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Promoting the activities of photocatalysts is still the critical challenge in H2 generation area. Here, a

Au plasmon enhanced photocatalyst of WS2-Au-CuInS2 is developed by inserting Au nanoparticles

between WS2 nanotubes and CuInS2 (CIS) nanoparticles. Due to the localized surface plasmonic

resonance properties from Au nanoparticles, WS2-Au-CIS shows the best performance as compared

to Au-CIS, CIS, WS2-CIS, CIS-Au, WS2-Au, and WS2-CIS-Au. The surface plasmonic resonance

effects dramatically intensify the absorption of visible light and help to inject hot electrons into the

semiconductors. Our findings open up an efficient method to optimize the type-II structures for pho-

tocatalytic water splitting. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937008]

Aiming at visible light active photocatalysts, the design

of heterogeneous semiconductors has been widely regarded as

one of the most promising routes.1 Compared with single

component photocatalysts (TiO2, ZnO, etc.),2 composite pho-

tocatalysts with suitable band gaps and matched edge posi-

tions usually exhibit higher performance. They own different

electronic energy levels that enable electron-hole faster sepa-

ration and less recombination.3–7 To prevent the recombina-

tion of the photogenerated carriers, an efficient method is to

utilize heterogeneous architecture with type-II band align-

ment.8,9 Notably, as part of such constituents, extensive inves-

tigations10–12 were made on transition metal dichalcogenides

(TMDs) by virtue of their potential use as electrodes for elec-

trochemical solar energy conversion because of following

points. (I): Their appropriate band gaps (1.1–1.7 eV) closely

match to the solar spectrum. (II): The photon absorption in

layered TMDs involves d-d transition which does not result in

breaking of chemical bonds, unlike those in CdS, involving

p-s transition that suffers from photodecomposition.13 In cate-

gory of TMDs, WS2 is an attractive material for the solar

energy conversion because it combines a narrow band gap

and a chemical inertness over a fair pH range.14–17 In line

with this, we have recently achieved WS2 nanotubes (NTs)

and controllably derived WS2(1�x)Se2x NTs on flexible and

conductive carbon fiber (CF) substrate.18

Additionally, owing to its high absorption coefficient and

ideal band gap (�1.4 eV),19 copper indium sulfide (CuInS2,

CIS) has demonstrated fruitful results in solar cell technology

and reported to be a shallow absorber in the visible region.20–22

Meanwhile, it has also become known for being promising

alternative to the toxic light absorbing materials currently in

use.23–25 However, it exhibits low activity for water reduc-

tion26 arising from fast carrier recombination which is detri-

mental to split water. One possible method to improve the

carrier separation rate and reduce the recombination rate is to

construct heterostructures with type II band alignments.

However, for WS2/CIS type II photocatalyst, photogenerated

electron tends to transfer from the conduction band of CIS to

that of WS2, which results in the lower hydrogen production

efficiency than individual CIS photocatalyst.

Herein, we constructed a plasmon enhanced composite

photocatalyst by inserting Au nanoparticles between WS2 and

CIS for high efficiency hydrogen evolutions. The incorporation

of noble-metal Au nanoparticles can introduce a new phenom-

enon27 that enables the electrons to be densely available onto

the conduction band of CIS. This is due to the fact that the

noble-metal nanoparticles can employ their extraordinary sur-

face plasmonic resonance (SPR) properties to inject hot elec-

trons to the semiconductors.28 This ensures the accessibility of

plenty of electrons on the conduction band of CIS. The photo-

electrochemical (PEC) performances as well as hydrogen gen-

eration activities of the samples were carefully investigated.

WS2-Au-CIS photocatalyst shows the best performance, which

is attributed to SPR effects of Au nanoparticles. Our findings

may open up an efficient method to further improve the photo-

catalytic activities of type II composite nanostructures.

The samples were prepared in a three-step process. First,

WO3 nanowires were grown on a CF substrate followed by

sulfurization to get WS2 nanotube using CVD method.18,29

Second, the prepared WS2 nanotubes on CF were immersed

in the solution containing Au nanoparticles with a uniform

diameter of 20 nm for 30 min.30 Finally, the CIS nanopar-

ticles were electroplated on the dry WS2-Au system with an

impulse current.31,32 All the samples were annealed in Ar at

450 �C for 2 h.

The crystal structure, morphology, and chemical compo-

sition of the composites were analyzed with X-ray diffraction

(XRD, D/MAX-TTRIII(CBO) diffractometer using Cu-Ka
radiation (k¼ 1.5418 Å), field emission scanning electron mi-

croscopy (FE-SEM, Hitachi S4800), and field emission trans-

mission electron microscopy (FE-TEM, Tecnai G2 F 20) with

energy dispersive X-ray (EDX) spectroscopy, respectively.

Raman spectra of the samples were obtained using an
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InVoRENISHAW system. The light absorption spectra were

measured using UV/vis/NIR spectrometer (Lambda 950)

equipped with an integrating sphere. Photocurrent measure-

ments were conducted in a typical three electrode electro-

chemical system (CHI-660D), under visible light illumination

(Xenon lamp, 100 mW cm�2, k> 420 nm) at zero bias versus

saturated calomel electrode (SCE).

Photocatalytic water splitting experiments were con-

ducted in a 500 ml cylinder quartz reactor at ambient temper-

ature. A 300 W xenon lamp with a simulated sunlight filter

(light intensity was 100 mW cm�2) used as a light source.

The prepared photocatalyst was placed on the bottom of re-

actor containing 100 ml mixed aqueous solution with 3.15 g

Na2SO3 and 8.4 g Na2S. A certain amount of gas was inter-

mittently sampled and analyzed by gas chromatography

(GC-14C, Shimadzu, Japan, thermal conductivity detector,

nitrogen as a carrier gas, and 5 Å molecular sieve column).

The FESEM image of the as-prepared WS2-Au-

CIS sample is shown in Fig. 1(a). As can be seen, the CF

is entirely covered with the nanotubular material.

Accordingly, Fig. 1(b) depicts the EDX spectrum taken

from a micro area of the WS2-Au-CIS sample. It reveals a

Cu/In atomic ratio of close to 1:1 suggesting the electro-

chemical reaction of Cu2þ and In3þ takes place in one step

without the formation of any intermediate phase. TEM of

single tube WS2-Au-CIS is presented in Figs. 1(c) and 1(d).

The obvious lattice fringes with a spacing of 0.62 nm can

be indexed to the (002) plane of hexagonal WS2 (ICDD,

No. 35-0651). It is evident from the HRTEM image that the

hemispherical core-shell type nanoparticles formed on to

WS2 nanotube having diameter and thickness of 100 nm

and 5–10 nm, respectively. The lattice spacing of the core

was determined to be 0.20 nm, which is in agreement with

the cubic Au (200) plane (ICDD, No. 04-0784), and the

0.32 nm spacing of the shell can be attributed to the tetrago-

nal CIS (112) plane (ICDD, No. 27-0159).

Raman spectra were obtained by 532 nm laser in back-

scattering geometry and illustrated in Fig. 2(a). The Raman

spectrum of WO3 nanowires disappeared as a comparison to

prove the complete sulfurization. The CIS is characterized

by its particular longitudinal phonon mode at 290 cm�1.33

This feature endured in WS2-Au-CIS reveals the constituent

of CIS in the target material. Furthermore, the band centered

at 418 cm�1 and 350 cm�1 is attributed to W-S stretching

from the WS2 nanotube.34 The crystallographic information

was obtained from XRD pattern (Fig. 2(b)). Besides the

dominant peak of CF (002) (ICDD, No. 41-1487), three sets

of typical diffraction signals for each of WS2, Au, and CIS

can be identified. Consequently, the reflection at 14.3� is

indexed to the plane (002) of the WS2 (ICDD, No. 35-0651).

The planes (004) and (006) are also meant for WS2. The

peak near the CF (002) can be attributed to the (112) plane

of CIS. Although very weak, due to its low amount, the char-

acteristic features of Au corresponding to (111), (200), and

(220) planes can still be identified.

Diffusive reflectance absorption spectra (400 nm–1000 nm)

of the samples were also measured (Fig. 2(c)). The peaks at

525 nm for WS2-Au and WS2-Au-CIS samples represent effi-

cient light absorption caused by the localized surface plasmonic

resonance (LSPR) of the Au nanoparticles.35 WS2-Au-CIS, as

compared to WS2-CIS, shows a significantly intensified absorp-

tion in the visible region only due to the SPR effect of Au nano-

particles. Moreover, the peak at 620 nm belongs to the WS2

nanotube, which is also apparent from the yellowish appearance

of the CF.18 The CIS sample exhibits typical semiconductor

absorption spectra.

For further theoretical insight into our photocatalytic sys-

tem, we modeled the WS2-Au-CIS with software of Comsol

FIG. 1. (a) SEM image and (b) EDX

spectrum of WS2-Au-CIS sample on

carbon fiber, (c) TEM image of a sin-

gle WS2-Au-CIS. Inset is a low magni-

tude TEM image. (d) HRTEM image

of WS2, CIS, and Au.
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Multi physics. The inset of Fig. 3(a) describes a model, in

which Au nanoparticles attach on the side of WS2 and are

surrounded by CIS. The diameter of WS2 tube is 100 nm,

thickness of the CuInS2 is 5 nm, and the diameter of Au

nanoparticle is 20 nm. The refractive index of the surround-

ing water was taken to be 1.33. The Au dielectric function

was represented by fitting the data points from Ref. 36.

Up on illumination of light on the Schottky barrier, the

surface plasmons of the metal nanoparticles will decay into

highly energetic “hot” electrons, thereby transported to the

metal-semiconductor interface and injected into the conduction

band of the semiconductor. This process can be understood by

a simple model,37 in which the amount of the hot electrons

Að�Þ can be written as an expression with the quantum trans-

mission probability gi modified by the plasmon absorption

spectrum Sð�Þ

A �ð Þ ¼ giS �ð Þ ¼ CF
h� � q/Bð Þ2

h�
S �ð Þ; (1)

where CF is the device-specific Fowler emission coefficient,

h� is the photon energy, and qUB is the Schottky barrier

energy. The quantum transmission probability gi describes

the number of electrons with sufficient energy to overcome

the potential barrier. A finite element method (FEM) is used

FIG. 2. (a) Raman spectra of WO3,

WS2, CIS, and WS2-Au-CIS. (b) XRD

pattern of WS2-Au-CIS. (c) Diffusive

reflectance absorption spectra (from

400 nm to 1000 nm) of the samples.

FIG. 3. (a) The absorption cross section

spectrum for a single Au nanoparticles

immersed in water. The inset is a model

of WS2-Au-CIS structure. And the elec-

tric field distributions of the WS2-Au-

CIS sample at the wavelengths of (b)

540 nm, (c) 620 nm, and (d) 820 nm.
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to simulate the absorption spectrum. Due to the strong plas-

mon resonance of the Au nanoparticles, the other surround-

ing materials, such as water, WS2, and CIS, only give a

small frequency shift for nanoparticle plasmon resonances.38

As shown in Fig. 3(a), the maximal absorption is located at

about 540 nm, which corresponds to the LSPR effect of the

Au nanoparticles. From Figs. 3(b)–3(d), the magnitude of the

electric field around the nanoparticles at the localized SPR

wavelength 540 nm is the strongest. According to Eq. (1), at

540 nm, since the nanoparticle absorbs appreciable amount

of light, and the generated hot electrons will thus have suffi-

cient energy to overcome the potential barrier resulting in

the highest efficiency of hydrogen production, which agrees

with the following experimental data very well.

Fig. 4(a) shows a schematic drawing of the PEC measure-

ment setup. The active area of all samples is 0.5 cm� 2 cm

¼ 1 cm2. Samples are used as cathode and counter electrode is

Pt. The time course photocurrent responses of sample electro-

des with visible light on/off are depicted in Fig. 4(b). It is evi-

dent that the WS2 exhibits a lowest photocurrent (Fig. 4(b),

black line) accompanied by a biggest arc radius in electro-

chemical impedance spectra (EIS) Nyquist plots (Fig. 4(c),

black line) due to its faint light response and inefficient separa-

tion of charge carrier. The incorporation of Au nanoparticles

on WS2 leads to the increase of photocurrent under visible

light irradiation because of the generation of hot electrons by

the Au plasmon (Fig. 4(b), pink line). Interestingly, the

deposition of CIS on WS2 further improves the response and

diminishes the EIS circle as a result of the type-II configuration

between WS2 and CIS. It is also apparent that WS2-Au-CIS

displays the boosted photocurrent response and efficient carrier

separation (Figs. 4(b) and 4(c), red line), which would play an

important role in the efficacy of water splitting.

The hydrogen generation experiments for different sam-

ples were carried out in an aqueous solution containing Na2S

and Na2SO3 under visible light irradiation (Fig. 5(a)). Mass

loading of WS2-Au-CIS is around 1.5 mg/cm2. Other sam-

ples have a little difference. As anticipated, there is no

observable H2 generation from the WS2-Au and WS2-CIS-

Au samples. This may be due to the conductive band edge of

WS2 is below the Hþ redox potential at current pH (�10).

For WS2-CIS-Au, the shielding Au keeps the WS2-CIS away

from the water. The photocurrent of WS2-CIS type-II struc-

ture is enhanced, but the H2 generation rate still remains

unsatisfactory because of the fact that the electrons thermo-

dynamically prefer to move from the conductive band (CB)

of CIS to that of WS2. It is interesting that the WS2-Au-CIS

sample demonstrates the highest H2 yield among all samples.

In addition, it is obviously observed that Au/CIS, CIS, and

CIS/Au demonstrate obviously different H2 production rates.

CIS can photocatalyze H2O to produce H2, which is contrib-

uted to its suitable band structure. Au/CIS can generate a lit-

tle more H2 than CIS, which is due to the Au LSPR effects.

In contrast, CIS/Au significantly decreases H2 production

FIG. 4. (a) Schematic drawing of the

PEC setup. (b) The time course photo-

current responses of sample electrodes

with visible light on/off at zero bias

versus SCE. (c) EIS plots of sample

electrodes under open-circuit potential

under the light. Light: Xenon lamp,

100 mW cm�2, k> 420 nm.

FIG. 5. (a) H2 production for WS2-Au

(WA), WS2-CIS (WC), WS2-Au-CIS

(WAC), Au-CIS, CIS, CIS-Au, and

WS2-CIS-Au (WCA). The inset is the

H2 production plot of WS2-Au-CIS.

(b) A tentative mechanism scheme.
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rate than both CIS and Au/CIS. This may be because the

outer Au nanoparticles keep the catalyst CIS out of the

water.

A tentative electron transport mechanism was proposed

for the sandwiched structure of WS2-Au-CIS (Fig. 5(b)). The

band energy data of WS2 and CIS are obtained from previous

literatures.11,25,39 Considering the solution pH is 10, we calcu-

late the E(Hþ/H2) and E(OH�/O2) at pH 10 according to

Nernst equation. Under the visible light, the Au nanoparticles

introduce the LSPR effects allowing the transport of high

energy electrons from the Au nanoparticle to the CB of CIS.

Additionally, the photogenerated electrons of WS2 can transfer

to the Au nanoparticles because of the higher vacuum energy

level compared with the Fermi level (EF) of the Au. Another

process, so-called vectorial electron transfer scheme,35 may

also occur in this WS2-Au-CIS structure, in which the photo-

electrons from the CB of WS2 transfer to the VB of CIS via

the Au nanoparticle. While it indicates that the Au plasmonic

effect is evidenced from the paramount yield of H2, which has

no structure to form the vectorial electron transfer scheme. So

we prefer that the Au plasmonic effect produced more high

energy electrons to enhance the H2 production, instead of the

vectorial electron transfer scheme.28 In general, the plasmon

Au nanoparticles transport the electrons to the conduction

band of the CIS liking a pump, which were excited by light

from the VB to the CB of the WS2. Without the Au nanopar-

ticles, the type-II structure would be formed between WS2 and

CIS. Thus, the photocurrent of this structure may be enhanced,

while the H2 generation rate must be decreased because of the

fewer active electrons. With the plasmon Au nanoparticles, an

electron transport process in reverse was established between

WS2 and CIS compared to the type-II structure.

In summary, we have developed an efficient WS2-Au-CIS

photocatalyst by loading Au nanoparticles first and then CIS

nanoparticles onto CVD-synthesized WS2 nanotubes for hydro-

gen production. From diffusive reflectance absorption spectra,

it can be seen that Au nanoparticles show significant surface

plasmonic resonance peak at 525 nm, which leads to the signifi-

cant enhancement of the light absorption in comparison with

the samples without Au. The PEC measurements show the

WS2-Au-CIS photocatalysts own enhanced photo absorption

and photo current response. Further, the hydrogen generation

experiments depict WS2-Au-CIS photocatalysts have the high-

est efficiency of hydrogen production. These results should be

attributed to the faster photogenerated carrier separation from

the type II band structures and the LSPR effect from the Au

nanoparticles. Our findings can provide an efficient method to

further promote the photocatalyst performance of type-II struc-

tures by introducing SPR effects from metal nanoparticles.
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