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a nanocavity structure with
a carrier-selective layer for enhancement of
photocatalytic hydrogen production performance†

Qin Lei,a Rongzhi Chen, *ab Jihua Tan,*a Xinxin Long,a Huanyu Chen,a

Xinming Wang,ab Jingfu Liu, ac Zhongfang Lei d and Zhenya Zhang d

Efficient solar energy capture and utilization is of great importance in various photoenergy conversion

systems, such as solar cells and photocatalysts. Herein, we reported a photocatalytic enhancement

system by constructing a nanocavity structure with a carrier-selective layer. The photocatalytic hydrogen

production activity is improved by �13.8 times in comparison to that of Au/CdS due to the construction

of a nanocavity structure with a carrier-selective layer, in which the nanocavity structure is mainly used

to enhance the utilization efficiency for solar light in the photocatalytic system. The Au–S layer on the

one hand effectively transfers the holes, which extends the lifetime of the active species in the

semiconductor photocatalyst to accelerate the hydrogen production reaction. On the other hand, it

changes the electron transfer pathway between CdS and Au nanoparticles. This system achieved an

optimal H2-evolution rate of 0.55 mmol h�1 under visible light irradiation, and its apparent quantum

efficiency (AQE) reached 19.1% at 430 nm. As a novel strategy, our study may provide a new design

protocol for highly efficient photocatalytic systems.
1. Introduction

Hydrogen (H2) is considered as a promising energy carrier
because of its ecofriendliness and high energy density of 143 MJ
kg�1, 3–4 times higher than that of traditional fossil fuels.1,2

Typically, the unit energy density of the favored lithium ternary
battery is only 1/132 that of hydrogen. Among the various
potential methods of hydrogen production, photocatalytic
water splitting is a leading contender and has been widely
studied. It has been regarded as a promising solution for alle-
viating the energy crisis and environmental pollution worldwide
since the rst report on hydrogen production via splitting water
using a TiO2 electrode in 1972.3–6 However, the weak harvesting
of solar light and high photoinduced charge recombination rate
remain the two major limiting factors, leading to low solar
energy conversion efficiency.7–9
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To address these two issues, integration of plasmonic metal
nanoparticles (NPs) with semiconductors for heterostructure
photocatalysts has been employed as a feasible route to improve
photocatalytic efficiency.10–13 The enhancement is based on
strong photon absorption by the localized surface plasmon
resonance of plasmonic materials. The photons collected by
plasmonic materials are converted to a strong oscillating elec-
tric eld and far-eld scattering light. The strong optical electric
eld improves charge separation efficiency in a photocatalyst.
In addition, the far-eld scattering light increases the effective
light path length and enhances light absorption by a photo-
catalyst.14 However, the plasmonic enhancement effect is based
on a balance between the positive effects (i.e., optical near-eld
and far-eld scattering light) and the negative effects (i.e.,
unfavorable carrier transfer to plasmonic metal materials),
resulting in the enhanced photocatalytic activity still being
unsatisfactory.15–19 The nanocavity structure, i.e., plasmonic
nanocavity made of noble metallic nanostructures, has been
conrmed to play an important role in the enhancement,
connement, coupling, and utilization of light.20 In addition,
the excited-state relaxation processes can be modied by the
near-eld coupling of enhanced electromagnetic elds with
excitons (electron–hole pairs), which could potentially enhance
the separation efficiency of photoinduced charge carriers.21

Bearing all of this in mind, for the rst time we fabricated
a semiconductor nanowire–plasmonic metal NP–cover layer core–
shell like plasmonic nanocavity structure, in which CdS nanowires
(NWs) were the main source of semiconductor excitons with
This journal is © The Royal Society of Chemistry 2020
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a plasmonic metal Au NP interlayer, and an Au–S nanoshell layer
to support plasmon cavity modes. Here, the Au–S shell layer plays
two very important roles. Firstly, it can function as a shell layer to
manipulate the optical absorption of the photocatalyst. More
specically, in this novel system, the optical absorption of the
photocatalyst can be tuned via the coupling of the plasmons and
semiconductor excitons by using the Au–S layer thickness,
achieving an enhanced optical response. The second role of the
Au–S shell layer is to rapidly (faster than 3.0 ps) capture the
photoinduced holes,22 which can effectively enhance the separa-
tion efficiency of photoinduced carriers and there is no need to
consider the energy level match of a Z-scheme-like system. The
hybrid system is then used for photocatalytic water splitting
reaction, achieving �13.8 times enhancement in the hydrogen
evolution rate comparedwith that of the Au/CdSNWs. The highest
AQE at 430 nm is conrmed as 19.1%. Furthermore, amechanism
for the enhanced photocatalytic hydrogen production activity over
the Au/CdS@Au–S photocatalyst is also proposed.
2. Experimental section
CdS NW preparation

All the reagents were of analytical grade and were used without
further purication. Uniform CdS NWs were synthesized
Fig. 1 Themorphological characterization of the samples. (a) The synthes
and (d) HRTEM images of the CdS NWs. (e and f) The TEM HRTEM imag
HRTEM image of the formed Au NPs. (g) The TEM elemental mapping im

This journal is © The Royal Society of Chemistry 2020
according to a method described in the literature,23 as illus-
trated in Fig. 1a. Specically, the precursor of cadmium dieth-
yldithiocarbamate (Cd(S2CNEt2)2) was rst prepared by
a precipitation route from a mixture of cadmium chloride
(CdCl2$2.5H2O) and diethyldithiocarbamate trihydrate sodium
in deionized water, and then a calculated amount of precursor
and 80 mL ethylenediamine were added to a 100 mL Teon-
lined stainless steel autoclave and maintained at 180 �C for
24 h. Aer cooling to room temperature, a yellowish precipitate
was collected and washed with absolute ethanol and deionized
water, and then dried in an oven at 60 �C.
Au/CdS@Au–S photocatalyst preparation

The Au–S species coated Au/CdS composite samples were
prepared via an in situ growth method. In detail, a certain
amount of the as-prepared CdS NWs, glucose and deionized
water was added into a 100 mL Teon-lined stainless-steel
autoclave, and then a calculated amount of HAuCl4 (1%, wt/
wt) aqueous solution was added into the above mixture under
strong stirring for 30 min. Then, the autoclave was maintained
at 120 �C for 12 h and subsequently allowed to cool to room
temperature. Finally, the composite was collected, washed with
deionized water and absolute ethyl alcohol, and then dried in
an oven at 60 �C.
is process of the Au/CdS@Au–S photocatalyst, and the (b) SEM, (c) TEM
es of the Au/CdS@Au–S composite, respectively; the inset in (f) is the
ages of the Au/CdS@Au–S hybrid.

Sustainable Energy Fuels, 2020, 4, 2164–2173 | 2165
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Characterization

X-ray powder diffraction (XRD) data were obtained on a Rigaku
B/Max-RB diffractometer with a nickel ltered Cu Ka radiation
source operated at 40 kV and 40 mA over a 2q range of 10–80�

and a position sensitive detector using a step size of 0.017� and
a step time of 15 s. Scanning electron microscopy (SEM) images
were recorded using a eld emission scanning electron micro-
scope (JSM-6701F). Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images were observed using
a Tecnai-G2-F20 eld emission transmission electron micro-
scope with an accelerating voltage of 200 kV. X-ray photoelec-
tron spectroscopy (XPS) analysis was performed on a VG
Scientic ESCALAB 210-XPS with a Mg Ka X-ray source. The
binding energy of the C 1s peak from surface adventitious
carbon (284.8 eV) was adopted as a reference for the binding
energy measurements. Fourier transform infrared (FTIR)
spectra were recorded on a Nicolet Nexus 870 within the wave-
number range from 4000 to 400 cm�1. UV-vis absorption spectra
were acquired on an Island Ferry UV-2550 spectrophotometer.
Fluorescence spectral measurements were carried out on
a Horiba Jobin Yvon Data Station HUB operating in time-
correlated single photon counting (TCSPC) mode with a time
resolution of 200 ps. Nano LED diode emitting pulses at 464 nm
with a 1 MHz repetition rate were used as an excitation source.

Photocatalytic tests

The photocatalytic hydrogen production experiments were
performed in a quartz reactor, with a silicone rubber septum for
sampling, at ambient temperature and atmospheric pressure. A
300 W Xe lamp with a 420 nm cutoff lter was used as a light
source. Typically, 50 mg of the prepared photocatalysts was
dispersed with constant stirring in a 100 mL mixed solution of
0.1 mol L�1 Na2S and 0.1 mol L�1 Na2SO3. Prior to irradiation,
the system was bubbled with argon for 30 min to remove the
dissolved oxygen. The amount of hydrogen evolved was
measured using gas chromatography (Agilent 6820C).

The AQE was measured under the same reaction conditions
with light irradiation through a band-pass lter (l ¼ 430, 460,
490, 520, 550 and 630 nm). The photon ux of the incident light
was determined using a Ray virtual radiation actinometer. The
reaction solutions were irradiated for 30 min with bandpass
lters for AQEmeasurements of the H2 evolution. The following
equation (eqn (1)) was used to calculate the AQE.

AQE ¼ 2� the number of evolved hydrogen molecules

the number of incident photons

� 100% (1)

Photoelectrochemical measurements

All the electrochemical measurements were performed on an
electrochemical analyzer (CHI660E) in a typical three-electrode
cell (comprising a Pt counter electrode, a saturated calomel
reference electrode and a working electrode). The working
electrodes were prepared by drop-coating sample suspensions
directly onto an indium tin oxide (ITO) glass surface. The
2166 | Sustainable Energy Fuels, 2020, 4, 2164–2173
supporting electrolyte was 0.5 mol L�1 H2SO4 aqueous solution.
The interfacial charge transfers of the catalysts were studied
using electrochemical impedance spectroscopy (EIS) in the
frequency range of 10�2 to 106 Hz with 10 mV sinusoidal
perturbations. A 300 W Xe lamp equipped with an optical cutoff
lter of 420 nmwas used for excitation. TheMott–Schottky plots
were obtained via the impedance–potential technique at a xed
frequency of 1000 Hz in 0.1 mol L�1 H2SO4 electrolyte.
Electromagnetic simulation

The distribution of the electromagnetic eld on the Au/CdS
core–Au–S layer shell plasmonic nanocavity structure was
simulated by the nite element method (FEM) using the RF
conguration of COMSOL Multiphysics with the minimum
mesh size not exceeding 0.1 nm. The structure of the simulation
model consisted of CdS NWs with a length of 2 mm and
a diameter of 50 nm, and many Au NPs were embedded on the
surface of the CdS NWs; then, Au–S layers were uniformly
coated on Au/CdS NPs. The amount and size of the Au NPs
followed those of the experimental results. In all simulations,
the wavelength of the total-eld scattered-eld (TFSF) source
was set at 520 nm, and the calculation results were convergent.
3. Results and discussion

The Au/CdS@Au–S NWs were synthesized by a hydrothermal
process (Fig. 1a), and their morphology was rst observed by
SEM as shown in Fig. 1b. It is found that the average length (L)
and diameter (D) of the CdS NWs are 2 mm and 50 nm,
respectively. The TEM results further conrm the uniform size
and distribution of CdS NWs (Fig. 1c), and Fig. 1d displays
a lattice spacing of 0.34 nm, consistent with the CdS (002)
facet.24 As shown in Fig. 1e, aer in situ growth of Au species on
the surface of CdS NWs, an average size of 8 nm of Au NPs
(Fig. S1†) can be obviously observed. Through further ampli-
cation, we can nd that an obvious covering with a thickness of
�1.0 nm could be observed on the CdS NW surface (Fig. 1f),
signaling the successful construction of the nanocavity struc-
ture. Furthermore, the HRTEM image shows a d-spacing of
0.23 nm, in agreement with the (111) facet of Au; however, no
obvious lattice fringe can be found in the covering, suggesting
low crystallinity of this species. In order to ascertain the
covering species on the surface of Au/CdS NWs, TEM ne
analysis was then carried out.

As shown in Fig. S2† and 1g, mainly four elements were
detected in the as-prepared samples, and the elements Au, S
and Cd were uniformly dispersed in the selected area. The
distribution region of Au and S elements was excellently over-
lapped, indicating the possibility of Au–S species formation on
the surface of the CdS NWs. The content of the surface Cd
element was slightly lower than that of the element S, further
revealing that the Cd element on the surface of CdS NWs might
be partially replaced by the element Au, and then Au–S species
is formed during the hydrothermal reaction. TEM linear sweep
analysis was further conducted to exclude residual surface
organic carbon, CdOx or CdS with the results shown in Fig. S3.†
This journal is © The Royal Society of Chemistry 2020
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The trends of synchronized Au and S contents and unobvious C
and O content signals suggest the formation of Au–S species on
the surface of Au/CdS NWs.

The elemental chemical state of the photocatalysts was
investigated via XPS to identify surface species of the photo-
catalysts, with C 1s (284.8 eV) as the reference. As shown in
Fig. 2a, the signal for element Au can be observed in the survey
spectrum of the Au/CdS@Au–S photocatalyst aer Au species is
introduced. The XPS ne spectrum of Cd 3d (Fig. 2b) reveals two
peaks for Cd 3d3/2 (411.9 eV) and Cd 3d5/2 (405.2 eV), together
with peaks for S 2p1/2 (162.8 eV) and S 2p3/2 (161.6 eV) (Fig. 2c),
which is consistent with the typical chemical state of CdS.25 The
binding energies of 87.9 and 84.2 eV in the Au ne spectrum are
attributable to Au0 4f5/2 and 4f7/2, respectively in Au NPs
(Fig. 2d).26 The S and Au signals of the Au/CdS@Au–S photo-
catalyst were further deconvoluted using the multi-Gaussian
function. Extra peaks can be observed in the S 2p and Au 4f
spectra. Typically, in the S 2p ne spectrum, the binding energy
of 161.2 eV is attributed to S 2p3/2 in Au–S species, which is in
agreement with the 84.8 eV binding energy of Au 4f7/2.27,28 In
addition, aer introduction of Au–S species, obvious shis can
also be observed in the Cd, S and Au ne spectra, due to the
electron transfer between CdS NWs and Au NPs.

XRD patterns of the as-prepared photocatalysts were also
obtained to determine the crystal structure of CdS NWs and
investigate the inuence of Au species on the crystal structure.
As shown in Fig. S4a,† sharp diffraction peaks can be observed
in the XRD patterns of Au NPs, pristine CdS NWs and Au/
Fig. 2 The XPS spectra of the samples. (a) The survey spectra, (b) the Cd

This journal is © The Royal Society of Chemistry 2020
CdS@Au–S, suggesting their good crystallinity. Clearly, all the
diffraction peaks of Au/CdS@Au–S are similar to those of pris-
tine CdS NWs, attributable to the stable hexagonal phase CdS
(JCPDS no. 41-1049).24 The Au (111) diffraction peak at 38.2�

(Fig. S4b†) and the absence of any obvious peak signal of Au–S
species in the Au/CdS@Au–S XRD pattern are consistent with
the result of TEM.26 An obvious peak shi can be observed when
compared with that of the pristine CdS NWs and Au/CdS@Au–S
composite, which might be ascribed to the interaction between
Au species and CdS NWs. Moreover, the FTIR spectra of the
samples can further conrm the formation of Au–S bonds. As
shown in Fig. S5,† a new peak at 2090 cm�1, the vibration of the
Au–S bond, can be observed in the Au/CdS@Au–S nanohybrid.29

We then controlled the addition amount of HAuCl4 to ach-
ieve the regulation for the nanocavity structure so as to further
conrm the formation of Au–S species. Clearly seen from
Fig. S6,† the Au–S layer thickness was increased with the addi-
tion amount of HAuCl4. Typically, in Fig. S6a and b,† only a few
Au NPs were observed and there was no obvious Au–S covering
when the addition amount of Au was 0.5%, suggesting that the
formation of Au NPs occurred before that of Au–S species
during the hydrothermal process. In addition, the thickness of
the Au–S covering signicantly increased (Fig. S6c and d†) when
the addition amount of Au was further increased to 4% (1.0 nm)
and 10% (3.0 nm), indicating that the nanocavity structure with
the Au–S layer was indeed formed via a one-step hydrothermal
process. The above experiments and analysis suggest a tentative
formation process of the Au/CdS@Au–S photocatalyst with
3d fine spectra, (c) the S 2p fine spectra and (d) the Au 4f fine spectra.

Sustainable Energy Fuels, 2020, 4, 2164–2173 | 2167
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a plasmonic nanocavity structure. In detail, CdS NWs are rst
etched with H+ from HAuCl4 to form a rough surface, which
provides the nucleation sites for Au NPs. This is consistent with
the EDS result (Fig. S2†) that the amount of Cd2+ is slightly
lower than that of S2� in the solid photocatalyst. Some Au3+ ions
were then anchored in the rough sites, and reduced to Au0

subsequently under a reducing atmosphere of glucose, result-
ing in Au NPs growing on the surface of CdS NWs. The other
Au3+ ions were rst reduced to Au+, and then combined with the
dissociative S2� in solution to form a Au–S layer via the hydro-
thermal process, and nally form the Au/CdS@Au–S composite
photocatalyst. In order to ascertain the above speculation, the
Cd2+ concentration in the hydrothermal residual solution for
the two processes (2% and 10% Au source) was determined. The
result shows that the Cd2+ concentration in the residual solu-
tion of 10% Au source is much higher than that of 2% Au source
(Fig. S7, for the detailed detection process see the ESI†), which
is consistent with the result of TEM-EDS.

To direct expound the superiority of the constructed nano-
cavity structure with the carrier-selective layer photocatalysts in
hydrogen evolution, the photocatalytic water splitting perfor-
mance under visible light irradiation (l > 420 nm) was examined
and the results are shown in Fig. 3a. Pristine CdS NWs, Pt NP
decorated CdS NWs, in situ photodeposition prepared Au/CdS
heterostructures and a physical mixture of Au NPs and CdS
Fig. 3 The photocatalytic hydrogen production performance tests. (a) T
change in hydrogen production activity with the Au species addition amo
AQE in the Au/CdS@Au–S system and (d) the hydrogen evolution stability
cutoff filter.

2168 | Sustainable Energy Fuels, 2020, 4, 2164–2173
NWs (the detailed preparation procedure is provided in the
ESI†) were also tested for comparison. The results show that the
H2 production activity of Au/CdS samples via the mechanical
mixing method was slightly higher than that of pristine CdS
NWs, due to the weak energy transfer between Au NPs and CdS
NWs (Fig. S8†).30 Furthermore, the Au/CdS samples prepared via
photodeposition exhibited a higher H2 production rate than the
Au/CdS samples prepared via the mechanical mixing method,
most probably due to closer contact between Au NPs and CdS
NWs benecial for energy and electron transfer between them.
To our surprise, the Au/CdS@Au–S composite exhibited the
highest H2 production rate of 0.55 mmol h�1, which is about 50
times that of pristine CdS NWs, and even much higher (about 5
times) than that of the Pt/CdS NWs. In order to further account
for the main role of the Au–S layer in the enhancement of the
hydrogen evolution performance, we evaluated the hydrogen
production activity over the Au–S/CdS sample and the result is
shown in Fig. S9.† We can nd that the hydrogen evolution
activity of the Au–S/CdS system shows an obvious increase
compared to that of pure CdS NWs, but it is slightly lower than
that of the Au/CdS@Au–S system. This suggested that the
incorporation of the Au–S species is benecial for electron–hole
pair separation, and the slightly higher activity in Au/CdS@Au–
S than in the Au–S/CdS system could be attributed to the SPR
effect of Au NPs. Based on these results, we can conclude that
he time course of the hydrogen production by photocatalysts, (b) the
unt (the mass ratio of Au and CdS, wt/wt), (c) the hydrogen production
of Au/CdS@Au–S. The light source was a 300W Xe lampwith a 420 nm

This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/c9se00987f
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the nanocavity structure and Au–S layers play a crucial role in
the extraordinary H2 production activity of the Au/CdS@Au–S
system.

We then further investigated the effect of the addition
amount of HAuCl4 and the thickness of the Au–S layer on the
H2 production activity. As shown in Fig. 3b, the H2 production
activity increased with the addition amount of HAuCl4, and
reached the maximum when the loading amount of Au NPs
(relative to CdS) was 4%. However, further increasing the
amount of HAuCl4 resulted in the decrease of the H2 produc-
tion activity. This phenomenon is dependent on the thickness
of the Au–S layer when different amounts of the Au precursor
were added. In detail, as shown in Fig. S6,† when the loading
amount of Au NPs was 0.5%, no obvious Au–S layer was
observed, and it exhibited a lower hydrogen evolution activity.
However, we can clearly observe the Au–S layer when the
loading amount of Au increases to 4%, and it shows the
highest activity. The thickness of the Au–S layer with the Au
precursor amount further increased may have a detrimental
inuence on light capture, resulting in the decrease of
hydrogen production activity. All these results provide solid
evidence for the role of the nanocavity structure with a Au–S
layer in enhancing the photocatalytic performance. Further-
more, we also compared the hydrogen evolution activity using
different sacricial reagents including lactic acid, triethanol-
amine (TEOA) and methanol. As shown in Fig. S10a,† we can
nd that the highest hydrogen evolution was achieved when
Na2S and Na2SO3 were used as the sacricial reagents, which
was mainly determined by the oxidation potential.31 In addi-
tion, we found that the optimal concentration of the scavenger
is 0.1 M (Fig. S10b†). Moreover, we provided the relationship
between hydrogen evolution activity and photocatalyst
concentration. As presented in Fig. S10c,† the highest
hydrogen evolution performance (1.88 mmol in 180 min) was
achieved when the photocatalyst mass was 25 mg, and then
when the amount of photocatalyst was further increased, the
hydrogen evolution activity showed a slight decrease. This is
mainly because of the limit of photon utilization efficiency
with high photocatalyst concentration.32 In addition, the
formed Au NP size and quantity difference with the different
amounts of Au precursor might also have an inuence on
photocatalytic activity (Fig. S6 and S11†).33

The trend of AQEs, as shown in Fig. 3c, is consistent with the
UV-vis absorption spectra (Fig. S12†), indicating that the H2

production reaction in the Au/CdS@Au–S system is a light
excited reaction. The highest AQE of 19.1% was obtained at
a wavelength of 430 nm, and the Au/CdS@Au–S exhibits
hydrogen evolution activity even at 630 nm (Fig. S13†) and no
detectable hydrogen evolution activity in pure CdS NWs, indi-
cating that the surface plasmon resonance absorption of Au NPs
can be extended via the incorporation of Au–S species.34 In order
to ascertain this, hydrogen production experiments were
further performed under light irradiation at different wave-
lengths. For comparison, the hydrogen evolution activity of
pristine CdS NWs was also evaluated. As shown in Table S1,†
hydrogen was clearly detected in both CdS and Au/CdS@Au–S
systems when the incident light wavelength was shorter than
This journal is © The Royal Society of Chemistry 2020
520 nm; however, no detectable hydrogen was observed with
light of wavelength longer than 520 nm in the CdS system. In
comparison, 10.2 mmol of H2 were collected in 3 h when Au/
CdS@Au–S was used as the photocatalyst under the same
conditions (l > 520 nm).

Furthermore, as summarized in Table S2,† the hydrogen
production activity and AQEs of the as-fabricated Au/CdS@Au–S
system in this study are higher than other reported values,
suggesting that incorporation of the Au–S species is an effective
strategy for enhancing the photocatalytic activity. Next, experi-
ments were performed to conrm the photocatalytic hydrogen
evolution stability of the Au/CdS@Au–S system under visible
light irradiation. The reaction system was evacuated every 3 h
and the experiment was repeated (Fig. 3d). No signicant
decrease in H2 production was noticed aer the 4th test cycle,
indicating its good stability for H2 production. Aer photore-
action, the TEM image and the XRD pattern of Au/CdS@Au–S
were also recorded to further ascertain its stability, which
showed no obvious change even in the Au–S layers (please see
Fig. S14 and S15†).

In order to gain insight into the root cause of the photo-
catalytic hydrogen evolution activity enhancement via the
nanocavity structure with a Au–S layer in the Au/CdS@Au–S
system, the UV-vis absorption spectra of the photocatalysts were
rst measured. As shown in Fig. S12,† the absorption edge of
pristine CdS NWs was about 520 nm, and slight red shis could
be observed aer the introduction of Au NPs (Fig. S16†);
however, no obvious plasmon characteristic absorption peak
was observed, and this could be attributed to the surface plas-
mon resonance absorption peak (�516 nm) of the formed Au
NPs being covered by the absorption region of CdS (Fig. S17†).
Interestingly, the Au/CdS@Au–S photocatalyst shows a new
broad absorption region in the longer wavelength region
compared to that of the pristine CdS NWs, which is signicantly
wider than that of literature reported Au/CdS composites or the
physical mixture of Au and CdS.33 This extra absorption in the
spectrum of the Au/CdS@Au–S photocatalyst is most probably
attributable to the surface plasmon absorption band of Au NPs.
When Au NPs grew between CdS NWs and Au–S layers, the
dielectric constant around Au NPs changed due to the forma-
tion of a nanocavity structure, resulting in the extension of the
absorption for Au NPs to longer wavelengths.35 In detail, as
shown in Fig. S18a,† on the one hand, the absorption shows an
ever-increasing red-shi trend when the loading amount Au is
lower than 4%, which could be attributed to the increasing
quantity of Au NPs with the amount of Au precursor (the size of
Au NPs remains basically unchanged when the loading amount
of Au is lower than 4%). However, the size of Au NPs decreased
from 8 nm to 3 nm when the amount of Au increased from 4%
to 10% (Fig. S11†), resulting in a dramatically weak absorption
in the long wavelength region. On the other hand, we can nd
that the absorption remains consistent by comparing 2% Au
with 4% Au, indicating that the Au–S thickness also has an
effect on the absorption of the composite photocatalyst.

Electromagnetic eld simulations were then carried out to
distinguish the contribution of the surface plasmon resonance
(SPR) to hydrogen production activity. During the simulation
Sustainable Energy Fuels, 2020, 4, 2164–2173 | 2169
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process, the total electromagnetic eld generated by all the Au
NPs that had grown on the surface of CdS NWs was taken into
account. As shown in Fig. S18b,† the electromagnetic eld is
mainly localized in the vicinity of Au NPs when the addition of
Au is 0.5%, achieving signicant electromagnetic eld
enhancement on the surface of CdS NWs mainly owing to the
SPR effect of plasmons. Fig. S18c and d† show that the elec-
tromagnetic eld intensity of Au/CdS@Au–S with different Au–S
thicknesses follows the same trend as that of hydrogen evolu-
tion activity, suggesting that the resulting SPR effect is bene-
cial for charge separation. This observation is consistent with
previous reports.36 However, in the Au/CdS without the Au–S
shell layer system, the electromagnetic eld shows a larger
enhancement compared to the Au/CdS@Au–S, which is in
contrast to the H2 production activity. This phenomenon indi-
cates that the electromagnetic eld enhancement is not the
major reason for the amazing H2 production activity in the Au/
CdS@Au–S system. In addition, we also simulated the electro-
magnetic eld enhancement of the Au/CdS@Au–S nano-
structure with different Au–S layer thicknesses (Fig. S19†). The
electromagnetic eld enhancement showed a trend of decrease
rst and then increase with the increase of Au–S layer thickness,
attributable to two competing factors determining the overall
quenching and enhancement of the luminescence intensity.37

Based on the above results and analysis, we can conclude that
the formed Au–S layer is the main reason for the high hydrogen
production performance.
Fig. 4 The photoelectrochemical measurements. (a) The photocurren
voltammetry (LSV) curves at a scan rate of 100 mV s�1, (c) Nyquist plots
and (d) illuminated open circuit potential decay of the photocatalysts.

2170 | Sustainable Energy Fuels, 2020, 4, 2164–2173
In order to conrm that the Au–S layer is the main reason for
the excellent photocatalytic activity, electrochemical character-
ization of the photocatalyst electrodes was conducted. Fig. 4a
shows the photocurrent response proles aer irradiation of
pristine CdS NWs, Au/CdS NWs and Au/CdS@Au–S at 20 s
intervals. The Au/CdS@Au–S electrode shows a higher photo-
current density (�52.0 mA cm�2) than that of pristine CdS NWs
(�10.1 mA cm�2) and Au/CdS NWs (�27.8 mA cm�2). On the one
hand, by comparing the current value of CdS and Au/CdS, the
higher photocurrent density in the Au/CdS NW system may be
contributed by the electromagnetic eld enhancement due to
the SPR effect of Au NPs. On the other hand, comparing Au/CdS
NWs and Au/CdS@Au–S, we can conclude that the formed Au–S
has an obvious effect in inducing the effective separation of
electron–hole pairs during the light irradiation process, and
thus achieving a higher photocurrent in the Au/CdS@Au–S
system. The LSV curves in Fig. 4b show consistent trends in the
photocurrent plots. The Au/CdS@Au–S electrode exhibits
a current density of 9.0 mA cm�2 at �0.61 V; however, the cor-
responding values for CdS and Au/CdS NWs are only 1.0 and 1.6
mA cm�2, respectively, at the same potential, suggesting that
the incorporation of the Au–S layer has a positive effect on the
photocatalytic hydrogen evolution reaction.

It is interesting to understand the underlying mechanism of
the improved hydrogen evolution performance via the formed
Au–S layers. The HER kinetics of the catalysts mentioned above
was further probed using the corresponding Tafel plots. The
t response profiles after irradiation at 20 s intervals, (b) linear sweep
obtained from electrochemical impedance spectroscopy (EIS) analysis

This journal is © The Royal Society of Chemistry 2020
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Tafel plots derived from Fig. 4b are presented in Fig. S20,†
where their linear portions were tted to the Tafel equation to
determine the Tafel slopes. A Tafel slope of about 41 mV dec�1

was observed for the Au/CdS@Au–S, which is much smaller
than that of Au/CdS (86 mV dec�1) and CdS NWs (185 mV
dec�1).The value suggests that the Volmer–Heyrovsky mecha-
nism takes effect in the HER of the Au/CdS@Au–S system.38 In
particular, comparing the Tafel slopes of Au/CdS@Au–S and Au/
CdS, we can nd that the incorporation of Au–S signicantly
decreases the value of the Tafel slope, suggesting that the Au–S
species can accelerate the HER kinetic process, and thus
displays the best hydrogen evolution activity.

To investigate the kinetic process acceleration mechanism of
the Au–S species for the HER, we performed EIS analysis of CdS
NWs, Au/CdS NWs and Au/CdS@Au–S. The obtained Nyquist
plots are shown in Fig. 4c. The semicircle in the high-frequency
range of the Nyquist plot attributed to the charge-transfer
resistance Rct is related to the catalytic kinetics and a lower
value corresponds to a faster reaction rate.39 The Rct value of Au/
CdS@Au–S is much smaller than that of the Au/CdS and CdS
NWs in the high frequency region, which is consistent with the
best HER activity in the Au/CdS@Au–S system. It can be further
concluded that the incorporation of the Au–S species is bene-
cial to the transfer of photoinduced electrons. Then, we used
the open circuit photovoltage decay (OPVD) technique to
further illustrate the reason for the improved electron transfer
by the Au–S layer. OPVD as an effective method is widely used to
evaluate the recombination rate of charge carriers and the
Fig. 5 TAS spectra of (a) CdS NWs, (b) Au/CdS NWs, and (c) Au/CdS@Au–
kinetics probed at �500 nm for CdS NWs, Au/CdS NWs and Au/CdS@Au

This journal is © The Royal Society of Chemistry 2020
lifetime of photoelectrons.40 As shown in Fig. 4d, a negative
potential is observed due to electron accumulation under
visible light irradiation, which reaches a maximum steady state,
and then a continuous decay follows aer stopping the irradi-
ation from the maximum to the original state. The lifetime of
photoinduced electrons was evaluated by OPVD in the dark and
using the approximation derived by Bisquert for analysis.41 The
potential decay rate was calculated using eqn (2).

s ¼ (kBT/e)(dVoc/dt)
�1 (2)

where s is the photoelectron lifetime, kB is Boltzmann's
constant, T is the reaction temperature, e is the charge of
a single electron, and Voc is the open-circuit voltage. The
calculated photoelectron lifetime curves are shown in Fig. S21.†
The results show that the Au/CdS@Au–S composite has an
obviously prolonged electron lifetime compared to Au/CdS
NWs. The longer electron lifetime in the Au/CdS@Au–S
system than CdS NWs and Au/CdS NWs suggests that the
photoinduced holes may be captured by some species on the
surface of the photocatalyst, thus resulting in more effective
charge separation, which is consistent with literature results.22

In addition, the relatively larger photopotential in CdS NWsmay
be attributed to the higher resistance of CdS NWs than that of
Au/CdS and Au/CdS@Au–S.

To further ascertain this, the photoluminescence (PL) and
time-resolved photoluminescence (TRPL) spectra were recor-
ded. As shown in Fig. S22a,† two obvious CdS characteristic PL
S at indicated delays following the excitation by a 400 nm pump. (d) TAS
–S.

Sustainable Energy Fuels, 2020, 4, 2164–2173 | 2171
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peaks can be observed and the peak positions show no change
aer the incorporation of Au species. As expected, the Au/
CdS@Au–S system shows a weaker PL intensity than the pristine
CdS and Au/CdS NWs, suggesting its low photoinduced charge
carrier recombination efficiency, which is consistent with the
rapid hole transfer of Au–S layers. Thus, the Au–S species as an
effective hole trapping site plays a prominent role in the
enhancement of hydrogen production activity. The TRPL
spectra (Fig. S22b†) show a faster decay rate in the Au/CdS@Au–
S system compared to the pristine CdS and Au/CdS NWs,
signaling electron transfer from CdS NWs to Au NPs, which is
consistent with previous results.34

In order to more elaborately study the recombination
dynamics of photogenerated carriers and the interfacial charge
transfer process, transient absorption spectroscopy (TAS) was
used to characterize the electronic and structural properties of
short-lived excited states (transient states) of photochemically/
photophysically relevant molecules.

As shown in Fig. 5a–c, the TAS spectra of CdS NWs, Au/CdS
NWs and Au/CdS@Au–S show spectral features of CdS,
including a bleach feature at �500 nm due to the state-lling
effect of the band edge (mainly by electrons) and a positive
feature at �475 nm arising from electro-absorptive effects.42

Besides these two characteristic signals, a broad bleach band at
>600 nm was also detected, which could be attributed to the
stimulated emission of CdS.43 As we expected, we found that
aer introduction of the Au–S layer, the recombination effi-
ciency showed a signicant decrease, indicating that Au–S
species is benecial for the separation of electron–hole pairs.
Furthermore, the electron lifetime in CdS NWs, Au/CdS NWs
and Au/CdS@Au–S probed by TAS kinetics is shown in Fig. 5d.
The longer electron lifetime in Au/CdS NWs (86.69 ns)
compared to that in CdS NWs (17.70 ns) could be attributed to
the electron transfer from Au NPs to CdS NWs. However, the
electron lifetime is considerably shortened in Au/CdS@Au–S
(49.95 ns) compared to that in Au/CdS NWs (86.69 ns), due to
the change in the interfacial electron transfer pathway from CdS
Scheme 1 Schematic illustration of the photocatalytic hydrogen
production from water over Au/CdS@Au–S.

2172 | Sustainable Energy Fuels, 2020, 4, 2164–2173
to Au aer formation of Au–S. This might have resulted from the
rapid hole capture of Au–S species, which is consistent with the
results of TAS spectra.

Based on the above results, we proposed a tentative mecha-
nism for the enhanced photocatalytic hydrogen evolution over
the Au/CdS@Au–S photocatalyst as illustrated in Scheme 1.
Under light irradiation (l > 420 nm), both Au NPs and CdS NWs
are excited, followed by electron transfer to the surface of Au
NPs from the valence band (VB) of CdS NWs, and incorporation
of the electrons from the surface plasmon of Au NPs to reduce
absorbed H+ to produce H2 (for the detailed band position see
Fig. S23†). The remaining holes will rst be trapped by the Au–S
species, followed by reaction with the pairs of Na2S and Na2SO3

(for the charge transfer path see Fig. S24†). During the Au/
CdS@Au–S photocatalytic process, the incorporated Au–S layer,
on the one hand, enhances the light harvesting ability. On the
other hand, the Au–S species on the surface of Au/CdS can
accelerate the HER reaction kinetics and facilitate photoin-
duced charge separation via rapid hole trapping, thus achieving
the superior hydrogen production performance.
4. Conclusions

In summary, we have demonstrated that the fabricated Au–S
species encapsulated Au/CdS nanocavity structure is suitable
for enhancing photocatalytic water splitting to produce
hydrogen. By means of an effective adjustment for the Au–S
layer, it can achieve an optimal H2-evolution rate of 0.55 mmol
h�1 (approximately 13.8 times that of Au/CdS NWs) under
visible light irradiation and an AQE of 19.1% at 430 nm. More
importantly, a strategy involving separation of photoinduced
electron–hole pairs and regulation of electron transfer by Au–S
species has been conrmed as valid and applied during this
process. As a novel strategy, our study may provide a new design
protocol for highly efficient photocatalytic systems.
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