
Published: April 29, 2011

r 2011 American Chemical Society 1940 dx.doi.org/10.1021/am200154h |ACS Appl. Mater. Interfaces 2011, 3, 1940–1945

RESEARCH ARTICLE

www.acsami.org

Reduction of Charge Recombination by an Amorphous Titanium
Oxide Interlayer in Layered Graphene/Quantum
Dots Photochemical Cells
HongBin Yang,† ChunXian Guo,† Guan Hong Guai,† QuanLiang Song,‡ San Ping Jiang,§ and
Chang Ming Li*,†,‡

†School of Chemical and Biomedical and Center for Advanced Bionanosystems, Nanyang Technological University, 70 Nanyang Drive,
Singapore 637457, Singapore
‡Institute for Clean Energy and Advanced Materials, Southwest University, Chongqing 400715, P. R. China
§Curtin Centre for Advanced Energy Science and Engineering, Department of Chemical Engineering, Curtin University of Technology,
Perth, WA 6845, Australia

bS Supporting Information

’ INTRODUCTION

Graphene has attracted growing attention because of its unique
properties such as a large specific surface area, high electric
conductivity, and high transparency1,2 and has been widely used
in photovoltaic devices3,4 and sensors,5,6 as a supercapacitor,7,8 as a
catalyst,9 for hydrogen storage,10,11 and for flexible electronic
circuits.12

Recently, a layered graphene/QDs photoanode has been used
in quantum dots (QDs)-sensitized photovoltaic cells (QDSC),13

demonstrating significant enhancement in the phototo-electron
conversion efficiency contributed by its unique architecture, su-
perior physicochemical properties, and favorable graphene work
function. However, because the operation principle of graphene/
QDs photovoltaic cells is similar to that of dye-sensitized solar
cells (DSC),14 it also suffers from losses of photogenerated ele-
ctrons due to the recombination process.15 Two interfacial recom-
bination pathways are essential for the performance of the layered
graphene/QDs photovoltaic cells. Electrons transported in the
graphene layer injected from excited QD may recombine either
(1) with the holes at the valence band ofQDs or (2) with the redox
couples in the electrolyte through direct contact.14,16 To inhibit
such recombination in the layered graphene/QD photochemical
cell, we could use a barrier layer to separate the graphene layer (the
electron transport layer) from the QDs and electrolyte. In DSC,

different metal oxides such as ZnS, Al, ZrO, MgO2, and amor-
phous TiO2

17�20
film have been used to retard charge recombina-

tion for high-performance devices. However, such an interlayer for
reducing the recombination process in a graphene/QDsdevice has
never been investigated.

In this work, an amorphous TiOx layer is introduced between
graphene and QDs as a barrier layer by the dip coating method,
and its effect on suppressing charge recombination is further
investigated by the open-circuit voltage decay (OCVD) techni-
que and incident light intensity-dependent photocurrent response
profiles.

’EXPERIMENTAL SECTION

Preparation of Materials and Fabrication of the Layered
Photoanode. Graphene was synthesized by a modified Hummers
method,21,22 followed by hydrazine reduction as described previously.13

The preparation of {graphene/TiOx/CdS}n photoanodes is schemati-
cally depicted in Scheme 1, in which the precleaned ITO glass is coated
with a thin layer of graphene by electrophoretic deposition at a constant
current density of 0.5 mA/cm2 in a 0.1 mg/mL graphene aqueous
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ABSTRACT: The effect of an amorphous TiOx interlayer on
layered graphene/quantum dots photochemical cells has been
investigated. The addition of the TiOx interlayer eliminates the
decay of photocurrent in the initial seconds after light illumina-
tion and significantly increases the slope of the steady-state
photocurrent versus the light intensity. The open-circuit voltage
decay measurements further illustrate a longer electron lifetime
when an amorphous TiOx interlayer is applied. Consequently,
the photocurrent and photovoltage of the photovoltaic cell with
a TiOx interlayer are greatly increased. This work demonstrates that the graphene/amorphous TiOx composite structure effectively
inhibits charge recombination while enhancing charge transfer, providing a promising scaffold for quantum dots and dye-sensitized
photovoltaic cells.
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solution for 50 s (film thickness of ∼20 nm). Subsequently, the
graphene-coated ITO glass is dipped into a titanium isopropoxide/
2-propanol solution {TTIP, Ti[OCH(CH3)2]4, Aldrich, 97.0%} to form
an amorphous TiOx layer.

23 To stabilize the TiOx layer, the structure is
heated at 60 �C for 10 min in air. Then, a layer of CdS QDs is directly
synthesizedon the prepared structure by sequential chemical bath deposition
from their aqueous salt solutions of CdCl and NaS. Layered {graphene/
TiOx/QDs}n composite photoanodes are then fabricated by repeating steps
1�3 as one cycle. The number of cycles is represented by n.
Characterization ofMaterials.Themorphology and structure of

the layered photoanodes were investigated by FE-SEM (JSM-6700F),
X-ray diffraction (D8 advance X-ray diffractometer, Bruker AXS, λ =
0.15418 nm). UV�vis absorption spectra were recorded using a spec-
trophotometer (UV-2450, Shimadzu). The compositions of the photo-
anodes were determined by energy dispersive X-ray spectroscopy (EDS,
JSM-6700F).
Measurements of the Performance of the Photochemical

Cell. The photochemical cell was constructed as shown in Figure S1 of
the Supporting Information. A two-electrode system was used with a

photoanode having an area of 0.4 cm2 and a platinum gauze of 1.0 cm2 as
the counter electrode. The electrolyte was a 0.1 M Na2S aqueous
solution. The photoresponses of devices were recorded using an Autolab
potentiostat/galvanostat (PGSTAT30, Eco Chemie B.V., Utrecht, The
Netherlands). The experiments were conducted using a 150 W Xe lamp
(filtered, λ > 300 nm) as the light source. The illumination intensity near
the electrode surface is 100 mW/cm2. Neutral attenuation films were
used to provide different incident power densities. Incident photon-to-
electron conversion efficiency (IPCE) measurements were performed
without bias illumination with respect to a calibrated silicon diode. The
monochromic light was supplied by xenon light passing through a
Cornerstone monochromator. A chopper was placed after the mono-
chromator, and the signal was collected by Merlin lock-in radiometry
after amplification by the current preamplifier.

’RESULTS AND DISCUSSION

The surface morphologies of a graphene film on ITO, TiOx-
coated graphene, and CdS QDs on TiOx-coated graphene were
investigated using FE-SEM, showing Origami-like creases on
ITO for the graphene sheets (Figure 1a) and a uniformly dis-
tributed TiOx nanoparticle layer covered on the graphene surface
(Figure 1b). However, after deposition of CdS QDs on both
plain graphene and TiOx/graphene surfaces, the QDs grown on
the latter surface are slightly more dense than that on the former
surface (Figure 1c,d), suggesting that the loading of CdS QDs is
increased by the TiOx coating possibly because of the higher
absorbability of the Cd2þ on TiOx surface. The composition of
{graphene/TiOx/CdS}4 on ITO-coated glasses was further con-
firmed by EDS (Figure 1e).

Scheme 1. Flow of {Graphene/TiOx/CdS}n Photoanode
Fabrication

a

a n represents the number of repeating cycles (the cycle includes
repeating steps 1�3).

Figure 1. SEM images of (a) graphene on ITO, (b) TiOx on a graphene
surface, (c) CdS QDs grown on a graphene surface, and (d) CdS QDs
grown on a graphene/TiOx surface. (e) EDS of the {graphene/TiOx/
CdS}4 photoanode. All scale bars are 100 nm.

Figure 2. (a) UV�vis spectra of the CdS QDs film on ITO/graphene
and ITO/graphene/TiOx structures. The coating cycle of CdS QDs is
10. (b) X-ray diffraction spectra of the CdS QDs film on graphene and
TiOx nanoparticle-coated graphene surfaces.
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Figure 2a shows the absorption of CdS QDs grown on graph-
ene and the TiOx layer-coated graphene surface, of which the
coating cycles of CdS QDs is 10. Compared with the absorption
intensity of CdS QDs grown on a graphene surface, the absorp-
tion intensity of CdS QDs increases by 20% on TiOx-coated
graphene surface in the absorption region, and the absorption
peak of CdS is shifted from 365 to 375 nm. The inset of Figure 2a
shows the absorption edges of CdS QDs on graphene and
amorphous TiOx-coated graphene surfaces are 2.57 and 2.47
eV, respectively. The red shift of the absorption edge is ascribed
to the quantum size effect,24 implying that the crystal size of CdS
QDs on the TiOx layer is larger than that on the graphene surface.
Figure 2b shows the X-ray diffraction (XRD) patterns of the TiOx

film and the CdS QDs films grown on graphene and TiOx-coated
graphene surfaces. Because no XRD peak can be observed form
the TiOx films, it indicates the films are amorphous. The peaks at
26.5� and 44� originate from the cubic phase of the CdS nano-
crystal.25 The higher peak intensity of the CdS QDs film on the
TiOx surface indicates that the crystallinity of CdS QDs is also
improved by the TiOx interlayer.

The influence of the insertion of TiOx between graphene and
QDs on the photoresponse of a single layered graphene/QDs
photoanode was first investigated by various TTIP concentra-
tions from 0.1 to 2.0 wt % in a 2-propanol solution. The results
(Figure S2 of the Supporting Information) show that the
{graphene/TiOx/QDs}1 photoanode with the TiOx layer
formed by a 0.5 wt % TTIP solution gives the best performance,
in which the photocurrent and photovoltage of photochemical
cells are enhanced by ∼50 and ∼15%, respectively, when com-
pared to those of the graphene/QDs photoanode. Thus, 0.5 wt %
TTIP was chosen for the subsequent experiments. Although the
single TiOx layer can enhance the photocurrent, it is low,
especially at the low intensity of light, and cannot be used to
accurately study the enhancementmechanism as shown in Figure
S2 of the Supporting Information. Thus, the multilayer TiOx

structure was further used to investigate its buffer effect.
IPCE spectra of photochemical cells with {graphene/TiOx/

CdS}4 and {graphene/CdS}4 photoanodes are shown in Fig-
ure 3. With the presence of the TiOx interlayer, IPCE of the
photochemical cell is increased across the entire response range.
The small peak at∼325 nm is most likely to be contributed from
the inserting TiOx layer and is supported by the presence of a
photocurrent response from the photochemical cell with the
{graphene/TiOx}4 photoanode shown in Figure S3 of the Sup-
porting Information. Because a photocurrent of only 2 μA/cm2 (at
an illumination intensity of 100mW/cm2) is generated by the TiOx

interlayer, the enhancement of the IPCE of the photochemical cell

with a graphene/TiOx/CdS}4 photoanode should be mainly attrib-
uted to an increased absorption of QDs or improved photogener-
ated electron collection26 of the photoanode.

To understand the enhancement mechanism for the layered
graphene/QDs photochemical cells by TiOx interlayer coating,
the relationship of the photocurrent responses for various photo-
anodes (A, {grpaphene/CdS}4; B, {TiOx/CdS}4; C, {graphene/
TiOx/CdS}4) with different incident light densities was investi-
gated. As illustrated in Figure 4a, the photocurrent response
profiles for the three kinds of photoanodes under irradiation are
quite different, in which the photocurrent responses of both
photochemical cells A and B show fast decay until reaching light
intensity I0, at which the photocurrents decay by approximately
25 and 60% and then become stable over the entire applied light
intensity range. However, the photocurrent response of photo-
chemical cell C shows only the decay process at low illumination
intensities (<0.3I0). At higher illumination intensities, the decay
process disappears. The photocurrent is actually the number of
charges collected by the photoanode, and its decay with irradia-
tion time signifies a proportional loss of photogenerated charges
from either charge trapping in the acceptor layer27,28 (trapped in
the graphene or TiOx layer) or an enhanced recombination pro-
cess like that reported previously.14,29 In addition, the correla-
tions between the maximal photocurrents of the three photo-
chemical cells and different illumination intensities in Figure 4b
(photovoltage as a function of illumination intensity shown in
Figure S4 of the Supporting Information) show the same increas-
ing trend with an increase in the illumination intensity. The
maximal photocurrent difference among the three photoanodes
indicates the electrodes possess different CdSQDs loadings and CdS
QD/electrolyte contact areas. The maximal transient photocurrent
can represent the number of excitons generated by the photoanode.
FromFigure 4, the {graphene/CdS}4 photoanode increases themax-
imal transient current by ∼23% via addition of the TiOx interlayer,
which is almost the same enhanced 20% absorption intensity shown
in Figure 2. Furthermore, a linear relationship of the stable photo-
current for the three photochemical cells versus the illumination

Figure 3. Photocurrent action spectra of photochemical cells with
{graphene/TiOx/CdS}4 and {graphene/CdS}4 photoanodes.

Figure 4. (a) Effect of excitation intensity on the stability of photo-
current generation of {graphene/CdS}4 (A), {TiOx/CdS}4 (B), and
{graphene/TiOx/CdS}4 (C) and photoanodes. Maximal photocurrent
(b) and stable photocurrent (c) as a function of the intensity of incident
light. The excitation intensity was maintained at (1) 0.1I0, (2) 0.2I0, (3)
0.3I0, (4) 0.5I0, (5) 0.8I0, or (6) I0. The counter electrode was a platinum
sheet. The electrolyte was 0.1 M Na2S.
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intensity is observed over the entire light intensity range (Figure 4c)
of which the fitted slope for photochemical cell C is 0.0075, which is
larger than that of cell A (0.0042) or cell B (0.0035). Thus, Isc is
further increased by 60%, from 0.51 to 0.83 mA/cm2, at an illu-
mination intensity of 100 mW/cm2. This enhancement is 3 times
greater than that caused by the increased absorption intensity of the
photoanode. The improved Isc and elimination of the decay in photo-
current provide persuasive evidence that the presence of an amor-
phous TiOx interlayer in the layered graphene/QDs photoanode
reduces electron loss and significantly enhances the charge collection
efficiency, which are in good agreement with the IPCE results. The
transient photocurrent of a photoelectrode can be used to
quantitatively analyze the electrode�electrolyte interface reaction
kinetics.30,31 However, it is not used in this work because the decay
of the transient photocurrent of the photoanode with the TiOx

interlayer is totally eliminated.
Scheme 2 represents the photogenerated electron transfer

process in the layered graphene/QDs structure with a TiOx

interlayer and the corresponding energy band diagram. Via intro-
duction of the TiOx layer, the recombination events between the
electrons at the Fermi level of graphene with both the holes at the
valence band of QDs and the redox couples are inhibited, which
is supported by the enhanced performance of the {graphene/
TiOx/CdS}4 photochemical cell. However, it has been repor-
ted32,33 that the transfer of charge in the TiO2 nanoparticle layer
occurs via electron hopping between the trap states. Such a
conducting pathway tends to trap the charges by the TiO2 trap
states (bandgap and surface states).34�36 Consequently, recom-
bination pathways (4 and 5 as shown in Scheme 2) would be
introduced into the charge transfer process. The trap state-
assisted recombination between the injected electron in the
TiOx layer and the hole at the valence band of QDs (or dye)

and oxidized redox couples has been studied by using transient
spectroscopic techniques.28,34,37,38 The observed rapid decay of
photocurrent in photochemical cell B with the {TiOx/CdS}4
photoanode (Figure 4a, trace B) further supports the proposed
recombination mechanism in the TiOx layer. Our measurements
are consistent with Kamat’s works,39,40 which also show a fast
decay followed by a stable photocurrent under illumination. The
charge loss induced by the trap state-assisted recombination in
photochemical cell B (60%) is larger than that in cell A (25%),
but for photochemical cell C with the {graphene/TiOx/CdS}4
photoanode, the larger Isc and elimination of the photocurrent
decay indicate that trap state-assisted recombination does not
occur during charge transfer. The results can be explained.
Recent works41,42 have demonstrated the transport of electrons
from the semiconductor to graphene via a stepwise transfer
process with a fast shuttling rate. Because of the high conductivity
of graphene and its stepwise energy difference with respect to
TiOx, electrons injected from excited QDs would be transferred
directly from the TiOx conducting band to the adjacent graphene
layer before they are trapped by the trap states in the amorphous
TiOx layer. Thus, the trap state-assisted recombination is re-
tarded for a better charge collection in the device.

To further demonstrate that an amorphous TiOx interlayer
can retard the charge recombination in a layered {graphene/
QDs} photochemical cell, the electron lifetime (τn) of the device
was measured by the open-circuit voltage decay (OCVD) techni-
que. The electron lifetime in a photochemical cell has been widely
derived from the OCVD measurement46,47 and has used as a
kinetic parameter to obtain useful information about the electron
recombination rate. The OCVD measurement was conducted by
turning off the illumination on the photoanode in a steady state to
monitor the subsequent decay of the open-circuit voltage (Voc).

Scheme 2. Schematic Representation of Photogenerated
Electron Transfer Processes in a Layered Graphene
(Gr)/QDs Structure with a TiOx Interlayer (a) and the Energy
Band Diagram (b), Showing the Main Electronic Processes at
the Interface in QDsa

a (1) Electron injection, (2) electron transfer, (3) trapping of the
electron at surfaces states, the two charge recombination pathways of
trapped electron recombination with (4) the hole at the valence band of
QDs and (5) the oxidized redox couple, and (6) hole extraction. The
recombination between the electron at the Fermi level of graphene and
the hole at the valence band of QDs and the oxidized redox couple was
inhibited by the TiOx layer. The electrolyte was 0.1 M Na2S (with S

2�/
Sn2� redox couples). The energy levels of CdS, TiOx, and graphene
were taken from refs 23 and 43�45.

Figure 5. (a) Open-circuit voltage decay profiles and (b) electron
lifetime as a function of the open-circuit voltage (Voc) of the photo-
chemical cell with and without a TiOx layer.
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The τn can be obtained by the reciprocal of the derivative of the
decay curve normalized by the thermal voltage using the following
equation:

τn ¼ � kBT
e

dVoc

dt

� ��1

where kB is Boltzmann's constant, T is the absolute temperature, e
is the positive elementary charge, and dVoc/dt is the derivative of
the transient open-circuit voltage. The decay of Voc reflects the
decrease in the electron concentration in the photoanode,14 which
is mainly caused by charge recombination. Figure 5a shows the
OCVD decay curves of photochemical cells with and without a
TiOx layer, showing clearly that the OCVD response of the
photochemical cell with the TiOx interlayer is much slower than
that without TiOx. Accordingly, the photoanode has a longer
electron lifetime over the entire range of open-circuit voltage
(Figure 5b), suggesting that the electrons injected from excited
CdS QDs can survive for a longer period without recombination
for fast electron transfer in the {graphene/TiOx/CdS}4 photo-
anode. The OCVD measurements further support the possibility
that photogenerated electron recombination is effectively retarded
by the TiOx interlayer.

’CONCLUSIONS

In summary, an amorphous TiOx layer has been successfully
incorporated into a layered graphene/QDs structure for a photo-
voltaic cell. The amorphous TiOx interlayer serves as a barrier to
reduce the level of charge recombination by separating the grap-
hene layer from the oxidized QDs and redox couples in the
electrolyte. With the interlayer, the decay of photocurrent in the
initial seconds of illumination is eliminated at high incident
intensities. Thus, the photocurrent and photovoltage of a photo-
chemical cell using the graphene/TiOx/QDs layers are enhanced
by 60 and 10%, respectively. This study clearly demonstrates that
the TiOx interlayer in the graphene/TiOx composite structure
for QDs photovoltaic cells andDSCs can enhance charge transfer
while reducing the level of charge recombination. Moreover, the
low-temperature, solution-based, and low-cost fabrication pro-
cess of graphene/TiOx composites is favorable for mass-pro-
duced flexible plastic photoanodes.
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