initiates
IECT as theoretically formulated by Creutz et al.>* That is,
electrons in the VB of semiconductors are transferred directly
to Cu(II) under visible light irradiation. We propose that
visible light irradiation also induces IFCT from the VB of
ZnS to CuS clusters in our work. The direct evidence is the
enhanced absorption from ~350 to 450 nm due to the IFCT
from the VB of ZnS to CuS, as shown in Figure 3a, and this
charge transfer is shown by the blue bold arrow in Figure S. The
transferred electrons from the VB of ZnS to CuS cause the
partial reduction of CuS to Cu,S, which has been confirmed by
the previous XPS results (see Figure 2). Furthermore, the
potential of CuS/Cu,S is about -0.5 V (vs SHE, pH = 0),
and the interfacial transition energy from the VB of ZnS
to CuS/Cu,S is determined to be 2.94 eV. Therefore, it is
reasonable to assume that the absorption from ~350 to
450 nm can be ascribed to the direct IFCT from the VB of
ZnS to CuS. The transferred photoinduced electrons in Cu$
clusters from the VB of ZnS could effectively reduce protons to
produce H, molecules; meanwhile, the holes in the VB of ZnS
could be consumed by the sacrificial agents (s, SO5¥).
Consequently, this IFCT will retard the recombination of
photoinduced electrons and holes due to space separation
and lead to hydrogen production. Thus, it is not surprising that
when x is lower than 2 with increasing Cu content more Cu$
clusters are deposited on the surface of ZnS, resulting in the
increase of the H,-production activity because of more IFCT
electrons produced. It should be noted that at the beginning,
the transferred electrons from the VB of ZnS to CuS clusters
will cause the partial reduction of CuS to Cu,S, forming Cu,S
clusters. These CuS/Cu,S clusters can work as an electron sink
and cocatalyst to promote the separation and transfer of
photogenerated electrons from the VB of ZnS to the CuS/
Cu,S cluster, where H" is reduced to hydrogen molecules. The
major electron transfer steps in the above photocatalytic H,-
production mechanism under visible light irradiation are

summarized by the following equations

CuS/ZnS + hv — CuS(e”)/ZnS(h") (2)
2CuS + 2¢~ — Cu,S + §° (3)
Cw,S + 2H" + §*~ —2CuS + H, (4)

On the contrary, with further increasing the content of CuS up
to higher than 2% excessive CuS clusters will shield the incident
light.éo’é1 The negative effects of CuS at high concentrations
cause the decrease of the photocatalytic H,-production activity.

In summary, CuS/ZnS porous nanosheets are prepared for the
first time via hydrothermal treatment and cation exchange
reactions using the preformed ZnS(en), s nanosheets and Cu-
(NO3), as precursors. The prepared CuS/ZnS porous na-
nosheets show especially high visible light photocatalytic H,-
production activity even without Pt cocatalyst. The content of
surface deposited CuS exhibits a significant influence on the
visible light photocatalytic H,-production activity. The optimal
CuS loading content is determined to be about 2 mol % and the
corresponding H,-production rate is 4147 yumol h™" g~ ' with
QE of 20% at 420 nm. It is believed that visible light irradiation
induces the direct IFCT from the VB of ZnS to CuS, which
results in the reduction of CuS to Cu,S. The potential of CuS/
Cu,S is about —0.5 V (vs SHE, pH = 0), which is more negative
than H'/H, potential and favors the reduction of H", thus
enhancing the photocatalytic H,-production activity. The inter-
facial transition energy from the VB of ZnS (2.44 V) to CuS/
Cu,S (—0.5V) is determined to be ca. 2.94 eV, which thus causes
the absorption from ~350 to 450 nm in the UV—vis diffused
reflectance spectra. This work not only shows a possibility for
replacing noble metal catalysts by economical CuS in the
photocatalytic H, production but also for the first time exhibits
a facile method for enhancing H,-production activity by
photoinduced IFCT.
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Sample preparation. All the reagents were of analytical grade and were used without further

purification. Distilled water was used in all experiments.

Synthesis of ZnS(en)os precursor. ZnS(en)os nanosheets were prepared by an ecthylenediamine
assisted solvothermal method according to previous reports.'™ In a typical synthesis, 2 mmol ZnCl, and
4 mmol thiourea were dissolved in 60 mL of ethylenediamine under constant stirring. After stirring for

30 min at room temperature, the mixed solution was then transferred to a 100-mL Teflon-lined
1
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autoclave and maintained at 180 °C for 18 h. After that, the precipitate was collected by centrifuge,

washed with distilled water and ethanol for three times, and then dried in an oven at 60 °C for 10 h.

Synthesis of ZnS and CuS/ZnS porous nanosheets. ZnS and CuS/ZnS porous nanosheets were
synthesized by a hydrothermal and cation exchange method using the above prepared ZnS(en)os and
Cu(NOs); as precursors. Typically, ZnS(en)y s nanosheets (0.1 g) were ultrasonically dispersed in water,
and then a certain volume of Cu(NOs3); aqueous solution (1 mM) was quickly added. The nominal molar
ratios of Cu/Zn, which hereafter was designated as x, were 0, 0.5, 1, 2, 3 and 5 mol % (see Table S1),
and the obtained samples were labeled as CZ0, CZ0.5, CZ1, CZ2, CZ3 and CZ5, respectively. The
volume of mixed solution was adjusted to 60 mL with deionized water and stirring for 30 min at room
temperature. After that, the suspension was transferred to a 100-mL teflon-lined autoclave and
maintained at 140 °C for 12 h. The final products were respectively rinsed three times with distilled
water and ethanol, and dried at 60 °C for 10 h. According to the previous reports, ZnS could be
transformed into CuS completely by cation exchange reactions with excessive Cu®" ions due to the great
difference in solubility products (Ksp) of ZnS (1.6 x 10%* and CuS (6.3 x 10°%).>° Thus, pure CuS
sample was prepared by adding highly excessive Cu”” ions (the molar ratios of Cu/Zn is 50 : 1) in the
synthesis procedure. Sample ZnS+CuS was prepared by mechanical mixture of pure CuS and ZnS (i.e.
CZ0) with the molar content of CuS equal to 2%. In addition, for comparing, ZnS nanoparticles (NPs)
were also prepared using Zn(NOs), and thiourea as raw materials by the hydrothermal method. That is,
2 mmol Zn(NOs), and 4 mmol thiourea were dissolved in 60 mL of distilled water under constant

stirring, and then the mixed solutions were transferred to a 100-mL Teflon-lined autoclave and
2



maintained at 180 °C for 18 h. CZ2-NPs was also prepared by a hydrothermal and cation exchange
method using the above-prepared ZnS nanoparticles and Cu(NO3), as precursors under the above same

experimental conditions and the nominal molar ratio of Cu/Zn is equal to 2 mol %.

Characterization. X-ray diffraction (XRD) patterns were obtained on an X-ray diffractometer (type
HZG41B-PC) using Cu Ka radiation at a scan rate of 0.05° 20 s'. The crystallite size was calculated
using Scherrer formula (d = 0.9A4/Bcosf, where d, A, B and 6 are crystallite size, Cu Ko wavelength
(0.15418 nm), full width at half maximum intensity (FWHM) in radians and Bragg’s diffraction angle,
respectively). The chemical compositions of the samples were measured by inductively coupled plasma
atomic emission spectrometry (ICP-AES) using an Optima 4300 DV spectrometer (Perkin Elmer).
X-ray photoelectron spectroscopy (XPS) measurement was performed in an ultrahigh vacuum VG
ESCALAB 210 electron spectrometer equipped with a multi-channel detector. The spectra were excited
using Mg Ka (1253.6 eV) radiation (operated at 200 W) of a twin anode in the constant analyser energy
mode with a pass energy of 30 eV. All the binding energies were referenced to the Cls peak at 284.8 eV
of the surface adventitious carbon. Scanning electron microscopy (SEM) was carried out by an S-4800
field emission SEM (FESEM, Hitachi, Japan). Transmission electron microscopy (TEM) analyses were
conducted by a JEM-2010 electron microscope (JEOL, Japan) at an acceleration voltage of 200 kV. The
Brunauer-Emmett-Teller (BET) specific surface area (Sggr) of the powders was analyzed by nitrogen
adsorption in a Micromeritics ASAP 2020 nitrogen adsorption apparatus (USA). A desorption isotherm
was used to determine the pore size distribution by the Barret-Joyner-Halender (BJH) method, assuming

a cylindrical pore model. UV-vis diffused reflectance spectra of samples were obtained for the
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dry-pressed disk samples using a UV-vis spectrotometer (UV2550, Shimadzu, Japan). BaSO4 was used

as a reflectance standard in a UV-vis diffuse reflectance experiment.

Photocatalytic activity. The photocatalytic hydrogen evolution experiments were performed in a 100
mL Pyrex flask at ambient temperature and atmospheric pressure, and openings of the flask were sealed
with silicone rubber septum. A 350 W xenon arc lamp through a UV-cutoff filter (< 420 nm), which was
positioned 20 cm away from the reactor, was used as a visible light source to trigger the photocatalytic
reaction. The focused intensity on the flask was ca. 180 mW/cm’. In a typical photocatalytic
experiment, 50 mg of catalyst was dispersed by a constant stirring in 80 mL mixed aqueous solution
containing 0.35 M Na,S and 0.25 M Na,SOs. Before irradiation, the system was bubbled with nitrogen
for 30 min to remove the air inside and ensured the reaction system in an anaerobic condition. A 0.4 mL
gas was intermittently sampled through the septum, and hydrogen was analyzed by gas chromatograph
(GC-14C, Shimadzu, Japan, TCD, nitrogen as a carrier gas and 5A molecular sieve column). All

glassware was carefully rinsed with distilled water prior to use.

The apparent quantum efficiency (QE) was measured under the same photocatalytic reaction
condition. Four low-power 420 nm-LED (3 W) (Shenzhen LAMPLIC Science Co. Ltd. China), which
were positioned 1 cm away from the reactor in four different directions, were used as light sources to
trigger the photocatalytic reaction. The focused intensity for each 420 nm-LED was ca. 6.0 mW/cm®.

The QE was calculated according to Eq. (S1):



OF [%] = number of .reaf:ted electrons <100
number of incident photons

_ number of evolved H, molecules x 2 <100

number of incident photons (S1)

Table S1. Experimental conditions for the preparation of the samples and the corresponding

physicochemical properties

Cu (mol.%) average crystal size pore volume  Sgert

Samples  x
(ICP-AES) of ZnS (nm) (cm*gh  (m*g?h
ZnS(en)os - - - 0.06 16.6
CZ0 0 0 19.8 0.07 22.0
Cz0.5 0.5 0.38 19.0 0.12 34.5
Cz1 1 0.59 18.3 0.12 36.7
CZ2 2 1.12 17.4 0.13 37.5
CZ3 3 2.03 16.4 0.13 38.9
CZ5 5 3.91 15.7 0.12 354
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Figure S1. SEM image (a) and corresponding XRD pattern (b) of ZnS(en)y s precursor.

The typical morphology of the as-prepared ZnS(en)y s precursor is shown in the SEM image (Figure
Sla), exhibiting a sheet-like structure with rectangle lateral dimensions in the range of 0.3-2 um. The
strong and sharp diffraction peaks in the corresponding XRD pattern (Figure S1b) imply good
crystallinity and large particle size of the product, which is in good agreement with that of ZnS(en) s
reported in literatures.>* It was reported that lamellar ZnS(en)o.s compound could be converted into ZnS
or ZnO nanosheets under heating conditions in vacuum or in air."* Nevertheless, a high-temperature

heat treatment usually suffers from disadvantages related to high cost and complicated synthetic



procedures. Interestingly, in the present work, hydrothermal method was used instead of high
temperature calcinations and pure ZnS porous nanosheets could also be obtained without adding Cu*"
ions. As shown in Figure S3, after the hydrothermal treatment of ZnS(en)os precursor, the sheet
structures of prefabricated ZnS(en)y s precursor are basically remained and these ZnS porous nanosheets

are composed of numerous nanoparticles and the pores are formed between these nanoparticles.
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Figure S2. XRD patterns of the CZx (x =0, 0.5, 1, 2, 3 and 5 mol %) samples.

Figure S3. SEM (a) and TEM (b) images of sample CZ0.
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Figure S4. The comparison of photocatalytic H,-production activity of sample CZ2 under visible-light
irradiation (A > 420 nm) using different hole scavengers: (a) 25%V methanol, (b) 25%V ethanol, (c)

25% glycerol, (d) 25%V lactic acid (e) 0.35 M Na,S+0.25 M Na,SO;

It is well-known that metal sulfide photocatalysts are unstable in the water-oxidation reaction under
visible-light because the S* anions are more susceptible to oxidation than water, thereby causing
photocorrosion of the photocatalyst. Furthermore, the common hole scavenger such as methanol and
ethanol are excellent fuels themselves.” Moreover, as shown in Figure S4, sample CZ2 shows the
highest photocatalytic H,-production activity in the presence of Na,S/Na,SOs; mixture solution as
compared with other hole scavengers. Thus, Na,S/Na,SOs mixture is chosen in this work in order to

suppress the photocorrosion of sulfide-based catalysts.
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Figure S5. A comparison of apparent quantum efficiency (QE) of sample CZ2 under LED irradiation at

different wavelengths using 0.35 M Na,S and 0.25 M Na,SO; aqueous solution.

The action spectrum is determined by the apparent quantum efficiencies (QE) of the sample CZ2
under LED light irradiation with different wavelength from 365 nm to 630 nm as shown in Figure S5.
The potential of Cu?'/Cu’is 0.16 V (vs. SHE, pH=0), however, in this work Cu(II) is existed as CuS and
the solubility products (Ks,) of CuS is found to be 6.3 x 107, Thus, according to the Nernst equation,
the potential of CuS/Cu,S ((pe(;us/(;uzs) can be calculated as follow:

@ cusicuzs = @ cuzricur + 0.059/21g([Cu* /[ Cu™]) = @ Cu**/Cu™ + 0.059/21g(K*,CuS/ K’;,CusS)
=-05V
The interfacial transition energy from the VB of ZnS to CuS/Cu,S is determined to be 2.94 eV, thus the
maximum excitation wavelength is ca. 420 nm. This result is based on the theory computation; however,
such computation is concluded under the standard conditions and also has differences compared with

the practical experiments. It should be noted that the other important evidence for the IFCT is absorption

9



shoulder from 350-450 nm in UV-vis spectra. Thus, the visible-light (= 420 nm) can trigger the
photocatalytic reactions and the CuS/ZnS samples do show high H,-production activity under such
experimental conditions. As shown in Figure S5, the sample CZ2 shows high H,-production efficiency
at 365 nm and 420 nm, even at 450 nm the sample also exhibits a considerable activity. Furthermore,
using the visible-light (> 420 nm) is more meaningful for the solar energy utilization and could
eliminate the possibility of the intrinsic bandgap absorption of ZnS. Thus, in this work, we choose
visible light (= 420 nm) to excite the photocatalyst. On the other hand, as shown in Figure 3a, compared
with the UV-Vis spectrum of CZ0, the UV-Vis spectrum of CZ2 shows enhanced absorption in the
visible-light region (at wavelength over 400 nm), which are attributed to the absorption of CuS and Cu
IT d-d transitions. However, no hydrogen can be detected when CuS alone is used as the catalyst,
suggesting that pure CuS is not active for photocatalytic H,-production under the experimental
conditions studied. Therefore, associated with the action spectrum (Figure S5) the possibility of optical
effects contributing to better performance (such as the extra vis-near IR absorption features due to Cu*"

d-d transition and CuS itself) could be eliminated.
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Figure S6. Time course of photocatalytic H-production over sample CZ2, every three hours the
reaction system is bubbled with N, for 30 min to remove the H; inside; light source: four low-power 420

nm-LED.

The stability of sample CZ2 was confirmed experimentally by recycling this sample (Figure S6).
After four recycles, no significant decrease in the Hy-production rate is observed. The mildly declined in
the photocatalytic activity could be due to the consumption of the sacrificial reagents (S*, SO5*), since
the concentration of sacrificial reagents affect the performance largely.*® The results indicate that the
CuS/ZnS porous nanosheets photocatalysts are highly efficient and stable photocatalysts materials under
visible-light irradiation in such experimental conditions.

CusS is just a reaction intermediate in the proposed mechanism. Under visible-light irradiation, the
electrons are photoexcitated from VB of ZnS directly to CuS by IFCT and then reduce partial CuS to
Cu,S. CuS nanopatricles could not act as hole scavenger, since the CuS/Cu,S clusters could act as an

electron sink and co-catalyst to reduce H" and release H,. The holes remained in the VB of ZnS could be
11



consumed by the sacrificial agents (S*, SO3”). Meanwhile, the formed Cu,S could be oxidized by H
and transformed to CuS, because the potential of CuS/Cu,S (-0.5 V vs. SHE, pH=0) is much more
negative than the potential of H'/H, (0 V vs. SHE, pH=0) (as shown in equation 3 and 4). However, the
reaction rate of equation 3 is faster than that of equation 4, thus when the photocatalytic reaction was
stopped, a small amount of Cu,S remained in the samples. So, it is not surprising that the XPS results

show the presence of Cu’.
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