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with optimized photoelectrochemical performance
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Core–shell CdS/TiO2 structures are promising for solar-to-fuel conversion applications because their ideal

type-II band alignment helps effective charge transfer to form the CdS+/TiO2
� system. A better

understanding of the charge carrier dynamics is critical to provide guiding principles for designing

photoelectrochemical (PEC) devices. Hence, TiO2 shell-thickness dependent charge carrier dynamics

and competition between electron relaxation in CdS (e.g. recombination and trapping) and electron

transfer from CdS to TiO2 were investigated using ultrafast transient absorption (TA) spectroscopy. The

results indicate that the CdS/TiO2 nanocomposite with a molar ratio of 2 : 1 exhibits the highest electron

transfer rate constant of �kET ¼ 2.71 � 1010 s�1, along with an electron relaxation rate of �kCdS/TiO2
¼ 3.43

� 1010 s�1, resulting in an electron transfer quantum efficiency of QET ¼ 79%, which also corresponds to

the best PEC hydrogen generation in the CdS/TiO2 core–shell composites. However, the electron

transfer rate decreases with increasing thickness of the TiO2 shell consisting of aggregated nanoparticles.

One possible explanation is that the CdS and TiO2 form relatively larger, separate particles, or less

conforming small particles, with poor interfaces with increasing TiO2, thereby reducing electron transfer

from CdS to TiO2, which is supported by SEM, and TEM data and consistent with PEC results. The

thickness and morphology dependence of electron transfer and relaxation provides new insight into the

charge carrier dynamics in such composite structures, which is important for optimizing the efficiency of

PEC for solar fuel generation applications.
1. Introduction

Nanocomposite materials have long been of strong interest due
to their unique multifunctional properties that cannot be ob-
tained in single-component structures.1,2 In particular, core–
shell nanocomposite structures have attracted considerable
attention due to their potential applications in lithium storage,3

solar cells,4 photocatalysis,5–7 electronics and bioimaging.8,9One
type of core/shell structure of strong interest is that composed
of two semiconductor materials with different bandgaps. One
main advantage of such structures is that the shell provides
a physical barrier between the optically active core and the
surrounding medium, thus making the core less sensitive to
environmental changes, surface effects, and photo-oxida-
tion.10,11 In addition, band alignment for effective charge
transfer is of paramount importance in the design of photo-
voltaic and water splitting systems.12,13 Type-II structures have
appropriate band structures for forming a staggered alignment
niversity, Shanghai 200433, P. R. China.
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at the heterojunction, such that the band-edge energies of
the conduction and valence bands (VBs) of the shell are either
both higher or both lower than those of the core.14,15 As
a result, one carrier is mostly conned to the core, while the
other is mostly conned to the shell, generating an energy
gradient at the interface to spatially separate the electrons and
holes.11,16,17

To date, type-II core–shell systems have been mainly based
on large bandgap semiconductors, such as TiO2, used as the
core, coupled with CdS as the shell. It is rare to have a small
bandgap semiconductor such as CdS as the core and a large
bandgap semiconductor such as TiO2 as the shell.18–21 The latter
type-II core–shell nanostructures, in which the lowest energy
conduction band (CB) electron is mainly localized in the shell
while the lowest energy valence-band hole is localized in the
core, should not only enable fast electron transfer but also
retard charge recombination because the shell can act as
a tunneling barrier for the localized hole.22 Hence, CdS core–
TiO2 shell nanocomposites, where photoexcitation results in an
internal charge separation between the valence-band hole
localized in the CdS core and the conduction-band electron in
the TiO2 shell to form the CdS+/TiO2

� system, should be more
ideal for photocatalytic and PEC applications. Recently, there
J. Mater. Chem. A, 2015, 3, 22627–22635 | 22627
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are a few reports about CdS core–TiO2 shell structures, with the
focus on the photocatalytic performance of one-dimensional
(1D) CdS/TiO2 systems, in which agglomeration of the
samples results in unsatisfactory photocatalytic perfor-
mance.23–25 1D nanostructures are mostly fabricated by chem-
ical vapor deposition (CVD), which involves high temperature
and long time, inhibiting large-scale application. Therefore,
a facile and low-cost synthesis of CdS/TiO2 core–shell nano-
composites is desired for practical applications. Furthermore,
photoexcited carrier dynamics and charge separation
properties of CdS core/TiO2 shell nanocomposites are not well
understood.

Herein, we synthesized uniform spherical CdS/TiO2 core–
shell nanoparticles with different TiO2 shell thicknesses via
a facile two-step solvothermal method. The PEC performance
was investigated for pure CdS and CdS/TiO2 composites with
different molar ratios of CdS to TiO2 (dened as 2 : 1 CdS/TiO2,
1 : 1 CdS/TiO2, and 1 : 2 CdS/TiO2, respectively). Femtosecond
transient absorption (TA) spectroscopy was used to investigate
the electronic transfer and relaxation dynamics on ultrafast
time scales as a function of the TiO2 shell thickness. The
competition between electron relaxation in CdS and electron
transfer to TiO2 plays a crucial role in the PEC performance. We
report that the 2 : 1 CdS : TiO2 sample exhibits the highest
electron transfer rate and the best PEC performance, while the
thicker TiO2 shell seems to retard electron transfer and leads to
lower PEC efficiency. This study provides insight into the
mechanism of charge transfer in CdS/TiO2 core/shell nano-
composite structures, which is important for designing new
materials with improved PEC performance for energy conver-
sion and other applications.
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.), tetra-
butyl titanate (Sinopharm Chemical Reagent Corp.), and
analytical alcohol (98%, Sigma-Aldrich).
2.2 Synthesis of CdS/TiO2 nanocomposites

Synthesis of CdS nanoparticles. The monodisperse CdS
nanoparticles were rst fabricated following a typical proce-
dure:26 Cd(CH3COO)2 (2.4 mmol, 0.6397 g) and thiourea (24
mmol, 1.82 g) were dissolved in 60 ml de-ionized water and
stirred for 30 min to form a clear solution at room temperature.
Then the mixture was transferred to a Teon-lined autoclave
(100 ml). Subsequently, it was heated to 200 �C for 5 h. Aer
natural cooling, the precipitates were washed with de-ionized
water and ethanol three times, respectively, and then dried in
a vacuum oven at 60 �C for 6 h.

Synthesis of CdS/TiO2 nanocomposites. The as-synthesized
CdS nanoparticles (0.1 g) were dissolved in 40 ml absolute
ethanol, followed by the addition of the desired volume of tet-
rabutyl titanate (TBOT). Then 24 ml deionized water was added
22628 | J. Mater. Chem. A, 2015, 3, 22627–22635
dropwise with magnetic stirring. The mixture solution was kept
stirring for another 2 h and was transferred to a Teon-lined
autoclave (100 ml). Aerwards, a hydrothermal reaction was
conducted at 180 �C for 24 h in an electric oven. Finally, the
samples were washed, and then dried in a vacuum oven at 60 �C
for 6 h.
2.3 Characterization

The structure and morphology of the CdS and CdS/TiO2

nanocomposites were characterized by eld-emission scanning
microscopy (FESEM, JSM-6701F), and transmission electron
microscopy (TEM, JEM-2100F) was employed to analyze the
thickness of the TiO2 shell and composition of the samples.
X-ray diffraction using Cu Ka radiation (XRD, Bruker D8-A25)
and Raman spectroscopy (Raman spectra were recorded on
a modied micro Raman Imaging Microscope (Renishaw,
Inc), using a helium-neon laser operating at a wavelength of
632.8 nm.) were used to investigate the crystal and phase
structure. The optical properties of the samples were charac-
terized using a UV-visible spectrophotometer (Agilent Tech.
Cary 60 UV-vis) and a photoluminescence spectrouorometer
(Perkin-Elmer model LS50B luminescence spectrometer). The
excitation wavelength was chosen as 380 nm to excite the
samples.
2.4 Photoelectrochemical test

The PEC measurements were carried out on a Sonartron 1280 B
(Oakridge, TN), which were described before.27 A 1000 W Xe
lamp (Oriel Research Arc Lamp assembly # 69 924 and power
supply # 69 920) was used as a white light source. All PEC
measurements were carried out in a three electrode electro-
chemical cell, with a Ag/AgCl reference electrode and a Pt wire
counter electrode. The samples were deposited on the FTO
conductive glass by spin-coating at 2000 rpm for 40 s, and then
annealed for 2 h at 350 �C to form the working electrodes. 0.25
M Na2S and 0.35 Na2SO3 aqueous solution as the electrolyte was
employed to maintain the stability of CdS and CdS/TiO2 nano-
composites. Linear sweep voltammograms were measured at
a scan rate of 5.0 mV s�1 at applied potential from�1.4 V to 0 V.
IPCE was measured from 350 nm to 600 nm at an applied
potential of �0.5 V (vs. Ag/AgCl), which was calculated accord-
ing to the equation as follows:

IPCE ¼ 1240J

lIlight
(1)

2.5 TA/TB pump-probe spectroscopy test

TA/TB pump-probe spectroscopy was conducted with a Quan-
tronix laser system consisting of a Palitra-FS optical parametric
amplier pumped by an Integra-C Ti:Sapphire amplier system,
as described in detail previously.28 Briey, a pump wavelength
of 400 nm, generated by using an optical parametric amplier
(OPA), was used to excite the samples with 73 nJ per pulse,
which guarantees 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.
This journal is © The Royal Society of Chemistry 2015
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3. Results and discussion
3.1 Structure and morphological characterization

X-ray diffraction (XRD) was used to characterize the crystal
structure and the crystallinity of the pure CdS and CdS/TiO2

nanocomposites. Representative XRD patterns are shown in
Fig. 1a. The pure CdS nanoparticles show a wurtzite structure
(JCPDS card no. 75-1545) while the deposited TiO2 can be
assigned to the anatase structure (JCPDS no. 21-1272). However,
the characteristic peaks of pure CdS are very similar to that of
the CdS/TiO2 nanocomposites due to the dominance of CdS
contribution. The peaks of TiO2 located at 25.25�, 37.94�, and
48.04�, indexed to (101), (004) and (200) planes, respectively,
likely overlapped with the peaks of CdS at 24.87�, 36.92�, and
47.92�, which are indexed to (100), (102) and (103) planes,
respectively, of pure CdS.

Hence, Raman spectroscopy was conducted to further
conrm and identify the presence and crystallinity of TiO2. As
shown in Fig. 1b, the Raman peaks at 396.5 cm�1, 513.1 cm�1

and 635.8 cm�1 can be assigned to B1g, A1g and Eg modes of
anatase TiO2, respectively, which is consistent with a previous
study.29 For CdS/TiO2 nanocomposites, the peak intensities of
B1g, A1g and Eg increase with the increasing amount of TiO2,
Fig. 1 (a) XRD and (b) Raman spectra of pure CdS and CdS/TiO2

nanocomposites.

This journal is © The Royal Society of Chemistry 2015
which is expected. Interestingly, the peak at 183.0 cm�1

(another Eg mode) exhibits a substantial red-shi phenomenon
compared with that of standard anatase TiO2 (146 cm�1,29). The
formation of oxygen vacancies in TiO2 crystals could lead to
higher frequency of the anatase Eg mode (from 146 cm�1 to
183.0 cm�1).29,30 This high Eg frequency observed here could
thus indicate a high density of oxygen vacancies of TiO2 in CdS/
TiO2 nanocomposites. Oxygen vacancies acting as shallow
donors in TiO2 can improve the electrical conductivities and the
donor densities, thus increasing the PEC performance.31

Fig. 2 shows the scanning electron microscopy (SEM) images
of the pure CdS and CdS/TiO2 nanocomposites, revealing that
the CdS nanoparticles are spherical in shape and have
a uniform morphology with a size of about 200 nm. As can be
seen in Fig. 2b–d, the CdS nanoparticles are fully covered with
TiO2, forming a core–shell type nanocomposite. The diameter of
the nanoparticles increased with TiO2 coating, and the thick-
ness of the TiO2 shell increased with the increasing amount of
tetrabutyl titanate (TBOT). However, overloading of TBOT in the
synthesis led to the formation of irregular-shapes and aggre-
gation of nanoparticles, resulting in the formation of relatively
larger, separate TiO2 particles with poor interfaces with CdS.
The results suggest that the CdS/TiO2 core–shell nano-
composites have been generated via a controlled two-step sol-
vothermal process, and the thickness of the TiO2 shell can be
tuned by adjusting the volume of TBOT. The actual TiO2 shell
thickness was determined by high resolution transmission
electron microscopy (TEM).

As shown in Fig. 3a, TEM results reveal relatively uniform
pure CdS structures. Fig. 3b–d show CdS/TiO2 structures with
different shell thicknesses, average thicknesses of TiO2 nano-
particle aggregated shells in 2 : 1 CdS/TiO2, 1 : 1 CdS/TiO2, and
1 : 2 CdS/TiO2 nanocomposites are around 18 nm, 28 nm, and
50 nm, respectively. And the shell is composed of TiO2 nano-
particles with an average size of �7 nm in 2 : 1 CdS/TiO2 core–
shell nanocomposites, which are distributed relatively even over
the surface of the CdS core. From the high magnication TEM
Fig. 2 SEM images of the pure CdS and CdS/TiO2 nanocomposites. (a)
CdS; (b) 2 : 1 CdS/TiO2; (c) 1 : 1 CdS/TiO2; (d) 1 : 2 CdS/TiO2.

J. Mater. Chem. A, 2015, 3, 22627–22635 | 22629
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Fig. 3 Low-magnification TEM images of CdS/TiO2 core–shell
nanocomposites. (a) pure CdS; (b) 2 : 1 CdS/TiO2; the inset corre-
sponds to the lattice fringes of the white frame. (c) 1 : 1 CdS/TiO2; (d)
1 : 2 CdS/TiO2.

Fig. 4 (a) UV-vis absorption spectra and (b) photoluminescence (PL)
spectra of pure CdS, 2 : 1 CdS/TiO2, 1 : 1 CdS/TiO2, and 1 : 2 CdS/TiO2.
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(HRTEM) image (the inset of Fig. 3b), the interplanar spacings
of adjacent lattice fringes are estimated to be 0.318 nm and
0.354 nm and assigned to the (101) plane of CdS and (101) plane
of TiO2, respectively. In addition, free-standing TiO2 nano-
particles were rarely observed, indicating the advantage of the
current approach to obtaining CdS/TiO2 core–shell nano-
composites. By this two step process, the TiO2 shell consisting
of aggregated nanoparticles grows preferentially on the CdS
nanoparticle seeds rather than as separate nuclei in solution
because the activation energy for heterogeneous nucleation is
much lower than that for homogeneous nucleation.24,26 On the
other hand, TiO2 nanoparticle aggregated shells represent a full
coating on the CdS core in the CdS/TiO2 nanocomposites, which
indicates direct contact or good interfaces between CdS and
TiO2 that should result in strong coupling between them for
achieving noticeable charge separation for PEC applications.32

However, as the ratio of TiO2 increased in the CdS/TiO2 nano-
composites, e.g. the 1 : 2 CdS : TiO2 ratio, the CdS and TiO2

nanoparticles seem to be forming larger and separated parti-
cles, or less conforming, which will result in poor contact or
interfaces between them and thereby affect electron transfer as
well as PEC performance, as discussed later.

3.2 Optical characterization

The optical properties of the semiconductor nanocomposites
may reect their electronic transition behaviors,33–35 therefore,
we rst collected the absorption and photoluminescence (PL)
spectra of CdS and CdS/TiO2 composites. As shown in Fig. 4a,
the absorption peak for pure CdS centered at�504 nm (2.46 eV)
can be attributed to the electronic transition from the conduc-
tion band (CB) to the valence band (VB).26 However, TiO2 can
only absorb the light in the ultraviolet (UV) region due to its
larger bandgap (3.2 eV), the enhanced intensity of UV absorp-
tion in the CdS/TiO2 core–shell nanostructures can be ascribed
to the combination with TiO2, which benets the photoactivity
compared with pure CdS. In Fig. 4b, the PL prole of pure CdS
nanoparticles represented a broad feature with the peak
22630 | J. Mater. Chem. A, 2015, 3, 22627–22635
maximum at �522 nm, which can be attributed to the electron–
hole recombination from the CB to the VB. Aer the TiO2 shell
being coated on the CdS core, the PL proles show similar
emission features, but the PL intensities of the CdS/TiO2

nanocomposites present a progressively decreased behavior as
the TiO2 shell thickness increased. The possible reason for
reduction in the PL emission intensities of the CdS/TiO2

nanocomposites may be due to the charge transfer from the CdS
core to the TiO2 shell due to the type-II band alignment,
resulting in signicant charge separation to reduce the radiative
electron–hole recombination in the CdS core. However, the
increase of the TiO2 shell thickness could induce a red shi of
the PL emission peak to �550 nm, which may be due to the
generation of trap states. Overall, modulation of the TiO2 shell
thickness can signicantly change the optical properties of the
CdS/TiO2 nanocomposites, thereby altering the enhancement
effect in photoactivity performance. So, the desired shell-
thickness on core particles is vital for the preparation of high-
quality nanoheterostructures.

3.3 PEC performance

The photoelectrochemical (PEC) performance of the pure CdS
and CdS/TiO2 core–shell nanocomposites as the photoanodes
were studied in a three electrode electrochemical cell, which
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Photoelectrochemical performance of CdS and CdS/TiO2

core–shell nanocomposites with different shell thicknesses. (a)
Photocurrent density vs. applied potential curve under the full-spec-
trum of simulated solar light. (b) Wavelength-dependent IPCE
performance.
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were performed by using a Ag/AgCl reference electrode and a Pt
wire counter electrode. Fig. 5a shows a set of linear sweep vol-
tammograms of CdS and CdS/TiO2 electrodes recorded in 0.25
M Na2S and 0.35 Na2SO3 electrolyte solution in the dark and
under white light illumination (100 mW cm�2). As shown in
Fig. 5a, the onset potential was ��1.2 V (vs. Ag/AgCl) and the
maximum photocurrent density was �0.1 mA cm�2 (at �0.25 V
vs. Ag/AgCl) of the CdS nanoparticle photoanode. In contrast,
the CdS/TiO2 core–shell nanocomposites showed a signicant
enhancement in the photocurrent density under the same
applied voltage. In addition, the negative shi of the onset
potential to ��1.3 and �1.45 V (vs. Ag/AgCl) of the CdS/TiO2

core–shell nanocomposite electrodes was observed, which
reveals that the TiO2 shell coated on CdS could form the type-II
energy band structure to further reduce the overpotential to
perform PEC H2 generation. The photocurrent densities of the
CdS/TiO2 core–shell nanocomposite electrodes of 2 : 1 CdS/TiO2

and 1 : 1 CdS/TiO2 were �0.37 mA cm�2 and �0.2 mA cm�2 (at
�0.25 V vs. Ag/AgCl). However, the photocurrent density of the
1 : 2 CdS/TiO2 electrode represented a dramatic decrease to
This journal is © The Royal Society of Chemistry 2015
�0.05 mA cm�2. Interestingly, the PEC performance of CdS/
TiO2 core–shell nanocomposite electrodes represents
a progressively decreased behavior as the amount of TiO2 is
increased compared to CdS. This result conrmed that the
positive role of the suitable TiO2 shell coating on CdS nano-
particles can improve the PEC performance while too thick TiO2

shell could decrease the efficiency of the CdS/TiO2 core–shell
nanocomposite electrode.

To further elucidate the role in improving the PEC perfor-
mance of the CdS/TiO2 electrodes, we collected incident
photon-to-current conversion efficiency (IPCE) spectra of CdS
and CdS/TiO2 core–shell nanocomposites. As shown in Fig. 5b,
the IPCE spectra of CdS and CdS/TiO2 core–shell nano-
composites show similar proles to their UV-vis absorption
spectra. In addition, the 2 : 1 CdS/TiO2 electrode showed the
largest IPCE enhancement as compared to the CdS electrode.
However, with the increase of the TiO2 shell thickness, the IPCE
in CdS/TiO2 electrodes represented progressively decreased
properties. The IPCE values at 450 nm, labeled as IPCE450 nm,
were taken to compare the enhancement factor of the CdS and
CdS/TiO2 electrodes. The core–shell composite 2 : 1 CdS/TiO2

electrode exhibited the highest photoconversion efficiency
(IPCE450 nm ¼ 2.4%), exceeding that of pure CdS (IPCE450 nm ¼
0.39%) by a factor of 6. The 1 : 1 CdS/TiO2 composite showed an
IPCE450 nm¼ 1.30%, while the 1 : 2 CdS/TiO2 sample has a lower
value of 0.47%, which is almost the same value as that of the
pure CdS electrode. The results show that introduction of an
appropriate amount of TiO2 onto the CdS core can achieve
effective charge transfer from CdS to TiO2, i.e., in the formation
of the CdS+/TiO2

� structure, resulting in overall better electron–
hole separation to further enhance the photoconversion effi-
ciency in comparison with pure CdS, however, the enhance-
ment is strongly dependent on the thickness of the TiO2 shell.
More importantly, as the TiO2 shell thickness increased, the
IPCE spectra of CdS/TiO2 electrodes showed a signicant
decrease in the UV region, which indicated that the charge
collection and transportation in the TiO2 shell are deteriorated
as the thickness increased. There are two main factors to
explain the phenomenon: (1) more grain boundaries in the TiO2

nanoparticle aggregated shell, which could form the charge
recombination center to reduce the photoconversion efficiency.
(2) Formation of relatively larger, separate TiO2 particles with
poor interfaces, which reduce electron transfer from CdS to
TiO2. Therefore, a suitable TiO2 shell coating on CdS could
improve the charge separation to enhance the photoconversion
efficiency as well as the PEC performance, while the overcoating
of TiO2 on CdS could generate relatively negative effects,
resulting in a decreased efficiency of PEC H2 generation.
3.4 Charge carrier dynamics by transient absorption
spectroscopy

In order to better understand the mechanism behind the
observed TiO2 shell-thickness dependent PEC efficiencies,
charge-carrier dynamics in the CdS/TiO2 nanocomposite was
studied using femtosecond transient absorption (TA) tech-
niques. The TA spectra of CdS and CdS/TiO2 samples were
J. Mater. Chem. A, 2015, 3, 22627–22635 | 22631
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Fig. 6 Contour plots of transient absorption data after 400 nm excitation (73 nJ per pulse). (a) pure CdS; (b) 2 : 1 CdS/TiO2 core–shell nano-
composites; (c) 1 : 1 CdS/TiO2 core–shell nanocomposites; (d) 1 : 2 CdS/TiO2 core–shell nanocomposites.
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measured by using a 400 nm pump (73 nJ per pulse) and
a white-light continuum probe (460–800 nm). Note that the
chosen pump wavelength at 400 nm only excites the CdS. The
wavelength dependent transient absorption (TA, excited state
absorption) and transient bleach (TB, ground state depletion)
proles of CdS and CdS/TiO2 samples are displayed as 3D plots
in Fig. 6. The TA signals of the CdS and CdS/TiO2 samples have
Fig. 7 TB decay profiles of (a) pure CdS nanoparticles; (b) 2 : 1 CdS/T
composites; (d) 1 : 2 CdS/TiO2 core–shell nanocomposites, with pump p
TB profiles from 0 to 50 ps.

22632 | J. Mater. Chem. A, 2015, 3, 22627–22635
similar proles. The transient proles at 460–500 nm showed
a broad TA feature at short times, which can be attributed to the
absorption of photoexcited electrons in the CB of CdS. A strong
symmetric TB feature around 500–550 nm was also observed,
which can be attributed to hole absorption in the VB of CdS.
Over time, the recovery of the TB can be attributed to charge
carrier (electron–hole) recombination or exciton decay.
iO2 core–shell nanocomposites; (c) 1 : 1 CdS/TiO2 core–shell nano-
owers of 230 nJ per pulse, 140 nJ per pulse and 73 nJ per pulse. Insets:

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Transient bleach kinetics of CdS and CdS/TiO2 core–shell
nanocomposites (lpump¼ 400 nm). The shorter photoexcited electron
lifetime means better electron transfer from CdS to TiO2.
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Consequently, by tracking the TB recovery, we can characterize
the recombination of photogenerated excitons or electron–hole
pairs in CdS and CdS/TiO2 samples. Before the detailed study of
the exciton decay dynamics, we performed TA/TB measure-
ments of the CdS and CdS/TiO2 samples under three different
pump powers of 230 nJ per pulse, 140 nJ per pulse, and 73 nJ per
pulse to determine the possible power dependence of the
dynamics since power dependent dynamics due to the non-
linear process can affect the interpretation of the results.36–39 As
shown in Fig. 7, the normalized maximum TB proles of each
sample represented a relatively signicant difference as the
pump power increased, however, the most similar recovery
traces at a fast recovery component on a short time scale (0–20
ps) of all samples (insets of Fig. 7) were observed. The linear
behavior on a short time scale indicates that the high-order
kinetic processes at lower pump powers, such as exciton–
exciton annihilation or Auger recombination, may not take
place with a lifetime of hundreds of femtoseconds to a few
picoseconds.40–42 Hence, we focused on the comparison of the
obtained TA data with the lowest pump power (73 nJ per pulse)
to avoid the inuence of high-order, nonlinear processes.

The TB feature of bandgap transition is proportional to the
hole population.37 Therefore, the single-wavelength recovery of
the TB features can be assigned to the exciton recombination of
the CdS and CdS/TiO2 core–shell composites, and their rela-
tionship with the shell-thickness of TiO2. The recoveries of the
Table 1 Fitting results of CdS and CdS/TiO2 nanocomposites decay dy
lifetime (ps), and the calculated results of the average lifetime �s, the time
rate constant �kET according to eqn (1)–(4)

Samples A1 s1 (ps) A2 s2 (ps)

Pure CdS 0.35 6 � 0.4 0.31 34 � 2
2 : 1 CdS/TiO2 0.37 2.4 � 0.2 0.60 11.3 � 0.6
1 : 1 CdS/TiO2 0.48 3 � 0.2 0.45 24 � 1.5
1 : 2 CdS/TiO2 0.13 4 � 0.2 0.46 32 � 0.4

This journal is © The Royal Society of Chemistry 2015
TB features of pure CdS and CdS/TiO2 core–shell composites are
shown in Fig. 8 (506 nm, 510 nm, 510 nm and 507 nm for pure
CdS, 2 : 1 CdS/TiO2, 1 : 1 CdS/TiO2 and 1 : 2 CdS/TiO2, respec-
tively), and all the TB recoveries can be t with a triple-expo-
nential function. The lifetimes from the tting are given in
Table 1. For the pure CdS, the recovery of the fast component of
6 � 0.4 ps can be attributed to relaxation or cooling of the free
electrons and holes due to excess kinetic energy following
generation. The medium (34 � 2 ps) recovery component is
attributed to non-radiative recombination through surface trap
states.43,44 The slow (450 � 22 ps) recovery component can be
attributed to the recombination of trapped electron–hole
pairs.45,46

Aer the TiO2 shell is coated on CdS, the TB recovery of the
2 : 1 CdS/TiO2 composite can be t with a triple exponential
function with time constants of 2.4 � 0.2 ps, 11 � 0.6 ps, and
106 � 6.6 ps. Similarly, the 1 : 1 CdS/TiO2 nanocomposite has
time constants of 3.0 � 0.2 ps, 24 � 1.5 ps, and 300 � 23 ps,
while the 1 : 2 CdS/TiO2 sample has lifetimes of 4� 0.2 ps, 32�
0.4 ps and 485 � 25 ps, respectively. The overall charge carrier
decay for the 2 : 1 CdS/TiO2 and 1 : 1 CdS/TiO2 samples is faster
compared to the pure CdS. However, the charge carrier decay of
the 1 : 2 CdS/TiO2 composites is almost the same as that of pure
CdS. i.e., the overall lifetime has the following order: 2 : 1 CdS/
TiO2 < 1 : 1 CdS/TiO2 < pure CdS ¼ 1 : 2 CdS/TiO2. The
competition between charge transfer (CT) and electron–hole
recombination between the CdS core and TiO2 shell plays a vital
role in the overall decay or lifetime. For samples with a thin TiO2

shell (18 nm, i.e., 2 : 1 CdS/TiO2), the decreased lifetime
compared to pure CdS can be attributed to effective CT from
CdS to TiO2. When the shell gets thicker (28 nm, i.e., 1 : 1 CdS/
TiO2), the charge transfer becomes less efficient due to the
increased trap states with more TiO2 on the surface of CdS and
the formation of relatively separate large CdS and TiO2 nano-
particles with poor interfaces, which results in the decreased
lifetime compared with that of 2 : 1 CdS/TiO2. For the thicker
TiO2 shell (50 nm, i.e., 1 : 2 CdS/TiO2), the CT seems to be
insignicant. Because separate large CdS and TiO2 nano-
particles with poor interfaces are dominant, which is more
obvious for the 1 : 2 CdS/TiO2 sample as shown in Fig. 3D, there
is small probability for electron transfer from CdS to TiO2.32

In order to gain further insight into the charge carrier
dynamics of the CdS and CdS/TiO2 core–shell composites, we
performed more detailed analysis of tting results by using an
average lifetime. The average lifetime �s is dened as follows:
namics at low (73 nJ per pulse) pump power with percent intensity,
-averaged decay rate constant �k and time-averaged electron transfer

A3 s3 (ps) �s (ps) �k (� 109 s�1) �kET (� 109 s�1)

0.28 450 � 22 413 7.2
0.20 106 � 6.6 80 34.3 27.1
0.20 300 � 23 253 13.2 6.0
0.21 485 � 25 428 8.5 1.3

J. Mater. Chem. A, 2015, 3, 22627–22635 | 22633
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s ¼

Xn

1

Aisi
2

Xn

1

Aisi

(2)

Using the tting results, the average lifetime �s of the CdS and
CdS/TiO2 core–shell composites were calculated to be 413 ps, 80
ps, 253 ps and 428 ps for pure CdS, 2 : 1 CdS/TiO2, 1 : 1 CdS/
TiO2 and 1 : 2 CdS/TiO2, respectively. The time-averaged decay
rate constant �k, and time-averaged electron transfer rate
constant �kET of the CdS and CdS/TiO2 core–shell composites
were dened as:47

k ¼ 1ðN
0

DAðtÞdt
(3)

�kET ¼ �kCdS/TiO2
� �kCdS (4)

QET ¼ kET

kCdS þ kET

(5)

�kET and �kCdS are in the same order of magnitude, with both
values at 109 s�1. According to eqn (3) and (4), the 2 : 1 CdS/TiO2

nanocomposite has the highest �kET of 27.1 � 109 s�1 and QET ¼
79.0%. The values of QET of CdS/TiO2 nanocomposites follow
the order: 2 : 1 CdS/TiO2 (79.0%) > 1 : 1 CdS/TiO2 (45.0%) > 1 : 2
CdS/TiO2 (15.3%), which illustrates that the efficiency of the
electron transfer decreases with increasing thickness of the
TiO2 shell from�18 nm to�50 nm, which is consistent with the
trend of lifetime. Because the CdS and TiO2 form relatively
larger, separate particles with poor interfaces with increasing
TiO2, resulting in the reduced �kET and QET of 1 : 1 CdS/TiO2,
which is exactly in agreement with the results of the perfor-
mance of PEC.

Fig. 9 shows a schematic diagram to illustrate the relative
energy level and the possible charge carrier relaxation pathway
of the optimized CdS/TiO2 core–shell nanocomposite (2 : 1 CdS/
TiO2). As an electron–hole pair is initially formed in CdS by
Fig. 9 Schematic diagram of the exciton relaxation process in CdS/
TiO2 core–shell composites.

22634 | J. Mater. Chem. A, 2015, 3, 22627–22635
absorbing a photon with energy greater than the bandgap. The
exciton can then recombine through three possible pathways:
rst, some portion of the excitons undergoes nonradiative
recombination through trap states (�10 ps lifetime). Second,
some of the excitons undergo the interfacial charge transfer to
achieve charge separation between CdS and TiO2 with a �kET of
27.1 � 109 s�1. Third, the remaining excitons could recombine
from the CB to VB at CdS with an �100 ps lifetime by a non-
radiative process. The optimized CdS/TiO2 nanocomposite
represents an ultrafast �kET, resulting in the effective electron
collection of TiO2, as well as the conductive electrode (FTO) to
improve the PEC performance.
4. Conclusion

We have successfully prepared CdS/TiO2 core–shell composites
with different TiO2 shell thicknesses (�18 nm, �28 nm, �50
nm) using a facile two-step hydrothermal method. The PEC
performance of the photoanodes which were made by the CdS/
TiO2 core–shell nanocomposites showed that the photo-
conversion efficiency followed the order: 2 : 1 CdS/TiO2 > 1 : 1
CdS/TiO2 > 1 : 2 CdS/TiO2 ¼ pure CdS. In addition, the exciton
and charge carrier dynamics in the CdS/TiO2 core–shell nano-
composites have been well investigated by using ultrafast TA
spectroscopy. The obtained TA features by using the lowest
pump power (73 nJ per pulse) were dominated by the exciton
recombination that can be t with a triple exponential recovery.
Combined with the TA and mathematic tting results, we
observed that the 2 : 1 CdS/TiO2 structure with the�18 nm TiO2

shell exhibits the highest charge carrier recombination rate
because of an ultrafast �kET of 27.1 � 109 s�1 and a high QET of
79%. In addition, �kET of the CdS/TiO2 core–shell nano-
composites decreased with increasing thickness of the TiO2

shell. This is tentatively attributed to the formation of relatively
larger and more separate CdS and TiO2 nanoparticles, or
smaller nanoparticles of CdS and TiO2 that are less conforming,
with poorer interfaces or interfacial interaction. A good corre-
lation between charge transfer dynamics and PEC performance
of the present CdS/TiO2 core–shell systems has been found,
which is essential for further design of nanocomposites in
different applications, including solar energy conversion or
photodetectors.
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