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Photoelectrochemical (PEC) water splitting using solar energy has received widespread attention, and

strong performance photocatalysts are highly desired. In this work, uniform carbon-coated CdS

nanostructures have been fabricated using ascorbic acid as the carbon source by a facile hydrothermal

method and characterized using transmission electron microscopy (TEM). The thickness of the carbon

layer can be well controlled by the amount of ascorbic acid added during the reaction. Compared to

pristine CdS, carbon-coated CdS nanostructures exhibit stronger light absorption and more efficient

electron transfer as determined by absorption and photoluminescence (PL) spectroscopy. Ultrafast

charge carrier dynamics in the composite CdS/C structures were studied using femtosecond transient

absorption (TA) spectroscopy, which revealed direct evidence of effective charge transfer from CdS to

the carbon layer. In addition, the CdS/C composites were employed as photoanodes for PEC hydrogen

generation, which showed significant improvement in photoactivity over pristine CdS nanospheres. The

photocurrent density (�1.0 V vs. Ag/AgCl) of one of the composite structures, CdS/7-C, exhibited �20

times enhancement compared with that of pristine CdS. The enhanced PEC property can be attributed

to increased light scattering and consequently the light harvesting throughout the whole spectral

wavelength, and the effective electron transfer from CdS to the carbon layer. Such carbon-coated

semiconductor composites based on a simple and low-cost synthesis method should be useful in PEC

as well as other applications such as photovoltaics, detectors and sensors.
1. Introduction

Water splitting utilizing solar energy has been a topic of strong
interest in the eld of renewable energy. In particular, photo-
electrochemical (PEC) water splitting using nanoscaled semi-
conductor photocatalysts has received signicant attention.1–6

Among them, cadmium sulde (CdS) with a direct bandgap of
�2.4 eV has absorption matching well with the spectrum of
sunlight and also owing to its other useful properties such as
excellent charge carrier transport, relatively low work function,
good chemical and thermal stability is considered as an excel-
lent material for PEC applications.7–12 Despite these advantages,
one limitation is its generally low PEC conversion efficiencies
due to fast charge carrier recombination. Therefore, much
effort has been made to effectively reduce recombination of
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y, University of California, Santa Cruz,

.edu

tion (ESI) available. See DOI:

–1086
charge carriers.13–16 For example, Wu et al. have demonstrated
that a CdS–Pt heterostructure can provide a possible way for
optimizing the hole transfer step to achieve efficient solar-to-
fuel conversion.17 Li et al. reported that the combination of
enhanced charge transfer and broad light absorption was
responsible for improved hydrogen generation in the sandwich-
structured CdS–Au–TiO2 nanorod arrays as photoanodes in
PEC.18 However, these semiconductor-layers and plasmonic-
metal layers (mainly silver and gold) tend to self-agglomerate,
which increases the recombination of electrons and holes.

Carbon materials exhibit excellent electrical conductivity,19

superior chemical and electrochemical stability,20 unique
physical properties,21 and good light response.22 Intense studies
have been focused on graphene/semiconductor composites in
photocatalytic and PEC applications.13,23–29 However, complete
and uniform graphene coverage on the semiconductor, which
ensures electron transfer in all directions, has been challenging
for practical application. Meanwhile, carbon-coated semi-
conductors with complete and ultrathin carbon layers have
been extensively investigated in lithium-ion batteries and pho-
tocatalysis,30–33 Lou et al. have rstly evidenced that a carbon-
This journal is © The Royal Society of Chemistry 2016
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coated CdS nanohybrid exhibits signicantly enhanced photo-
stability and photocatalytic ability,33 indicating that thin carbon
layers with a degree of graphitization can facilitate electron
transfer and prevent the active core materials from contacting
with oxygen and moisture in the air. This suggests that carbon
layers should be an ideal and promising shell material for
coating active semiconductor photocatalysts in PEC applica-
tions. However, the report about carbon-coated semiconductors
applied for a photoelectrochemical eld is scarce. Moreover, to
date there are mainly two methods for depositing carbon
layers:34,35 (1) in situ pyrolysis of the organic precursor (e.g.
glucose and citric acid); (2) a chemical vapor deposition (CVD)
assisted solid-state route. However, these two approaches
usually lead to partial carbon coating or require high tempera-
ture annealing (>600 �C) under an inert atmosphere. Therefore,
a simple, efficient and low-cost method for the deposition of
uniform carbon-coated semiconductors at mild operation
temperature is highly desired.

In this work, CdS/C composites were synthesized in high
yields using ascorbic acid as the carbon source by a facile two-
step hydrothermal method, which produces a uniform, thin
carbon layer coating on the CdS surface. The thickness of the
carbon layer can be easily controlled by the amount of ascorbic
acid in the reaction. The effective electron transfer and more
light absorption in CdS/C composites are conrmed by PL, and
UV-vis spectroscopy, which could lead to the enhanced photo-
activity. According to the PEC study, the carbon-coated CdS
electrode indeed shows excellent photoactivity compared with
that of pristine CdS. Importantly, the role of the carbon layer on
charge carrier dynamics in detail has been investigated using
femtosecond transient absorption (TA) spectroscopy, which
provides a direct measure of charge carrier dynamics including
electron transfer from CdS to the carbon layer. These results
show that a uniform and thin layer of carbon material can
substantially enhance electron transfer, which leads to the
signicant enhancement in the photocurrent density compared
with that of pristine CdS. Hence, the CdS/C core–shell
composites obtained provide promising candidates for high
performance PEC and other potential applications, and the
facile and low-cost synthetic method can be extended to fabri-
cate other carbon-coated semiconductors.
2. Experimental section
2.1 Materials

All chemicals were used as received without any further puri-
cation. Cd(CH3COO)2$2H2O (Sinopharm Chemical Reagent
Corp.), thiourea (Sinopharm Chemical Reagent Corp.), analytic
alcohol (98%, Sigma-Aldrich), and ascorbic acid (Sinopharm
Chemical Reagent Corp.).
2.2 Synthesis of CdS/C composites

The synthesis of pristine CdS nanospheres. The CdS nano-
spheres were fabricated by a modied method described in
detail elsewhere.12 Typically, 2.4 mmol of Cd(CH3COO)2$2H2O
and 24 mmol of thiourea in 60 mL deionized water, were added
This journal is © The Royal Society of Chemistry 2016
to a 100 mL Teon-lined stainless steel autoclave, then the
autoclave was maintained at 200 �C for 5 h and allowed to cool
to room temperature naturally aerwards. Yellow precipitates
were collected and washed with deionized water and ethanol
three times, respectively. The nal products were dried in
a vacuum oven at 65 �C for 10 h.

The synthesis of CdS/C composites. Pristine CdS nano-
spheres in 30 mL de-ionized water and 30 mL ethanol were
stirred for 1 hour. Ascorbic acid was added into the solution to
stir for another 1 h, and then it was transferred to a 100 mL
Teon-lined stainless steel autoclave to maintain the tempera-
ture at 200 �C for 2 h and cooled down naturally to room
temperature. Then the samples were collected by centrifugation
and washed with deionized water and ethanol for several times,
respectively. The nal products were dried in a vacuum oven for
8 h at 60 �C. The pure carbon materials were fabricated without
CdS for comparison under the same reaction conditions.

2.3 Characterization

The morphology and the carbon layer thickness were deter-
mined by high-resolution transmission electron microscopy
(HR-TEM, TECNAI G2 S-TWIN). X-ray diffraction using Cu Ka
radiation (XRD, Bruker D8-A25) was adopted to examine the
crystalline structure of the samples. The optical and uores-
cence properties of the samples at room temperature were
investigated using a UV-vis spectrophotometer (Hitachi U-4100)
and photoluminescence (PL) spectrouorometer (Fluoromax-4).
The XPS spectra of the samples were recorded with a Perkin
Elmer PHI 5000 C ESCA system equipped with a hemispherical
electron energy analyzer, and the Mg-Ka (1253.6 eV) anode was
operated at 14 kV and 20 mA. The FT-IR and Raman spectra
were collected on a Nexus 470 FT-IR spectrometer and Spex 403
Raman spectrometer.

Ultrafast transient absorption (TA) spectroscopy was carried
out with a Quantronix laser system consisting of a Palitra-FS
optical parametric amplier pumped by an Integra-C Ti:sap-
phire amplier system, as reported in the previous work.36

Briey, 795 nm, 820 mW, and 150 fs pulses from Integra-C were
split 9 : 1 between an optical parametric amplier (OPA) and
sapphire crystal, respectively. A pump wavelength of 400 nm
(�3.1 eV) was used to excite the samples at 90 nJ per pulse,
which could guarantee linear effects. And a white light
continuum, which was stable from 430 nm to 800 nm with
a pulse width of 100 fs, was used to probe the samples.

2.4 Photoelectrochemical test

The photocurrent of pristine CdS and CdS/C composites elec-
trodes was measured using a Solartron 1280 B (Oakridge, TN)
electrochemical workstation in a three-electrode electro-
chemical cell with a Pt wire as the counter electrode and Ag/
AgCl as a reference electrode. In a typical experiment, the
potential was swept from �1.2 V to 0 V vs. Ag/AgCl at a scan rate
of 5 mV s�1. IPCE were measured using a xenon lamp (1000 W)
coupled with an infrared water lter (Oriel 6127) and aligned
monochromator (Oriel Cornerstone 130 1/8m). The samples
were spun on the Fluorine-doped Tin Oxide (FTO) glass (7 U
J. Mater. Chem. A, 2016, 4, 1078–1086 | 1079
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sq�1) and then annealed at 350 �C for 2 h under a nitrogen
environment, used as the working electrode with a working area
of (�1 cm2). A 0.25 M Na2S and 0.35 Na2SO3 aqueous solution
was used as the electrolyte.

3. Results and discussion

Transmission electron microscopy (TEM) images of CdS coated
with a carbon layer at different magnications are shown in
Fig. 1. Fig. 1a and b reveal that a uniform carbon layer is
successfully deposited on the surface of the CdS nanospheres.
From the high-resolution TEM (HRTEM) images in Fig. 1c and
d, the thickness of the amorphous carbon layer is found to be
�3 nm and �7 nm with the amount of ascorbic acid of 0.001 g
and 0.01 g, respectively. Hence the carbon-coated CdS nano-
structures are labeled as CdS/3-C and CdS/7-C based on the
carbon layer thickness. The TEM results convinced that the
carbon deposition was via a hydrothermal reaction in which the
ascorbic acid was transformed in situ into carbon on the surface
of CdS, resulting in the carbon-coated CdS composites. The
strong interaction between the hydroxyl groups of the carbon
layer and Cd2+ on CdS results in good contact and large inter-
faces between the two components,37–40 which is desirable for
electron transfer from CdS to the carbon layer. The thickness of
the carbon layer depends on the amount of ascorbic acid added
during the synthesis.

Pure carbon materials were obtained by hydrothermal
pyrolysis of ascorbic acid without CdS during the same hydro-
thermal reaction, and their morphologies, chemical composi-
tion and optical properties were studied for comparison. The
TEM images of pure carbon structures are shown in Fig. S1,†
Fig. 1 (a) and (b) Transmission electron microscopy (TEM) images of
CdS coated with a carbon layer. (c) High-Resolution TEM (HR-TEM)
image of 1 : 100 CdS/C core–shell composites with a carbon layer
thickness of �3 nm. (d) HR-TEM image of 1 : 10 CdS/C core–shell
composites with a carbon layer thickness of �7 nm.

1080 | J. Mater. Chem. A, 2016, 4, 1078–1086
showing many carbon dots along with the carbon lms formed
by the pyrolysis of ascorbic acid.

As shown in Fig. 2a, Raman spectra of pure carbonmaterials with
the excitation wavelength at 530 nm can be well t with Gaussian
functions, showing two characteristic bands at �1413 cm�1 and
�1583 cm�1, which are assigned to the D-band and G-band,
respectively.41,42 The G-band reveals the presence of graphite
carbon, whereas the D-band is attributed to disorders or defects
in the graphite structure,43 indicating that the obtained pure
carbon materials are graphitized to some extent.

Fig. 2b shows the UV-vis absorption spectrum of pure carbon
in solution. The peak at �285 nm can be assigned to the typical
absorption of the p–p* transition of the conjugated C]C in
nanocarbon materials,44 which further indicates the formation
of graphitized carbon. Generally, the carbon dots exhibit strong
size and excitation wavelength dependent photoluminescence
(PL) behaviors.45 In Fig. 2c, the pure carbon materials contain-
ing carbon dots indeed exhibit obvious dependence of PL on the
excitation wavelength. The peak position of PL emission varies
from 430 nm to 525 nm with the excitation wavelength shorter
than 450 nm. According to Sun et al., carbon dots can exhibit
up-converted PL (UCPL).46 In Fig. 2d, PL spectra of carbon
materials with excitation at a longer wavelength (600–800 nm)
also seem to show up-converted emission located from �330
nm to �460 nm in our experiment. These results all manifest
the successful preparation of graphited carbon materials from
the hydrothermal pyrolysis of ascorbic acid.

The comparison of Raman spectra between pristine CdS
nanospheres and CdS/C composites is shown in Fig. 3. Pristine
CdS exhibits the rst-order longitudinal optical phonon (LO) at
�285 cm�1 and the second-order LOphonon peak at�600 cm�1.33,47

However, when CdS was coated with a carbon layer, Raman spectra
started to change, showing a broad spectral feature at �1000 cm�1

instead of the characteristic peaks of carbon materials. This
broad feature may be attributed to the synergistic interaction
between CdS and the carbon layer, e.g. uorescence of carbon
materials. No characteristic carbon peaks at �1413 cm�1

and �1583 cm�1 can be observed due to the small amount of
carbon layer.

The crystal structures of pristine CdS and CdS/C composites
are determined using X-ray diffraction (XRD), as shown in
Fig. 4a. All the diffraction peaks conrm the existence of
a typical hexagonal phase of a wurtzite CdS structure (JCPDS
card no. 75-1545).12,48 No additional characteristic peaks from
the carbon layer can be observed although there is an obvious
carbon layer on the surface of CdS, which can be attributed to
the amorphous nature of the carbon layer or the ultrathin layer
of carbon and possible overlap between the peak expected at
�26� for carbon materials and the peak at �25� of the (100)
planes of CdS. The undifferentiated XRD patterns reveal that
the formation of the carbon-coated CdS composites has
a negligible effect on the crystal phase of CdS.

To further investigate the presence of the carbon layer in the
CdS/C composites and the interaction between the carbon layer
and the CdS nanosphere, Fourier transform infrared (FT-IR)
spectroscopy and X-ray photoelectron spectroscopy (XPS) of
pure carbon materials and CdS/C composites were carried out.
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Raman spectra and (b) UV-vis absorption spectra of pure nanocarbon materials; (c) and (d) PL spectra of pure carbon materials in
solution upon excitation at different wavelengths.

Fig. 3 Raman spectra of pristine CdS and CdS/C composites.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
9 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

24
/0

1/
20

16
 0

6:
07

:0
9.

 
View Article Online
For pure carbon, as shown in Fig. 4b, the peak at�3368 cm�1 is
assigned to the stretching vibration of the –OH group.49 The
peaks at �2943 cm�1 and �1702 cm�1 are ascribed to the
stretch vibrations of –C–H and C]O bonds, respectively.
Interestingly, the absorption peak at �1623 cm�1 due to C]O
in carbon-coated CdS composites shows an obvious blue shi
compared to that of pure carbon, possibly suggesting that
partial ester groups [C(]O)O] have transformed into new
Cd–COO groups in the carbon-coated CdS composites.43

Absorption peaks at �2853 cm�1 and �2924 cm�1 corroborate
the symmetric and asymmetric stretching vibrations of C–H
bonds, respectively, which indicate the formation of the carbon
layer on the CdS surface.50

Fig. 4c and d display the comparison of high-resolution C 1s
XPS spectra for pure carbon materials and CdS/7-C composites,
respectively. The C 1s spectrum of pure carbon can be
This journal is © The Royal Society of Chemistry 2016
deconvolved into three peaks located at �284.5 eV, �286.6 eV
and �287.7 eV, which are assigned to C–C, C–O, and C]O,
respectively.51,52 Meanwhile, the C]O signal at �287.7 eV in
pure carbon seems to shi to �288.4 eV in carbon-coated CdS
composites (Fig. 4d and Table S1†), indicating the formation of
new Cd–COO groups, which is consistent with the FT-IR results.

Comparison of the UV-vis spectra in Fig. 5a shows that the
CdS/C composites exhibit enhanced absorption throughout the
measured spectral range. All the samples show strong absorp-
tion in the visible light range, however, carbon-coated CdS
composites show stronger absorption than that of pristine CdS
nanoparticles at a wavelength longer than 510 nm, which
indicates that the carbon layer may play important roles in
utilizing sunlight. There is no characteristic peak at �285 nm
from carbon materials, likely due to the small amount of
carbon. The corresponding PL emission spectra are shown in
Fig. 5b. For pristine CdS nanospheres, an emission peak at
�523 nm is attributed to a bandgap transition in CdS. The
carbon-coated CdS nanostructures show a similar PL spectrum
but with amuch weaker intensity compared with that of pristine
CdS. The quenched PL in the composite is taken as an indica-
tion of photoinduced charge transfer from CdS to carbon.53,54

The strong quenching suggests strong electronic interaction
or coupling between CdS and the carbon layer.

In order to gain further insight into the charge transfer
dynamics of CdS/C composites, ultrafast TA spectroscopy was
utilized to investigate the charge carrier dynamics and their
dependence on the carbon layer. In order to avoid non-linear
dynamic processes and nd the linear regime, pump power
dependence of the dynamics in both CdS and CdS/C composites
was carried out for three different pump powers of 1800 nJ per
pulse, 780 nJ per pulse, and 90 nJ per pulse. The early time
dynamics are found to be power dependent, indicating non-
J. Mater. Chem. A, 2016, 4, 1078–1086 | 1081
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Fig. 4 (a) XRD patterns of pristine CdS and CdS/C composites; (b) FT-IR transmittance spectra of pure carbon materials and CdS/C composites;
X-ray photoelectron spectroscopy (XPS) of (c) pure carbon materials and (d) CdS/7-C composites.

Fig. 5 (a) The UV-vis absorption spectra and (b) PL spectra of the
pristine CdS and CdS/C composites.

1082 | J. Mater. Chem. A, 2016, 4, 1078–1086
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linear dynamic processes at high power, e.g. exciton–exciton
annihilation or Auger recombination oen take place in
quantum dots under high excitation intensity.55 To remove or
minimize the high-order, nonlinear processes, the lowest pump
power at 90 nJ per pulse was chosen to compare the decay
dynamics of CdS and CdS/C composites since the non-linear
effect was minimal at this power.

Fig. 6 shows the contour plots of the TA data as a function of
the probe wavelength and delay time between the pump and
probe pulses with 400 nm excitation. The carbon materials do
not have a detectable signature in the TA spectrum at this
excitation wavelength because the excitation wavelength of 400
nm can only excite CdS. The intensity of differential absorption
(dA) with and without the pump decreases with time delay
between the pump and the probe over the probe wavelength
range. For pristine CdS, the most obvious features are a broad
transient absorption (TA) band from 450 nm–470 nm, which
can be attributed to the absorption of photoexcited electrons in
the CB (conduction band), and a symmetric transient bleach
(TB) band with lmax ¼ 504 nm, which can be attributed to the
hole absorption on the VB (valence band) of CdS. Carbon-coated
CdS composites show similar proles, however, the maxima
of the bleach features of CdS/3-C and CdS/7-C are located at
�513 nm and�495 nm, respectively. The red shi of TB proles
in carbon-coated CdS composites illustrates that the energy
band structure of CdS could be varied aer the coating of
the carbon layer. In addition, for pristine CdS, the TB signal
shows a symmetric peak from 500 nm to 550 nm, while CdS/C
composites represent the broad TB feature and the tail to the
longer wavelength (800 nm). This indicates that the carbon layer
affects the excited state and/or ground state absorption. The
UV-vis spectra in Fig. 5 show that the presence of carbon
increases the extinction in the entire spectral range due to
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Contour plots of the TA data for (a) pristine CdS; (b) CdS/3-C
and (c) CdS/7-C excited with 400 nm light.

Fig. 7 The bleach decays and fitting results for the pristine CdS and
CdS/C composites.

Table 1 Fitting results of the transient recovery dynamic profiles for
pristine CdS and CdS/C composites at low (90 nJ per pulse) pump
power

Samples A1 s1 (ps) A2 s2 (ps) A3 s3 (ps) �s (ps) kET (109 s�1)

CdS 0.56 10 � 1 0.21 50 � 9 0.22 528 � 64 466
CdS/3-C 0.97 8 � 1 0.08 60 � 9 0.13 434 � 25 360 0.70
CdS/7-C 0.84 8 � 1 0.20 58 � 9 0.13 400 � 16 303 1.20
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increased absorption and/or scattering, which will increase the
bleach signal and could result in the observed negative dA
feature at a longer wavelength.

In order to better understand the charge carrier dynamics of
CdS and CdS/C composites, the recoveries of normalized, single
wavelength transient bleach dynamics for the three samples
were analyzed in more detail, as shown in Fig. 7 (490 nm, 513
nm, and 495 nm for pristine CdS, CdS/3-C composites, and CdS/
7-C composites, respectively). The TB recovery proles can be t
with a triple-exponential function, and the tting parameters
are summarized in Table 1. The recovery lifetimes from the
tting results are 10 � 1 ps, 50 � 9 ps and 528 � 64 ps for
pristine CdS. According to previous studies of the exciton
dynamics of the semiconductor nanocrystals or quantum dots
(QDs), the fast and medium components can be usually
attributed to exciton relaxation mediated by shallow and deep
trap states, respectively, while the slow component is suggested
This journal is © The Royal Society of Chemistry 2016
to the electron–hole recombination through the deep traps.56

Meanwhile, the TB recovery prole of the CdS/3-C composite
can be t with 8� 1 ps, 60� 9 ps, and 434� 25 ps, while the TB
prole of the CdS/7-C composite can be t with 8 � 1 ps, 58 � 9
ps and 400� 16 ps. The overall recovery dynamics of the exciton
or charge carriers appear faster for the CdS/C composites than
that of pristine CdS, which can be attributed to the electron
transfer from CdS to the carbon layer. This result is consistent
with the quenched PL of CdS aer the coating of the carbon
layer (Fig. 5b).

To better understand the exciton dynamics of the CdS and
CdS/C composites, an average lifetime is dened by the

equation: s ¼ A1 s12 þ A2s22

A1s1 þ A2s2
; and calculated, which turned

out to be 466 ps, 360 ps, and 303 ps for the pristine CdS,
CdS/3-C composite, and CdS/7-C composite, respectively (i.e.,
CdS/7-C < CdS/3-C < pristine CdS). It is clear that the average
lifetime is shorter for the CdS/C composites than that of
pristine CdS. As summarized in Table 1, the amplitude of
the fast recovery components (A1%) increases and that of the
slow component A3% decreases when the carbon layer is
coated on the surface of CdS, which can be attributed to (1)
the electron transfer from CdS to the carbon layer or (2)
the increasing of the shallow states aer the carbon layer
coating. In order to further study the role of the carbon layer,
the electron transfer rate constant is calculated using the

equation: kET ¼ 1
sC=CdS

� 1
sCdS

; 57 where �sCdS and �sC/CdS are
J. Mater. Chem. A, 2016, 4, 1078–1086 | 1083
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the average lifetimes of CdS and CdS/C electrodes, respectively.
The electron transfer rates for CdS/3-C and CdS/7-C are deter-
mined to be 0.7 � 109 s�1 and 1.2 � 109 s�1, respectively. These
results suggest that the electron transfer from CdS to the carbon
layer occurs on an ultrafast time scale, which suggests strong
interaction between the carbon layer and CdS.

In general, the solar-to-hydrogen conversion efficiency is
mainly determined by efficient light absorption and charge
transport as for the application in photoelectrochemical (PEC)
water splitting.58 Hence, the PEC performance of pristine CdS
and CdS/C composites as the photoanodes was investigated, as
shown in Fig. 8. The photocurrent density–applied voltage (J–V)
characteristics were measured under Xe lamp illumination.
Fig. 8a shows that all of the electrodes display the negligible
background current in the dark, indicating that no electro-
catalytic oxygen evolution occurs. Among the three samples,
CdS/7-C composites represent the highest PEC performance,
and the photocurrent density can achieve a high value of �0.47
mA cm�2 at �1.0 V vs. Ag/AgCl, which is almost 20 times higher
than that of pristine CdS (0.025 mA cm�2). In addition, the
photocurrent density of CdS/3-C composites (0.30 mA cm�2)
exceeds that of pristine CdS by �12 times. These results indicate
that the CdS/C composites demonstrate a signicant increase in
the photoactivity compared with pristine CdS upon light illumi-
nation, which reveals the efficient charge separation in CdS/C
composites. The onset potential of pristine CdS is ��1.2 V
(vs. Ag/AgCl), while it shis to ��1.4 V (vs. Ag/AgCl) for CdS/C
composites. The decreased overpotential for CdS/C composites
indicates effective interaction between CdS and the carbon layer.
Fig. 8 (a) Variation of J–V curves in the dark and under light illumi-
nation; IPCE spectra with wavelengths ranging from (b) 350 to 600 nm.

1084 | J. Mater. Chem. A, 2016, 4, 1078–1086
To further elucidate the role of the carbon layer in improved
PEC performance, the incident photon-to-current efficiency
(IPCE) spectra for pristine CdS and CdS/C composite electrodes
are displayed at �0.5 V vs. Ag/AgCl as a function of the incident
light wavelength in Fig. 8b. IPCE provides a reliable method to
characterize the wavelength dependent photoresponse, and can
be calculated by the equation: IPCE ¼ (1240I)/(lJlight), where I
is the measured photocurrent density at a specic wavelength, l
is the wavelength of the incident light, and Jlight is the measured
irradiance at a specic wavelength.58 The IPCE characteristics
closely match the absorption spectrum of the individual elec-
trodes. Both CdS/C composites show signicantly improved
photoactivity in the whole detected wavelength range in agree-
ment with the results of PEC measurements, indicating that the
carbon layer on the CdS can remarkably improve the PEC
performance by efficient charge collection. These results show
that a thin and uniform carbon layer on the surface of CdS
nanospheres is indeed benecial to enhance the PEC
performance.

As discussed above, the enhanced PEC performance can be
ascribed to the favorable morphology and excellent electronic
conductivity of the carbon layer. In order to explain the role
of the carbon layer in charge carrier dynamics, the model of
CdS/7-C composites is illustrated in Fig. 9. The electrons in
the valence band (VB) of CdS are excited to the conduction band
by light with the energy higher than that of the bandgap, then
the electrons can be trapped into shallow trap (ST) and deep
trap (DT) states with a �6 ps lifetime and a �50 ps lifetime,
respectively. And electrons in the CB and holes in VB states
can undergo non-radiative recombination on the �400 ps time
scale by a non-radiative process. Some electrons can then be
Fig. 9 Schematic illustration of charge carrier dynamics in CdS/7-C
composites. The electrons can be trapped into shallow trap (ST) and
deep trap (DT) states with a 6 ps lifetime and a 50 ps lifetime,
respectively. And electrons in the CB and holes in VB states can
undergo non-radiative recombination on the 400 ps time scale by
a non-radiative process.

This journal is © The Royal Society of Chemistry 2016
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transferred to the surface of the carbon layer under the interface
to achieve charge separation with �kET of 1.2 � 109 s�1. There are
two main possibilities to explain the effective electron transfer.
First, the carbon layer provides a homogeneous nanocoating on
CdS, which can guarantee intimate and large contact interfaces
between the CdS and the carbon layer, resulting in effective
photogenerated electron transfer. Secondly, good electrical
conductivity of the carbon layer ensures electron transfer
between CdS and the carbon layer from all different directions.
In particular, it highlights the importance of the carbon layer in
effective electron collection in PEC performance.
4. Conclusions

In summary, uniform, complete and ultrathin carbon-coated
CdS composites using ascorbic acid as the carbon source were
fabricated by a facile hydrothermal method. The thickness of
the carbon layer can be well adjusted by the amount of ascorbic
acid during the reaction. The exciton and charge carrier
dynamics of CdS and CdS/C composites were studied using
transient absorption/bleach spectroscopy. The bleach decay
proles of pristine CdS, CdS/3-C composites and CdS/7-C
composites were t with a tri-exponential function, which
produced an average lifetime of�303 ps,�360 ps, and�466 ps,
respectively. The overall faster decay of the CdS/C composites is
attributed to the effective electron transfer from CdS to the
carbon shell layer, which is uniform and forms a good interface
with CdS. Meanwhile, the obtained CdS/C composites show
strong PEC performance compared with pristine CdS. The
enhanced photoactivity can be attributed to improved light
absorption and efficient electron transfer. This novel and facile
synthetic method of carbon-coated CdS nanostructures can be
extended to fabricate other carbon-coated semiconductors at
low temperature. Such nanocomposite structures are promising
for photocatalytic and PEC applications.
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