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Photochemical water splitting offers an economic and sustainable approach for solar energy conversion

into hydrogen fuel to mitigate the problem of greenhouse gas emissions. To this end, exploring novel

semiconductor photocatalysts, which have efficient light absorption and thermodynamically favorable band

alignment for water splitting, is crucial. Here, we rationally develop a new photocatalyst of CuInP2S6
nanosheets to generate hydrogen gas under light illumination. The CuInP2S6 nanosheet (with a thickness

of around 4–7 nm) photocatalyst exhibits a high hydrogen production rate of 804 μmol g−1 h−1, eight times

higher than that of the microsheet counterpart, due to the introduced abundant sulfur vacancies.

Experimental characterization and theoretical calculations verify that the prolonged carrier lifetime and

optimized band alignment in ultrathin CuInP2S6 nanosheets boost photocatalytic hydrogen evolution. This

work opens a new avenue for photocatalysis via using novel layered binary metal phosphorous

trichalcogenides.

1. Introduction

The increased investment in renewable sources, such as solar
power, provides a sustainable platform to mitigate the current
challenges of energy demand and environmental
conservation.1 The direct production of clean fuels from
sunlight provides a scalable route to realize efficient energy
conversion. In this regard, solar-driven water splitting stands
out among many solar fuel technologies owing to its
sustainability and low cost.2,3 The prerequisite for realizing
an efficient photocatalytic water-splitting process relies on
choosing the appropriate photocatalyst with suitable band
alignment and electronic structure, ensuring effective light
harvesting and enhancing carrier separation while
withstanding photocorrosion in solutions.4 To this end, earth-

abundant two-dimensional (2D) layered materials such as
black phosphorus (BP),5,6 graphitic carbon nitride (g-C3N4)

7,8

and transition metal dichalcogenides (TMDs)9,10 have been
developed as promising candidates in photocatalytic water
splitting due to their appropriate bandgaps and tunable
photoelectronic properties.11 The newly emerging 2D layered
metal phosphorous trichalcogenides (MPX3) have been
theoretically predicted and experimentally proved to be
potential photocatalysts for water splitting.12–15 They have
many intriguing properties such as light responsiveness in a
broad wavelength spectrum (350–950 nm),16 high quantum
yields,12 and thermodynamically appropriate band edge
positions.17 In particular, the ultrathin 2D layered structure
offers unique physical and chemical features:18,19 (i) the
coordinatively unsaturated surface atoms, combined with an
ultra-high specific surface area, provides more active sites for
catalytic reactions;20,21 (ii) the few-layered thickness could
effectively decrease the recombination of electron–hole pairs
through shortening the migration distance from the interior
to the surface;12 (iii) the atomic vacancies could be easily
introduced on the surface and serve as the charge separation
centers to trap photogenerated electrons, preventing
recombination with the photogenerated holes.22,23

Recently, we demonstrated the controllable synthesis of
some ultrathin bivalent metal-based MIIPX3 (where MII = Mn,
Fe, Ni) nanosheets for photocatalytic hydrogen generation
and disclosed their mysterious property toward photocatalytic
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water splitting.13,24,25 Of compelling interest in MPX3

materials is that the bivalent metal could be substituted by
univalent and trivalent metals to form layered MIMIIIP2X6

such that regulating the electronic structure and spin–orbit
interactions would bring an interesting paradigm. The
involvement of MI and MIII cations could endow them with
distinctive physical and chemical properties, unlike those of
MIIPX3.

26 The CuInP2S6 (CIPS) crystal,27 as a specific
representative, has exhibited intriguing properties including
ferroelectric,28 piezoelectric,29 and pyroelectric30

semiconducting characteristics. It consists of covalently
bonded [P2S6]

4− bipyramids in which the Cu, In, and P–P
dimers are alternately arranged in a triangular pattern with
strong intralayer bonding and weak interlayer van der Waals
force (Fig. 1a). Recent studies show that ferroelectric
spontaneous polarization could be recognized on the CIPS
nanosheets at room temperature due to the Cu sites shifting
off-center ordering along the z direction,14,27,28,31 and this
spontaneous polarization can induce a built-in electric field,
which is helpful to drive the spatial separation of
photogenerated charge carriers efficiently in photocatalytic
reactions.32,33 In addition, the formation energy of the sulfur
vacancies in the CIPS monolayer (0.82 eV) is much lower than
that in the MoS2 monolayer (2.98 eV) due to the higher
volatility of the chalcogenide at high temperature.34,35

Therefore, the sulfur vacancies in CIPS are expected to be
easily introduced during the chemical vapor conversion
synthesis process. However, to our best knowledge, there are
few reports about the study of its photocatalytic properties.
This can be associated with a considerable challenge to
controllably synthesize the CuInP2S6 nanosheets.

Here, we successfully develop an approach to controllably
synthesize the sulfur-defective CuInP2S6 crystals, including
nanosheets (NSs) and microsheets (MSs) via a facile chemical
vapor conversion method. The as-obtained CIPS NSs and MSs
are well crystallized and ascertained to be phase-pure. Based
on experimental characterization and density functional

theory (DFT) calculations, we find that there is no obvious
difference in the bandgaps, but the band alignment will be
regulated after thinning down the CIPS crystal. Notably, the
photogenerated carrier recombination rate could be
suppressed on CIPS NSs with a prolonged carrier lifetime in
CIPS NSs (3.25 ns) than MSs (2.26 ns) under light
illumination. The introduced sulfur vacancies not only
reduce the bandgap and then enhance light absorption but
also regulate the charge distribution on the surface and
optimize the charge carrier separation for effective
photocatalytic reaction. Benefiting from the
thermodynamically appropriate band alignment, shorter
migration distance of carriers and abundant surface sulfur
vacancies, the CIPS NSs demonstrated superior photocatalytic
activity towards hydrogen generation. The hydrogen
production rate of CIPS NSs is up to 804 μmol g−1 h−1,
outperforming that of CIPS MSs (100 μmol g−1 h−1) and most
of the reported 2D MPX3 photocatalysts. This work provides a
feasible route to synthesize the 2D CuInP2S6 crystal and
explore its potential application as a photocatalyst for solar
water splitting to produce hydrogen gas.

2. Experimental section
2.1. Chemical materials

All chemicals were analytical grade and used as received
without further purification. Indium chloride tetrahydrate
(InCl3·4H2O), copper chloride dihydrate (CuCl2·2H2O),
thioacetamide (CH3CSNH2), ethylenediamine (C2H8N2),
anhydrous sodium sulfate (Na2SO4), anhydrous sodium
sulfite (Na2SO3) and sodium sulfide nonahydrate (Na2S·9H2O)
were purchased from Aladdin. Red phosphorus and sulfur
powder were purchased from Alfa Aesar. Deionized water
with a conductivity of 18.25 MΩ cm was used as a solvent in
all the experiments.

2.2. Material synthesis

A two-step process was used to prepare the CuInP2S6 sheets.
In the first step, the CuInSx precursor was prepared through
a solvothermal method. Then, the CuInP2S6 microsheets and
nanosheets were prepared via the chemical vapor conversion
reaction between the CuInSx precursor and the vapor source.
The details are as follows.

Synthesis of CuInSx precursor. A solvothermal method was
utilized to synthesize CuInSx nanocrystals.36 Typically, a
stoichiometric mixture of CuCl2·2H2O (0.1 mol L−1),
InCl3·4H2O (0.1 mol L−1) and thioacetamide (0.3 mol L−1) was
dissolved in ethylenediamine (35 mL) under vigorous stirring.
Then, the solution was transferred to a 50 mL Teflon-lined
autoclave followed by heating at 160 °C for 12 h. After cooling
to room temperature naturally, the products were collected
by centrifugation at 5000 rpm for 5 min and washed with
absolute ethanol three times. After that, the precipitate was
dispersed in absolute ethanol and uniformly drop-casted on
the surface of carbon fibers (CuInSx/CFs). These carbon fibers
were dried at 60 °C for the following step.

Fig. 1 (a) Side and top view of monoclinic CIPS crystal structure. (b)
Rietveld refining XRD pattern for as-prepared CIPS MSs.
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Synthesis of CIPS NSs and MSs. CIPS NSs and MSs were
synthesized by a typical chemical vapor conversion reaction
by employing a tube furnace with two zones (Fig. S2a†).
Firstly, appropriate stoichiometric amounts of phosphorous
and sulfur powders with the molar ratio of nP : nS = 1 : 3 were
loaded in zone I of the furnace whereas the CuInSx/CFs
precursor was placed in zone II (the distance between the two
zones is about 20 cm). Subsequently, the system was purged
with Ar gas and vacuumed to create an air-free atmosphere.
Before starting the reaction, the zone I and II were
simultaneously heated to 300 °C and 510 °C (CIPS NSs) or
550 °C (CIPS MSs) within 30 min with continuously flowing
50 sccm Ar gas. The mixture of phosphorous and sulfur
powders in zone I was finally heated to 320 °C and the
reaction was run for 60 min (CIPS NSs) or 90 min (CIPS
MSs). The detailed heating procedure profiles are shown in
Fig. S2b and c.† When the reaction was completed, the
furnace was naturally cooled to room temperature and the
samples were taken out for further measurements. The mass
loading of CIPS NSs and MSs on the CFs is about 3.2 and 5.6
mg cm−2, respectively.

2.3. Material characterization

The morphology and thickness of CuInP2S6 sheets were
investigated by field emission scanning electron microscopy
(SEM, Hitachi S4800) and atomic force microscopy (AFM,
Bruker-M8). The crystal structure and chemical compositions
were identified by transmission electron microscopy (TEM,
JEM-2100F) and energy dispersive X-ray spectroscopy (EDX)
equipped on a JEM-2100F instrument. An X-ray diffractometer
(XRD, Smartlab-9) equipped with Cu Kα radiation was used to
confirm the crystal structure with a scanning speed of 2°min−1.
Raman spectra were determined using a confocal microscope-
based Raman spectrometer (Renishaw InVia) under ambient
conditions with an excitation laser wavelength of 532 nm.
Room temperature UV-vis diffuse reflectance spectra with the
wavelength range of 200–1000 nm were recorded on a Lambda
750 spectrophotometer. Ultraviolet photoelectron spectroscopy
(UPS, Thermo Scientific ESCALab220Xi-XL) was used to analyze
the valence band energy of CuInP2S6 sheets. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific
ESCALab250Xi) was performed using a Mg Kα source excited at
8 kV and the analysis chamber pressure was 1.5 × 10−9 Mbar.
Electron spin resonance (ESR, Bruker E500) spectroscopy was
carried out to detect the vacancies of samples and the radical
of the photocatalytic process. Time-resolved
photoluminescence (TRPL, NanoLOG-TCSPC) spectroscopy
was conducted to examine the electron transfer dynamics of
CuInP2S6.

2.4. Electrochemical measurement

A typical three-electrode system was used to conduct the
Mott–Schottky and electrochemical impedance spectroscopy
(EIS) measurements on a Princeton Applied Research
(VersaSTAT3) potentiostat. A piece of CIPS/CFs (1 × 2 cm2)

was directly used as the working electrode, with a Pt wire as a
counter electrode and a saturated calomel electrode (SCE) as
the reference electrode in 0.5 M Na2SO4 aqueous electrolyte
(pH 6.8). The Mott–Schottky analysis was performed at the
frequency of 500 and 2500 Hz. EIS measurement was carried
out under an open circuit potential with the frequency
ranging from 100 000 to 0.1 Hz. During the
photoelectrochemical measurements, the CIPS sheets were
transferred onto fluorine-doped tin oxide (FTO) conductive
glass slides that served as a working electrode. Typically, CIPS
MS and NS suspension solution were cast onto the surface of
conductive FTO glass and then covered by epoxy resin to
ensure an exposed area of 0.4 cm × 0.5 cm. The photocurrent
responses of the different electrodes were achieved under Xe
lamp light (λ > 300 nm) illumination, and the distance
between the Xe lamp and the working electrode was 20 cm
with the light power density of 200 mW cm−2. All the
potentials reported here were converted to normal hydrogen
electrode (NHE) through the equation: E (vs. NHE) = E (vs.
SCE) + 0.242 V.

2.5. Photocatalytic H2 evolution

Prior to the experiment, the CIPS NS suspension solution
(0.05 mg mL−1, 100 mL) was obtained through sonication of
CIPS sheets from carbon fibers in deionized water. Then, 0.1
mol L−1 Na2S/Na2SO3 was added into this suspension
solution and acted as a sacrificial agent. The reaction was
conducted in a Pyrex top-irradiation photoreactor connected
to a glass closed gas circulation system. A 300 W Xe lamp (λ
> 300 nm) was utilized as the light source, and the distance
between the Xe lamp and the liquid surface of the
photoreactor is 10 cm with a light power density of 400 mW
cm−2. Before turning on the light, the aqueous solution was
carefully evacuated to remove the air in this sealed system.
The generated H2 gas was online detected using GC-7900 gas
chromatograph (GC, TCD detector, 5 Å molecular sieve
column and Ar as a carrier gas) at hourly intervals.
Meanwhile, in order to ensure uniform catalyst dispersion
and gas release, the solution was subjected to stirring.

2.6. Computational details

All the CuInP2S6 structures are built according to the lattice
parameters from the experimental XRD measurement results.
A vacuum layer of 15 Å is employed for the monolayer
structure to prevent interactions between the repeated slabs.
All the calculations are performed based on density
functional theory (DFT) implemented in the Vienna Ab initio
Simulation Package (VASP).37 The structures are fully relaxed
by the projector-augmented wave (PAW) potentials38 and the
Perdew–Burke–Ernzerhof (PBE) exchange–correlation
functional based on the GGA approximation.39 The DFT-D3
method including the dispersion correction proposed by
Grimme40 is applied to describe the van der Waals
interactions between the CuInP2S6 layers. The cutoff energy
of the plane wave is 400 eV. The convergence of the electronic
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self-consistent energy is 10−4 eV, and the force convergence
criterion in a conjugate-gradient algorithm is 0.05 eV/Å. The
electronic structures are calculated using the Heyd–Scuseria–
Ernzerhof (HSE06) hybrid functional.41 All the calculations
are spin-polarized.

3. Results and discussion
3.1. Synthesis and structural characterization

The CIPS NSs and MSs were synthesized by a two-step
process, in which the CuInSx precursor was first synthesized
via a solvothermal method36 (Fig. S1†) and afterwards the as-
obtained precursor was converted to the well-crystallized
CIPS sheets on the carbon fiber via chemical vapor
conversion (Fig. S2†). The morphology of 2D CIPS crystals
can be tuned by controlling the reaction time and
temperature during the second step. Fig. S3† shows the
scanning electron microscopy (SEM) images of the various
CIPS sheets on the surface of the carbon fiber substrate.
Uniform CIPS NSs and MSs could be synthesized within 60
min at 510 °C and 90 min at 550 °C, respectively. The crystal
structure of the as-synthesized 2D CIPS sheets was first
characterized by X-ray diffraction (XRD) and then refined by
the Rietveld method using General Structure Analysis System
(GSAS) software. As shown in Fig. 1b, the typical diffraction
peaks can be clearly indexed to the monoclinic CIPS phase
with a space group of Cc and lattice parameters of a = 6.0974
Å, b = 10.5672 Å, c = 13.6434 Å and β = 107.1645°. The final
refined reliability factors indicate the formation of pure-
phase CIPS without other detectable crystalline impurities.
The SEM images (Fig. 2a and S4a–c†) show the vertically

grown CIPS NSs with an average size of ∼1 μm on the carbon
fibers. The thickness of the CIPS NSs is around 4–7 nm (inset
of Fig. 2a) based on atomic force microscopy (AFM)
characterization. We then applied transmission electron
microscopy (TEM) to investigate the structural characteristics
(Fig. 2b). The interplanar lattice spacings of 3.01 and 2.91 Å
in the high-resolution TEM (HRTEM, Fig. 2c) image are
indexed to the (130) and (200) facets of the CIPS crystal,
respectively. The corresponding selected area electron
diffraction (SAED, inset of Fig. 2c and S5†) pattern
unequivocally discloses a single set of diffraction spots,
consisting of a CIPS unit cell with its lattice constant. Energy-
dispersive X-ray spectroscopy (EDX) mapping (Fig. 2d)
verified the uniform elemental distribution of Cu, In, P and S
with the atomic ratio of 1 : 1 : 1.8 : 5. As a comparison, the
CIPS MSs were also characterized. There is no difference in
the crystal structure of CIPS NSs and MSs (Fig. S6†), but the
lateral size of the CIPS MSs is around 10 μm with the Cu : In :
P : S ratio of 1 : 1.1 : 2.2 : 6.3 and thickness of about 700 nm
(Fig. S7†).

To gain insight into the elemental chemical state
information, we conducted X-ray photoelectron spectroscopy
(XPS) analysis of the CIPS crystals (Fig. S8†). The high-
resolution XPS spectra of different elements in both CIPS NSs
and MSs are very close to each other (Fig. 2e). The peak pairs
located at around 952.39 (2p1/2)/932.65 (2p3/2) eV and 452.47
(3d3/2)/444.91 (3d5/2) eV are indexed to Cu+ and In3+ species,
respectively. The peaks at 132.54 (2p1/2) and 131.65 eV (2p3/2)
correspond to P4+, while those at 163.33 (2p1/2) and 162.13 eV
(2p3/2) belong to S2− in the P2S6 unit. After carefully
comparing the high-resolution Cu 2p, In 3d, P 2p and S 2p
XPS spectra in both CIPS MSs and NSs, we found that the
binding energies, especially S 2p, in CIPS NSs slightly shift to
lower values compared with those in CIPS MSs due to the
existence of abundant sulfur vacancies.42,43 Additionally,
electron spin resonance (ESR) spectroscopy was carried out to
further verify the sulfur vacancies (Fig. S9†). The clear ESR
signal at g = 2.003 of CIPS samples could be attributed to the
unpaired electrons on the sulfur atoms of sulphide,44,45 also
suggesting the existence of sulfur vacancies in the CIPS MSs
and NSs. The higher ESR intensity of CIPS NSs indicates
many more sulfur vacancies, which is in agreement with the
XPS results. Raman spectra collected on both CIPS NSs and
MSs show two vibration modes of zwitterion and the P2S6
unit with D3d symmetry (Fig. S10†).46 The vibration peaks
between the anion [P2S6]

4− and the cations (Cu+ and In3+)
appear at 102.3, 116.8 and 315.2 cm−1, respectively. A small
peak at around 162 cm−1 is designated as the infrared-active
Eu mode of the P2S6 unit, which is observed in most of the
layered MPX3 materials.47 In addition, other vibration peaks,
including Eg (216 and 264 cm−1) and A1g (239, 375 and 448
cm−1), are ascribed to the four vibration modes ([P–S], [P–P],
[S–P–S] and [S–P–P]) of the P2S6 unit,46 and the Eg and A1g
modes represent the tangential (in-plane) and stretching
(out-of-plane) vibrations of the P–P bond in the P2S6 unit,
respectively.

Fig. 2 (a) SEM image of the as-prepared CIPS NSs on the carbon
fibers. Inset: AFM image with the thickness of CIPS NSs. (b–d) TEM (b)
and HRTEM (c) images and EDX elemental mapping (d) of single CIPS
nanosheet. Inset of (c): SAED pattern collected from the marked region
in (b). (e) XPS high-resolution scans of Cu 2p, In 3d, P 2p and S 2p
regions in the CIPS NSs and MSs.
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3.2. DFT calculations

Given the aforementioned characterization of thick (>700
nm) and ultrathin (<7 nm) CIPS sheets, density functional
theory (DFT) calculations were firstly employed to elucidate
the electronic structure of the bulk and monolayered CIPS
(Fig. 3a and b). The density of states (DOS) calculated via
HSE06 methods reveal bandgap values of the bulk and
monolayered CIPS of 3.02 eV and 2.88 eV, respectively,
indicating that the bandgap is reduced by 0.14 eV when the
thickness of CIPS is brought down to a monolayer. This
result suggests that the bandgap of the CIPS is not strongly
dependent on the layer numbers. In addition, the effect of
the S vacancies on the electronic structure is also studied
(Fig. 3c). After introducing S vacancies in the CIPS
monolayer, shallow trap states are induced near the
conduction band, resulting in a narrowed bandgap of 2.52
eV. The reduced bandgap may facilitate the photoexcitation
of the electron in a broadened spectral range. As revealed in
the projected density of states (PDOS) of the stoichiometric
CIPS bulk and monolayer (Fig. 3d and e), the valence band
maximum (VBM) mainly consists of the S 3p, and the
conduction band minimum (CBM) is composed of S 3p and
In 3d orbitals. In contrast, for the CIPS monolayer with S
vacancies, the VBM mainly consists of the P 3p and Cu 3p
orbitals (Fig. 3f). The emerging contribution of the Cu-3p
orbital near the Fermi level suggests that more electrons can
be easily photoexcited and further indicates that the S
vacancies could improve photo-absorption. More importantly,
the introduced S vacancies give rise to the charge
redistribution on the surface with charge accumulation on
the adjacent P atom (Fig. S11†), which may provide more
active sites for photocatalytic reaction on the CIPS.

3.3. Optical characteristics

To evaluate the light-harvesting capability of the CIPS MSs
and NSs through experiment, UV-vis diffuse reflectance
spectroscopy (DRS) measurement was performed (Fig. 4a).
The absorption edges of CIPS NSs and MSs are close to each

other, from which the bandgaps of 2.76 eV and 2.74 eV can
be extracted via the Kubelka–Munk function. Ultraviolet
photoelectron spectroscopy (UPS) was further adopted to
investigate the energy level of the valence band maximum
(EVB). By subtracting the width of the He I UPS spectra
(Fig. 4b) from the excitation energy (21.22 eV), the EVB could
be calculated to be −5.63 eV vs. vacuum level (i.e., 1.19 V vs.
NHE) and −5.69 eV vs. vacuum level (i.e., 1.25 V vs. NHE) for
CIPS NSs and MSs, respectively. Combined with the
bandgaps, the corresponding conduction band minimum
(ECB) was calculated to be −2.87 eV vs. vacuum level (i.e.,
−1.57 V vs. NHE) and −2.95 eV vs. vacuum level (i.e., −1.49 V
vs. NHE) by EVB − Eg. These results clearly show that the
band-edge positions of CIPS MSs and NSs are slightly
different, which are probably attributed to the changed
surface states and thickness,48 even if there is no big
difference in the bandgap values. The Mott–Schottky (M–S)
plots measured on the as-synthesized CIPS samples show
negative slopes, suggesting a typical p-type semiconductor
characteristic for CIPS (Fig. 4c).49 By extending the
asymptotic curve of the M–S plots, the intersection points
with the X-axis (1/C2 = 0) can determine the flat-band
potential (Efb) values, which are 1.03 and 1.12 V vs. NHE for
CIPS MSs and NSs, respectively. Actually, based on the flat-
band potential value, which is the difference between the

Fig. 3 (a–c) The crystal structures of CIPS bulk (a), CIPS monolayer (b),
and S defective CIPS monolayer (c). The S vacancy is marked by a
dashed-line circle in (c). (d–f) Corresponding total projected density of
states (PDOS) of the CIPS bulk (d), CIPS monolayer (e) and S defective
CIPS monolayer (f). The Fermi energy levels are set as 0 eV.

Fig. 4 (a) UV-vis diffuse reflectance spectra of CIPS MSs and NSs.
Inset: Tauc plots for the determination of bandgaps, the obtained
bandgaps estimated by (αhv)2 as a function of hv, where α and v are
the absorbance and wavenumber, respectively. (b) UPS spectra of CIPS
MSs and NSs. (c) Mott–Schottky plots collected on the CIPS MS and NS
electrodes at 500 and 2500 Hz in 0.5 M Na2SO4. (d) Time-resolved PL
spectra of CIPS MSs and NSs with the excitation wavelength of 320
nm. (e) Band alignment diagram of CIPS MS and NS samples (left) and
the theoretically calculated results of the CIPS monolayer without and
with S vacancies (right).
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Fermi level (EF) and the water-reduction potential (i.e., −0.4 V
vs. NHE at pH 6.8),50 the Fermi level can be estimated to be
0.63 and 0.72 V vs. NHE for CIPS MSs and NSs, respectively.
The band alignment, combined with the standard energy
position of H+/H2 and H2O/O2 redox pairs (Fig. 4e, left),
indicates the thermodynamic appropriateness for
photocatalytic water splitting under light illumination. The
theoretical results based on the CIPS monolayer without and
with S vacancies are also presented (Fig. 4e, right), showing a
p-type semiconductor and the higher position of ECB than the
H+/H2 redox potential.

For further study of the charge carrier (i.e.,
photogenerated electron–hole pairs) separation and transfer
properties of the semiconductor photocatalyst, steady-state
and time-resolved spectroscopic techniques were applied. As
shown in Fig. S12,† there is no obvious change in the
photoluminescence (PL) spectra of CIPS MSs and NSs except
for the intensity. Compared with the PL spectrum of CIPS
MSs, the intensity of the CIPS NS PL spectrum sharply
diminished, suggesting that carrier recombination was
effectively hindered. In addition, time-resolved
photoluminescence (TRPL) spectra were recorded to examine
the lifetime of photogenerated carriers. The TRPL curves were
obtained by exponential decay kinetics function fitting (Table
S1†):51

I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) (1)

Meanwhile, the average lifetime (τA) could be calculated
through the following equation:

τA = (A1τ1
2 + A2τ2

2)/(A1τ1 + A2τ2) (2)

where A1 and A2 are the amplitudes, and τ1 and τ2 correspond
to the short and long fluorescent lifetime, respectively. The
short lifetime τ1 is attributed to the non-radiative
recombination of the photogenerated electron–hole pairs on
the surface of photocatalysts. The long lifetime τ2 is ascribed
to the inter-band recombination of free excitons.51

Significantly, A1 is much larger than A2 in CIPS NSs and MSs,
indicating that the short lifetime τ1 is predominant. The τ1 of
CIPS NSs is longer than that of CIPS MSs, corroborating the
longer charge carrier lifetime on the surface of CIPS NSs such
that the CIPS NS photocatalysts shows an increased average
lifetime (τA) of 3.25 ns than that (2.26 ns) of CIPS MSs
(Fig. 4d), indicating that the ultrathin 2D feature of CIPS NSs
could suppress the charge recombination and thus elongate
the lifetime of the photogenerated charge carriers. The
photoresponse current (Fig. 5a) of the different electrodes
under the same light irradiation (200 mW cm−2) further
confirm the decreased recombination rate of photogenerated
electron–hole pairs on the CIPS NS photoelectrode. The
photocurrent of 2.9 μA cm−2, near threefold higher than that
of CIPS MS (1.1 μA cm−2), is produced on the CIPS NS
electrode. Electrochemical impedance spectroscopy (EIS)
measurements under the open-circuit potential also provided

evidence that CIPS NSs have faster charge transfer with lower
resistance (Fig. S13†). These results firmly manifest that
efficient separation and transfer of photogenerated electron–
hole pairs can be realized on CIPS NS. In short, the CIPS NSs
can provide much more superficial active sites and shorten
the diffusion paths of photogenerated carriers from the
interior to the surface during catalytic reactions. In contrast,
the thick CIPS MSs are unfavorable for photocatalytic
reactions due to the longer diffusion distance and the easy
recombination of electron–hole pairs.

3.4. Photocatalytic evolution of H2

Based on the aforementioned results, we evaluated the
photocatalytic hydrogen evolution activity of these two CIPS
samples in aqueous solution containing Na2S/Na2SO3 as the
sacrificial electron donor under illumination of xenon light (λ
> 300 nm, 400 mW cm−2). As expected, the CIPS NS
photocatalyst shows an efficient hydrogen production rate of
∼804 μmol g−1 h−1 (Fig. 5b) which is much higher than that
of the CIPS MSs photocatalyst (100 μmol g−1 h−1). In addition,
it outperforms the 2D MPX3 photocatalysts reported to date
(Table S2†) and is even comparable to other 2D layered
photocatalysts (Table S3†). Then, we studied the stability of
the photocatalyst through continuous hydrogen generation

Fig. 5 (a) Transient photocurrent responses of CIPS MS and NS
photoelectrodes with the size of 1 cm × 2 cm under Xe light
illumination (λ > 300 nm, 200 mW cm−2). (b) Comparison of
photocatalytic hydrogen evolution performance of CIPS MSs and NSs
under Xe light illumination (λ > 300 nm, 400 mW cm−2). (c) Schematic
for the photocatalytic hydrogen evolution on the CIPS NSs.
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under the same conditions for 30 h (Fig. 5b). Notably, CIPS
NSs demonstrate excellent stability. The relatively improved
photocatalytic activity of CIPS NSs, compared with CIPS MSs,
can be attributed to the ultrathin 2D feature and abundant
surface sulfur vacancies, which result in an increase in
reactive sites and prolonged lifetime of photogenerated
carriers. In addition, CIPS NSs exhibited a considerable
photocatalytic H2 evolution rate of 46 μmol g−1 h−1 and
reasonable stability in pure water without any sacrificial
agent under the same illumination conditions (Fig. S14†).
Unfortunately, there is no detectable oxygen gas in the
experimental protocol without applying any sacrificial agent.
After further characterization, the unchanged morphology
and structural crystal (Fig. S15†), along with the slightly
oxidized surface, of the CIPS NSs are observed after long-
term operation (Fig. S16†). We employed in situ ESR
spectroscopy analysis to track the radicals of hydroxyl
moieties (˙OH) in the way of oxygen evolution (Fig. S17†).
Accordingly, the ESR signal evidences the presence of ˙OH,
substantiating the fact that the OER route is at the stage of
primary oxidation on the adsorbed water molecule (H2O − e−

→ ˙OH).

4. Conclusions

2D vdW CuInP2S6 nanosheets and microsheets are initially
prepared by effectively controlling the synthesis parameters
in a two-step process. The S vacancies can be introduced in
the CuInP2S6 during this synthetic method. Based on
theoretical calculations and experimental characterization,
we find that the thickness and sulfur vacancies of the
CuInP2S6 can affect the band-edge positions, even though
there is no obvious change in bandgap value. Meanwhile,
benefitting from the ultrathin features and abundant sulfur
vacancies, CuInP2S6 nanosheets demonstrate an excellent
photocatalytic hydrogen generation due to efficient
separation of photogenerated carriers and high specific
surface area. We found a high rate of hydrogen production
activity for CuInP2S6 nanosheets (804 μmol g−1 h−1), which is
eightfold higher than that of CuInP2S6 microsheets. This
work not only provides a facile synthesis of 2D CuInP2S6 but
also demonstrates the promising application of layered MI-
MIIIP2X6 materials to utilize solar energy and thereby
generate clean fuels.
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