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Mesoporous TiO2 sensitized with colloidal quantum dots (QDs) is considered as a promising system for

photoelectrochemical (PEC) hydrogen generation, in view of its low cost and high solar energy to fuel

conversion efficiency. On the other hand, the limited long term stability and low current density of this

system still hinder its commercialization. Here, we report a CdSe/CdSeS alloy/CdS core/shell/shell QD

sensitized mesoporous TiO2 photoanode, which exhibits high performance and long-term stability for

solar-driven hydrogen generation. A gradient CdSe/alloy-shell/CdS core/shell/shell structure is designed

to accelerate exciton separation through the band engineering approach. Compared with the common

CdSe/CdS core/shell structure, light absorption of QDs containing an intermediate alloyed layer is

extended to longer wavelengths and more importantly, the photocurrent density is improved up to

17.5 mA cm�2 under one sun illumination (AM 1.5 G, 100 mW cm�2), a record value for PEC cells based

on colloidal QDs for hydrogen generation. In addition, the as-fabricated PEC cell shows an

unprecedented long-term stability, maintaining 50% of its initial value after continuous operation for over

39 hours, indicating that the gradient core/shell/shell QD based photoanode is a promising candidate for

solar-driven hydrogen generation.
Introduction

Harvesting and converting solar energy is an efficient approach
to address the energy crisis arising from the ever increasing
global demand for energy. Among numerous technologies,
solar-driven generation of hydrogen (H2) has been widely
studied.1–4 Photoelectrochemical (PEC) hydrogen production is
a promising approach to split water into H2 and O2 under solar
irradiation via a low-cost, simple and environment-friendly
methodology compared to electrical or chemical water split-
ting. In general, a PEC system consists of a semiconductor
based photoanode, a counter electrode and an electrolyte. Until
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now, metal oxides (e.g. TiO2 and ZnO)5–7 are the most widely
investigated semiconductors as photoanode materials for H2

evolution due to their high stability against photo/chemical
corrosion at neutral or basic pH.8,9 However, the use of solar
light by these metal oxides is quite limited due to their wide
band gaps (for example, 3.2 eV of TiO2),10,11 which only allows
absorbing UV photons, resulting in low solar to H2 conversion
efficiency. Colloidal semiconductor quantum dots (QDs) have
been widely used as sensitizers for solar-driven H2 generation
due to their unique optoelectronic properties, such as a size
tunable band gap,12 wide absorption spectra, high absorption
coefficients and multiple exciton generation (MEG).13

Compared to pure metal oxides, QD sensitized metal oxide
photoanodes have a broader absorption range which signi-
cantly overlaps with the solar spectrum. As such, numerous
types of QDs (e.g. PbS,14,15 CdSe,16–18 CdS,19–21 and CuInSex-
S1�x

22,23) have been used to fabricate QD sensitized TiO2 heter-
ostructure photoanodes for efficient PEC H2 generation.
However, the efficiency of PEC cells for H2 production is still low
(solar-to-hydrogen efficiency less than 10%) compared with
electrolysis (solar-to-hydrogen efficiency over 30%)24 and the
long-term stability of PEC cells is still signicantly lower than
target values for commercial applications (few cases reported
stability more than one day while commercial devices need
thousands of hours), due to the following challenges: (i)
J. Mater. Chem. A, 2019, 7, 14079–14088 | 14079
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inefficient charge (electron/hole pair) separation and transfer
caused by fast charge recombination; (ii) the sensitivity of QDs
to the surrounding environment, such as temperature, light and
moisture, which tends to degrade their properties. Traps and
defects that form at the surface of QDs serve as recombination
centers for electron and hole pairs,25–27 which degrade the
device performance; in addition, the PEC of the device lacks
long-term stability (i.e., stable H2 generation rate as a function
of time) due to the decomposition of QDs caused by the use of
strong alkaline electrolytes (pH � 13–14).28

Colloidal “giant” core/shell QDs (e.g. CdSe/CdS and PbS/CdS)
consist of a small-sized core (radius less than 2 nm) and thick
shell (up to 10 nm). These systems are promising sensitizers for
metal oxides (e.g. TiO2) to fabricate photoanodes for PEC
hydrogen generation.15,22,29–31 Compared to bare QDs and thin-
shell QDs (shell thickness less than 1.5 nm), “giant” core/shell
QDs have several advantages, such as: (i) by selecting semi-
conducting materials and tailoring the core size and shell
thickness, quasi-type II band alignment can be achieved in
a giant core/shell QD system in which the electrons can leak
into the shell region, while the holes remain conned in the
core region.32,33 The spatial separation of electrons and holes
and prolonged photoluminescence (PL) lifetime of excitons in
giant QDs are favorable for the separation of electrons and holes
and their subsequent respective transfer to the electron/hole
(e�/h+) acceptors; (ii) the giant QDs are very stable and less
sensitive to the surrounding chemical conditions attributed to
the efficient isolation of the core from their environments due
to the presence of the thick shell.

On the other hand, due to the limited selection of suitable
semiconducting materials and synthetic approaches, the
absorption of giant QDs (e.g. CdSe/CdS,34 PbS/CdS,15 and PbSe/
CdSe35) is governed by the thick shell and the spectral range is
typically less than 500 nm. An efficient solution may consist in
the introduction of an interfacial layer between the core and
shell which leads to the concept of “Alloyed layers” to simulta-
neously improve the absorption of giant QDs and the efficiency
of carrier spatial separation through an interface engineering
approach.36,37

To date, PEC devices composed of heterostructured giant
core/shell QDs of CdSe/CdS with TiO2 can achieve�10mA cm�2

photocurrent density under one sun illumination (AM 1.5, 100
mW cm�2).29 The highest photocurrent density reported so far
in Quantum Dot Solar Technologies was �14.9 mA cm�2 based
on a CdS/CdSe co-sensitized TiO2 photoelectrode.38 Recently,
a photoanode based on a CdSe/CdS/TiO2 nanowire hetero-
structure was demonstrated, showing a signicant enhance-
ment of the photocurrent density up to 16.2 mA cm�2.39

However, poor stability and a complex synthetic approach still
limit its further improvement.

Here we report the facile fabrication of a PEC device using
two types of colloidal CdSe/alloyed layers/CdS core/shell/shell
QDs (denoted as CdSe/Alloy#1 and CdSe/Alloy#2), used to
sensitize a mesoporous TiO2 lm as a composite photoanode
material. The QDs were deposited into a mesoporous TiO2 lm
by electrophoretic deposition (EPD)40 to achieve a close contact.
Subsequently, two layers of ZnS prepared via successive ionic
14080 | J. Mater. Chem. A, 2019, 7, 14079–14088
layer adsorption and reaction (SILAR) were overgrown on the
TiO2/QD anode to prevent photocorrosion. Typically, the CdSe
core was synthesized via a hot-injection approach and then 6
monolayers of CdS were coated on the surface of the CdSe core
through SILAR, forming a structure of CdSe/6CdS. Based on this
structure, six monolayers of CdS were transformed into CdSex-
S1�x alloyed layers as the shell while keeping the same CdSe
core size. The shell of CdSe/Alloy#1 QDs has four monolayers of
CdSexS1�x (x ¼ 0.5) and two monolayers of pure CdS. On the
other hand, the shell of CdSe/Alloy#2 QDs consists of ve
monolayers of CdSexS1�x (x varies from 0–1) and one monolayer
of CdS. The fabricated PEC system based on the TiO2/CdSe/
Alloy#1/ZnS and TiO2/CdSe/Alloy#2/ZnS photoanodes exhibi-
ted a saturated photocurrent density of �15.1 mA cm�2 and
�17.5 mA cm�2 under standard AM 1.5 G solar irradiation (100
mW cm�2), respectively. By adding alloyed layers, a gradient
band structure was built to accelerate the carrier transition.
This leads to reduced charge recombination, signicantly
improving the saturated photocurrent density to a value of
�17.5 mA cm�2 compared with 6.2 mA cm�2 of the PEC device
based on CdSe/6CdS QDs. This is a record value for colloidal QD
based PEC devices for hydrogen generation. In addition, by
optimizing the thickness of the ZnS layer, annealing treatment
conditions and SiO2 coating, the stability performance for the
alloyed QD sensitized photoanode is improved signicantly.
These results suggest that the gradient “giant” core/shell/shell
QD structure may be used to realize high efficiency, stable,
low-cost solar-driven PEC hydrogen production.
Experimental methods
Materials

Sulfur (100%), oleylamine (OLA) (technical grade, 70%),
cadmium oxide (99%), cadmium nitrate tetrahydrate ($99%),
oleic acid (OAc), rhodamine 6G and octadecene (ODE), sele-
nium pellet ($99.999%), trioctyl phosphine oxide (TOPO), tri-
octyl phosphine (TOP) (97%), hexane, zinc acetate dihydrate
(98%), sodium sulde nonahydrate ($99.9%), sodium sulde
(Na2S), sodium hydroxide, sodium sulte (Na2SO3), toluene,
methanol, acetone, ethanol and isopropanol (IPA) were ob-
tained from Sigma-Aldrich Inc. Ti-nanoxide BL/SC was
purchased from Solaronix. Titania paste (code18NR-AO) con-
sisting of a blend of active anatase particles (20 nm in diameter)
and larger anatase scattering particles (up to 450 nm in diam-
eter) was supplied by Dyesol (Queanbeyan, Australia). Fluorine
doped tin oxide (FTO) coated glass substrates with a sheet
resistance of 10 U per square were purchased from Pilkington
glasses. All chemicals were used as received.
Synthesis of CdSe QDs and core/shell QDs

CdSe QDs were synthesized by using the hot injection approach.
Typically, TOPO (1 g) and Cd-oleate (0.38 mmol, 1 mL) in 8 mL
of ODE were purged with N2 at room temperature for 30 min.
The reaction system was evacuated for 30 min at 100 �C, and
then the temperature was raised to 300 �C. The mixture of TOP–
Se (4 mmol, 4 mL), 3 mL of OLA, and 1 mL of ODE at room
This journal is © The Royal Society of Chemistry 2019
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temperature was quickly injected into the Cd-oleate suspension
under vigorous stirring. The reaction cell was quenched with
cold water aer injection. Ethanol (20 mL) was added and then
the suspension was centrifuged, and the supernatant was
removed and nally the QDs were dispersed in toluene.

Deposition of CdS layers on CdSe QDs followed procedures
described in the literature.29 Typically, in a 50 mL round-
bottom ask, OLA (5 mL), ODE (5 mL) and CdSe QDs (�2 �
10�7 mol in hexane) were degassed at 110 �C for 30 min. The
reaction ask was re-stored with N2 and the temperature was
further raised to 240 �C with stirring. The Cd(OAc)2 dispersed
in ODE (0.25 mL, 0.2 M) was added dropwise and the mixture
was allowed to react for 2.5 hours, followed by dropwise
addition of 0.2 M sulfur in ODE with the same volume. The
shell was further annealed for 10 min. All subsequent shells
were annealed at 240 �C for �10 min following the injection of
sulfur and �2.5 hours following dropwise addition of
Cd(OAc)2 in ODE. Sulfur/Cd(OAc)2 addition volumes for shell
addition cycles 1–6 were as follows: 0.25, 0.36, 0.49, 0.63, 0.8,
and 0.98 mL, respectively.

For the growth of the alloyed shell QDs, a mixture of S/Se
(different molar ratios of S : Se with a total concentration of
0.2 M) was used for the further growth of the shell until ve
layers were completed. Subsequently, another CdS layer was
coated on the alloyed shell.

The reaction was cooled to room temperature using ice
water. Ethanol was added, and then the suspension was
centrifuged and the supernatant was removed. The QDs were
then dispersed in toluene for further characterization.

Anode preparation

FTO glass substrates were cleaned with Triton, a mixture of
methanol, acetone, and IPA (1 : 1 : 2), thoroughly rinsed with
deionized water and dried in a N2 ow. A thin and compact TiO2

layer was spin coated on FTO glass substrates at 6000 rpm for
30 s by using the solution Ti-Nanoxide BL/SC (Solaronix), fol-
lowed by annealing in air at 500 �C for 30 min and then cooling
to room temperature. Subsequently a commercial TiO2 paste,
a blend of small anatase particles (20 nm in diameter) and
larger anatase particles (up to 450 nm in diameter) paste (18NR-
AO), was deposited on top of the compact TiO2 layer by tape
casting and dried in air for 20 min. The photoanodes were then
heated on a hotplate at 120 �C for 6min. A second layer of 18NR-
AO paste was then deposited on the top, following the same
procedure. All thicknesses of the photoanodes were measured
by using a prolometer.

EPD of the QDs on the TiO2 lm and further ZnS coating

The as-prepared TiO2 lms on FTO substrates were vertically
immersed in a QD dispersion in such a way that the deposited
lms faced each other. The distance between themwas adjusted
to be around 1 cm and a direct current (DC) bias of 200 V was
applied for 120 min. To wash off unabsorbed QDs aer the EPD
process, the samples were rinsed several times with toluene and
dried with a N2 ow at room temperature. Prior to ZnS capping,
we applied ligand exchange by using two SILAR cycles of
This journal is © The Royal Society of Chemistry 2019
methanolic solution cetyl-trimethyl ammonium bromide
(CTAB) and toluene for 1 min dipping. The CTAB treated anode
was further washed by methanol to remove the chemical
residuals from the surface and then dried with N2, nally one
minute dipping in toluene and dried with N2 for one SILAR
cycle. The ZnS capping layer was grown using the SILAR process
as follows. In a typical SILAR deposition cycle, Zn2+ ions were
deposited from a methanolic 0.1 M solution of Zn(OAc)2. The
sulde precursor was 0.1 M solution of Na2S in a mixture of
methanol/water (1/1 v/v). A single SILAR cycle consisted of 1 min
dip-coating of the TiO2 working electrode in the cation precur-
sors (Zn2+) and subsequently in the anion solutions (S2�). Aer
each bath, the photoanode was thoroughly rinsed by immersing
it in the corresponding solvent (methanol or mixed solution),
respectively, to remove the chemical residuals from the surface
and then dried with a N2 gun. Two SILAR cycles were applied to
form the capping ZnS layer.

Vacuum annealing and SiO2 coating treatment for stability
measurements

Photoanodes coated with ZnS were placed inside a vacuum box.
The air was pumped out for 30 min. Subsequently, they were
annealed at 120 �C for 20 min and cooled down to room
temperature. Aer annealing, SiO2 coating was carried out by
soaking the ZnS capped photoanodes in 0.01 M ethanolic
solution of tetraethylorthosilicate for 1 h at 40 �C and then
rinsed with ethanol and dried in a continuous nitrogen ow.

ZrO2 lm preparation

ZrO2 lms were prepared using commercial ZrO2 nanopowder
(Aldrich, particle size < 100 nm). A single layer of the ZrO2 lm
was deposited on FTO glass by tape casting, and then annealed
in air at 500 �C for 30 min and cooled down at room tempera-
ture. We studied the electron transfer rate by using transient
uorescence spectroscopy on QDs deposited into TiO2 or ZrO2

mesoporous lms. The ZrO2/QD lm serves as a benchmark
sample, in which the energy levels do not favor electron/hole
transfer. The hole transfer rate in this experiment was moni-
tored by immersing the ZrO2/QD lm into a Na2S/Na2SO3

solution (pH � 13) as a hole scavenger.

Characterization

Small angle X-ray diffraction (XRD) of extensively puried QDs
was carried out with a Philips X'pert diffractometer using a Cu
Ka radiation source (l ¼ 0.15418 nm). Transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction
(SAED) of the QDs and QD-sensitized TiO2 lm were performed
by using a JEOL 2100F TEM. A JEOL JSM7401F eld emission
scanning electron microscope (FE-SEM) equipped with an
energy-dispersive X-ray spectrometer (EDS) was used for
obtaining the elemental composition within the QD-sensitized
TiO2 lm.

The UV-Vis absorption spectra were recorded with a Cary
5000 UV-Vis-NIR spectrophotometer (Varian) with a scan rate of
600 nm min�1. Fluorescence spectra were recorded with
J. Mater. Chem. A, 2019, 7, 14079–14088 | 14081
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Table 1 Ratio of Se/S in the shell as a function of SILAR cycle

Sample 1 2 3 4 5 6

CdSe/6CdS 0/10 0/10 0/10 0/10 0/10 0/10
CdSe/Alloy#1 5/5 5/5 5/5 5/5 0/10 0/10
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a Fluorolog-3 system (Horiba Jobin Yvon). The PL lifetime of the
QDs was measured in the time-correlated single-photon
counting (TCSPC) mode with a 444 nm laser. X-ray photoelec-
tron spectroscopy (XPS) was performed using a VG Escalab 220i-
XL equipped with a hemispherical analyzer, applying a twin
anode X-ray source. The C 1s peak (BE ¼ 284.8 eV) was used as
an internal reference to rule out charging effects. The spectra
were treated using Casa XPS soware (2.3.15 Version).

The theoretical wave functions of electrons and holes were
calculated by solving the stationary Schrödinger equation in
spherical geometry, in which we used the bulk values for the
effective masses of electrons ðm*

eÞ and holes ðm*
hÞ, namely

m*
e ¼ 0:44 me and m*

h ¼ 0:13 me for CdSe, and m*
e ¼ 0:2 me and

m*
h ¼ 0:7 me for CdS, where me is the electron mass at rest in

a vacuum. The potentials for electrons and holes as a function
of position were approximated as the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) levels, respectively, for the bulk materials. For
CdSe, these levels are �3.71 and �5.81 eV, respectively, while
for CdS they are �3.3 and �5.8 eV, respectively. Outside the
QDs, the potentials were set as 0 and �9.8 eV for electrons and
holes, respectively. The interaction between electrons and holes
was neglected in the calculations.

The PEC performance of the photoelectrodes was evalu-
ated in a typical three-electrode conguration, consisting of
a QD-sensitized TiO2 thick lm working electrode, a Pt
counter electrode, and a saturated Ag/AgCl reference elec-
trode. A Cu wire was used to connect FTO with the outer
circuit. Insulating epoxy resin was used to cover the sample's
surface except for the active area, to avoid any direct contact
between the electrolyte and the conducting back-contact and/
or the connecting wire. Subsequently the sample was fully
immersed in the electrolyte containing 0.25 M Na2S and
0.35 M Na2SO3 (pH � 13) as a sacricial hole scavenger. All
potentials, measured with respect to the reference electrode
of Ag/AgCl during the PEC measurements, were converted to
a scale according to the following equation:

VRHE ¼ VAg/AgCl + 0.197 + pH � (0.059)

The photo-response was measured by using a 150 W Xenon
lamp as the light source with an AM 1.5 G lter. The sample was
placed at a distance of 20 cm from the lamp. Prior to each
measurement, the light intensity was monitored using a ther-
mopile and adjusted to 100 mW cm�2. All the current versus
potential measurements were carried out at a 20 mV s�1 sweep
rate.

The wavelength-dependent incident photon-to-current effi-
ciency (IPCE) was calculated according to the following
equation:

IPCEð%Þ ¼ 1240J

l� I
� 100%

where J represents the photocurrent density (mA cm�2), l is the
wavelength of the incident light (nm), and I is the intensity of
the incident light (mW cm�2).
14082 | J. Mater. Chem. A, 2019, 7, 14079–14088
Results and discussion
Structure and characterization

The CdSe QD cores were synthesized via a hot-injection
approach.41 For the shell growth, SILAR42 was applied to
synthesize the CdSe/CdS core/shell QDs and CdSe/alloy-shell/
CdS core/shell/shell QDs. By varying the molar ratio of Se and
S for the alloyed layers with identical SILAR cycles, two types of
CdSe/alloy-shell/CdS core/shell/shell QDs, denoted as CdSe/
Alloy#1 (CdSe/(CdSe0.5S0.5)4/(CdS)2) and CdSe/Alloy#2 (CdSe/
(CdSexS1�x)5/CdS), were obtained. The feeding ratio of Se and S
for the shell growth is shown in Table 1. Aer the synthesis of
core/shell/shell QDs, 2 layers of ZnS were applied to prevent
photocorrosion through SILAR.

In Fig. 1(a)–(c), the TEM images show that the QDs have
a uniform size. The cartoons in the inset of the TEM images
display the designed structure of the QDs. The average CdSe
core diameter and shell thickness are shown in Table 2. In the
CdSe/CdS QDs, six monolayers of CdS were coated on the CdSe
core (3.3 nm in diameter) with a shell thickness of 1.96 nm,
which is consistent with the TEM images. By tuning the feeding
ratio of Se and S precursors, CdSe/Alloy#1 and CdSe/Alloy#2
QDs with 2.07 nm and 2.50 nm in shell thickness, respec-
tively, were obtained. The thicker shell for CdSe/Alloy#1 and
CdSe/Alloy#2 giant QDs compared to CdSe/6CdS is due to the
addition of elemental Se in the shell.35 In brief, the overall
diameters of the as-synthesized alloyed QDs are 7.7� 0.8 nm for
CdSe/Alloy#1 QDs and 7.9 � 0.9 nm for CdSe/Alloy#2 QDs,
respectively. And for CdSe/6CdS QDs, the nal diameters are 7.2
� 0.5 nm and the overall size distribution of the three types of
QDs is shown in Fig. S1.†

From XRD patterns (Fig. S2†), the crystalline structure of the
CdSe core in the CdSe/CdS QDs is ascribed to the zinc blende
(ZB), while the CdS shell refers to the wurtzite (WZ) crystal
structure.40 For the alloyed QDs (CdSe/Alloy#1 and CdSe/Alloy#2
QDs), the diffraction patterns show that the shell is a mixture of
ZB andWZ structures of CdSe(S). In Fig. 1(d), the HRTEM image
shows the crystal lattice of CdSe/Alloy#2 QDs which indicates
high crystallinity with lattice fringes. The lattice spacing (d ¼
3.51 Å) corresponding to the (111) plane of the ZB crystal
structure of CdSe is consistent with SAED (Fig. S3†) and XRD
patterns. Fig. 1(e) shows the image of CdSe/Alloy#2 QDs
deposited into TiO2 through EPD in which no obvious aggre-
gation of QDs is observed. XPS results further conrm the
existence of elemental Cd, Se and S in the CdSe/Alloy#2 QDs
(Fig. S4†). Cross-sectional SEM and EDS were further conduct-
ed, supporting the uniform dispersion of the CdSe/Alloy#2 QDs
inside the mesoporous TiO2 lm and the ratio of all elements is
shown in Fig. S5.†
CdSe/Alloy#2 9/1 8/2 7/3 5/5 3/7 0/10

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 TEM images and QD structure of (a) CdSe/6CdS; (b) CdSe/Alloy#1; (c) CdSe/Alloy#2; (d) HRTEM image of CdSe/Alloy#2 QDs; (e) CdSe/
Alloy#2 QDs in the TiO2 film; (f) UV-Vis absorption spectra of QDs in toluene. Inset shows the magnified absorption spectra of QDs in solution,
where the corresponding first exciton absorption peaks are clearly seen.

Table 2 Optical and size parameters of the as-synthesized core/shell
and core/shell/shell QDs in toluene and QDs deposited on the TiO2

mesoporous film

Sample Da (nm) Hb (nm) Abs (nm) PL (nm)

CdSe/6CdS 3.30 1.96 591 605
CdSe/Alloy#1 3.30 2.07 632 649
CdSe/Alloy#2 3.30 2.50 626 650

a D is the CdSe core diameter. b H is the shell thickness.
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Optical properties of QDs

Fig. 1(f) shows that the rst-excitonic absorption peaks for the
three types of QDs in toluene are observed at �591 nm (CdSe/
6CdS), 632 nm (CdSe/Alloy#1), and 626 nm (CdSe/Alloy#2),
respectively. These results are consistent with the PL spectra
presented in Fig. S6.† With the presence of interfacial alloy
layers, the absorption of QDs is shied to longer wavelengths
due to the narrow band gap of CdSe compared to CdS and the
quantum size effect related to the increased size.43 At the same
time, the PL peak is observed to red shi due to the leakage of
electrons from the core to the shell region.29 The same PL peak
position in both QDs implies the same degree of electron
leakage.36

Fig. 2(a) shows the band structure and carrier transition of
the CdSe/Alloy#2 QD based photoanode. In general, upon solar
This journal is © The Royal Society of Chemistry 2019
illumination, photogenerated excitons will dissociate into
electron/hole pairs at the QDs/TiO2 interface. The electrons will
leak from the CdSe core to the shell region and will then be
injected into the TiO2 layer due to electronic band bending, and
subsequently collected by the FTO electrode. Finally, electrons
are transported through an external circuit to the Pt counter
electrode for water reduction.14,30,44,45 Since the conduction band
level of CdS is higher than that of CdSe, the gradient band
structure serves as a shortcut for electrons to overcome the
original high energy barrier, thereby improving the likelihood
of electrons to leak from the core to the shell. Meanwhile, the
holes are extracted from the Na2S/Na2SO3 electrolyte (pH � 13)
which serves as a hole scavenger. Beneting from the gradient
band structure of the CdSe/Alloy#2 QDs, the carriers are more
likely to transfer from the core to the shell and then out of the
QDs with a lower probability for recombination inside the QDs.
The band structure and charge transition diagrams of CdSe/
Alloy#1 QDs are shown in Fig. S8.† Similar to the CdSe/
Alloy#2 QDs, the CdSe/Alloy#1 QDs provide an intermediate
layer between the CdSe core and CdS shell and exhibit better
charge transfer efficiency compared to CdSe/6CdS QDs. The
relatively energy level for CdSe, CdS and TiO2 are obtained from
the literature,2,29,33 while the energy level for the CdSexS1�x

alloyed shell is estimated according to the ratio of Se and S.
To further investigate the charge dynamics behavior of the

two types of alloyed QDs, TiO2 and ZrO2 mesoporous lms were
used as substrates on which the QDs are deposited. With the
J. Mater. Chem. A, 2019, 7, 14079–14088 | 14083
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Fig. 2 (a) Schematic diagram of the band structure and carrier transition of the CdSe/Alloy#2 QD based photoanode; (b) spatial probability
distribution value r(r) of electrons and holes as a function of QD radius (nm) for CdSe/6CdS, CdSe/Alloy#1 and CdSe/Alloy#2 QDs (dashed lines
show the positions of the peaks); (c) PL spectra of CdSe/6CdS, CdSe/Alloy#1 and CdSe/Alloy#2 QDs after deposited into TiO2 films, ZrO2 films
and ZrO2 films in the presence of an electrolyte.
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addition of the electrolyte which serves as a hole scavenger, the
hole transfer rate can be calculated and compared to the one
without the electrolyte. Due to the band alignment between
ZrO2 and core/shell QDs, ZrO2 is used as the benchmark, where
the charge injection does not occur and PL degradation can only
be attributed to charge recombination. The average lifetime hsi
was calculated by using the following equation:46

hsi ¼ a1s12 þ a2s22 þ a3s32

a1s1 þ a2s2 þ a3s3

The electron/hole transfer rate was calculated based on the
average lifetime of QDs on different substrates by referring to
the following equations:47

KðetÞ ¼ 1

hsiQDs=TiO2

� 1

hsiQDs=ZrO2

KðhtÞ ¼ 1

hs iQDs=ZrO2ðelectrolyteÞ �
1

hsiQDs=ZrO2
14084 | J. Mater. Chem. A, 2019, 7, 14079–14088
where Ket and Kht are the transfer rate of the electrons and holes,
respectively. hsiQDs/TiO2

(or electrolyte) and hsiQDs/ZrO2
are the

average lifetime of QDs on TiO2, and immersed in the electro-
lyte and on ZrO2, respectively. The values of lifetimes and carrier
transfer rates are listed in Table 3.

Generally, for the three types of QDs, the hole transfer rates
(Kht) are much larger than the electron transfer rates (Ket) due to
the large driving force (namely, the energy offset between the
highest energy level of valence band of QDs and the energy level
of SO3

2�/S2�) from QDs to the electrolyte. However, the degree
of carrier dissociation is different in the three QDs (Fig. 2(b)),
whereas Kht is three times larger than Ket in CdSe/6CdS QDs. In
the alloyed QDs, the Kht increases to values up to 3.7 times
larger than Ket for CdSe/Alloy#1 QDs and 4.3 times larger than
that for CdSe/Alloy#2 QDs, respectively. This phenomenon
indicates that band alignment was optimized by the alloyed
layers which built a favorable band structure for the carriers to
separate spatially, leading to fewer charge recombination
events.48–50

To further verify the process of the carrier dissociation, we
calculated the theoretical electron–hole wave functions. The
This journal is © The Royal Society of Chemistry 2019
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Table 3 Lifetime with different substrates and charge transfer rate

Sample
Lifetime
with TiO2 (ns)

Lifetime
with ZrO2 (ns)

Lifetime with an
electrolyte (ns)

Electron transfer
rate Ket (10

7 s�1)
Hole transfer
rate Kht (10

7 s�1)

CdSe/6CdS 15 25 8 2.7 8.5
CdSe/Alloy#1 14 22 7 2.6 9.7
CdSe/Alloy#2 16 23 8 1.9 8.2
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electron [je(r)] and hole jh(r)] wave functions for the two types
of alloyed core/shell/shell QDs and the CdSe/6CdS QDs were
calculated by solving the stationary Schrödinger equation in
spherical geometry.29 The calculated spatial probability distri-
bution [r(r)] of je(r) and jh(r) as a function of QD radius (nm) is
shown in Fig. 2(b). With the addition of alloyed layers, both je(r)
and jh(r) show an increased leakage into the shell region as
a consequence of favorable band alignment. According to Table
S2,† which shows the e–h spatial overlapping values and
Fig. 2(b) (according to the positions of dashed lines), the over-
lapping values for electrons and holes increase due to improved
band alignment. As a result, the carrier recombination could be
more severe in alloyed QDs. However, due to the different
transfer rates of electrons and holes, more carriers could be
transferred outside the QDs which dominates the values of
current density.

PEC performance

As a proof-of-concept, the as-prepared QDs (CdSe/6CdS, CdSe/
Alloy#1, and CdSe/Alloy#2) were used as photosensitizers for
solar-driven hydrogen generation. The PEC performance is
shown in Fig. 3(a)–(c). Typically, QDs are deposited onto mes-
oporous TiO2 lms via an EPD process for 120 min. In addition,
2 layers of the ZnS monolayer are coated on photoanodes using
the SILAR approach. The PEC cells are measured in the dark
and under continuous and chopped illumination (AM 1.5 G, 100
mW cm�2) by using a typical three electrode conguration with
a working electrode (QD based photoanode), Ag/AgCl (saturated
with KNO3 solution) reference electrode and Pt counter elec-
trode. The photocurrent density gradually increases when
increasing the applied voltage until the saturated current
density is obtained, as shown in Fig. 3(a)–(c). A saturated
photocurrent density of 6.2 mA cm�2 is obtained in the CdSe/
6CdS QD based photoanode system under one sun illumina-
tion. The PEC device based on CdSe/Alloy#1 QDs shows an
enhanced saturated photocurrent density of �15.1 mA cm�2

which is 2.4 times higher than that of the PEC device based on
CdSe/6CdS QDs. In addition, CdSe/Alloy#2 QDs with the
gradient alloyed shells exhibit a photocurrent density up to 17.5
mA cm�2 which is 2.8 times higher than that of the PEC device
based on CdSe/6CdS QDs. Lee38 et al. previously fabricated
a TiO2/CdS/CdSe cascade structure with co-sensitization of
CdSe and CdS, reporting 14.9 mA cm�2 under one sun illumi-
nation (the highest photocurrent density at that time). Later
Seol51 et al. reported an IrOx$nH2O modied CdSe/CdS/ZnO
nanowire photoanode for hydrogen generation which yielded
a photocurrent density of 13.9 mA cm�2 (at 0.6 V vs. RHE).
This journal is © The Royal Society of Chemistry 2019
Recently, Kim52 reported an extra-high current density of 22.1
mA cm�2 based on a PbS/Mn-doped CdS/TiO2 electrode.
However, the synthesis method of QDs is SILAR which cannot
control the size and shape of QDs precisely. Here, our PEC cell
with a photoanode based on alloyed QDs exhibits a photocur-
rent density of 17.5 mA cm�2 under one sun illumination (AM
1.5 G, 100 mW cm�2). The higher current density can be
attributed to several synergistic effects: (i) with the addition of
elemental Se in the alloyed QDs, the absorption range is
extended towards longer wavelengths, which in turn enhances
efficient transfer from photons to excitons. (ii) Beneting from
the gradient band structure of the TiO2/shell/core, large
numbers of both electrons and holes can be extracted from QDs
into TiO2, thereby contributing to the current density. Due to
the efficient hole transfer, hole accumulation and oxidation
were largely suppressed. (iii) According to charge dynamics
analysis, the spatial separation of electrons and holes increases,
limiting opportunities for recombination. To further investigate
the effect of the ZnS coating thickness, three and four cycles
were applied as post-treatment of the photoanodes. The PEC
performance was thenmeasured for three and four cycles of ZnS
coating based on the TiO2/CdSe/Alloy#2 photoanode, which
exhibits a decrease of the photocurrent density with an increase
of the thickness of ZnS layers (shown in ESI, Fig. S9†). According
to the PEC results, too thick ZnS layers will reduce the efficiency
of charge transfer which in turn increases the probability of
recombination.29

We calculated the H2 evolution rate based on the measured
saturated photocurrent density, nding 135 mL cm�2 per day
and 156 mL cm�2 per day for CdSe/Alloy#1 QDs and CdSe/
Alloy#2 QDs samples, respectively.

The stability of the PEC device is also an essential factor for
H2 generation. Stability measurements were conducted under
continuous one sun illumination. Due to the surface traps and
instability of QDs inside the alkaline electrolyte during long
term exposure under one sun illumination, the sample CdSe/
Alloy#2 QDs–TiO2 with two cycles of ZnS coating showed
a sharp decrease of the current density at the beginning of the
stability measurement and maintained 70% of the initial value
of current density aer 2 hours of measurement (shown in ESI,
Fig. S10†). Multiple approaches were used to optimize the
stability. Vacuum annealing,53 thicker ZnS coating and SiO2

coating were observed to improve the stability. From Fig. 3(d),
by comparing 3ZnS samples with and without annealing treat-
ment, it is found that the initial photocurrent of the annealed
one increased and was found to be more stable over a two hour
measurement period. This observation indicates that annealing
J. Mater. Chem. A, 2019, 7, 14079–14088 | 14085
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Fig. 3 Photocurrent density-potential dependence of TiO2 sensitized with (a) CdSe/6CdS QDs; (b) CdSe/Alloy#1 QDs; (c) CdSe/Alloy#2 QDs in the
dark (black curve), and under continuous (red curve) and chopped (blue curve) illumination (AM 1.5 G, 100 mW cm�2); stability measurements
(photocurrent density as a function of time) of the CdSe/Alloy#2 QD based photoanode at 0.6 V versus RHE under AM 1.5 G illumination (100 mW
cm�2) (d) with different treatments (annealing and different cycles of ZnS coating and SiO2 coating) and (e) with annealing-3ZnS–SiO2 treatment.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
5 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 Q
in

gd
ao

 U
ni

ve
rs

ity
 o

n 
6/

14
/2

01
9 

7:
15

:0
6 

A
M

. 
View Article Online
is a promising approach to optimize the stability. Two, three
and four cycles of ZnS coating were conducted to assess
the effect of different ZnS thicknesses. Although the initial
current density will decrease with the increase of ZnS cycles
(8.8 mA cm�2 for the sample with 3 cycles of ZnS coating and
7.2 mA cm�2 for the sample with 4 cycles of ZnS coating),
similar stability performance as shown in the normalized
stability spectra (Fig. S11†) for the thicker ZnS sample was
displayed in measurement for 2 hours (86% and 82% of the
initial current density was maintained for the samples with 3
and 4 cycles of ZnS coating, respectively). The lower current
density values maintained aer 2 hours of measurement for the
sample with 4 cycles of ZnS coating compared to the one with 3
cycles was attributed to the lower carrier transfer efficiency
brought about by the thicker shell. However, the spectra of
normalized stability performance (Fig. S11†) showed a better
stability trend for longer-term measurement (more than 2
hours). Aerwards, a silica coating was further coated outside
the ZnS layers. The sample QDs–TiO2–2ZnS–SiO2 showed
promising results which simultaneously improved the current
density and stability.54 However, the sample QDs–TiO2–0ZnS–
SiO2 showed ultra-low current density (�2 mA cm�2) which
emphasizes the importance of the ZnS coating and shows that
14086 | J. Mater. Chem. A, 2019, 7, 14079–14088
direct SiO2 coating may destroy the QDs because of the strong
base (0.01 M ethanolic solution of tetraethylorthosilicate)
during the silica coating process. As the three methods for
optimizing the stability all showed an enhancement, the sample
with the best conditions (annealing, 3 cycles of ZnS coating and
SiO2 coating) was considered to evaluate the lifetime of the
device. As shown in Fig. 3(e) and S13,† CdSe/Alloy#2 QDs–TiO2

was rst annealed, and then coated with 3 layers of ZnS, with or
without silica coating. Aer over 39 hours, the device can still
work at 50% of the initial current density value while the sample
without SiO2 coating can operate only for 34 hours at over 50%
of its initial value. Due to the wide band gap of SiO2 (�9 eV),55

the electrons are largely blocked inside the QDs while the holes
can still be extracted by a strong driving force (alkaline elec-
trolyte) where the charge separation can proceed faster.
Compared to previous work, which reported a photocurrent
density of 13.9 mA cm�2,50 the photoanode of CdSe/CdS/ZnO
maintained 50% of the initial value for just three hours. In
Adhikari's work,29 the CdSe/CdS “Giant” QDs only maintain
52% of the initial value aer 2 h with 2 layers of ZnS coating
while it kept 72% of the initial value with three layers of ZnS
coating, yet the current density subsequently dropped to 3.9 mA
cm�2, while our PEC cell can maintain 50% of its initial value
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta03026c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
5 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 Q
in

gd
ao

 U
ni

ve
rs

ity
 o

n 
6/

14
/2

01
9 

7:
15

:0
6 

A
M

. 
View Article Online
for as long as 39 h, indicating that it can be a promising
candidate for long-term stable PEC hydrogen generation. In the
future, we will continue working on the optimization of stability
performance by tailoring the thickness of ZnS and SiO2 shells as
well as reducing the hole accumulation.

Conclusions and prospects

In summary, we designed a CdSe/alloy shell/CdS sensitized TiO2

photoanode with a gradient band structure for high-efficiency
hydrogen generation. By adjusting the composition of the
shell, we obtained a gradient band architecture which leads to
an improved charge transfer efficiency. As a result, charge
recombination is largely suppressed and the photocurrent
density of the alloyed QDs was largely enhanced (up to 17.5 mA
cm�2). This is the highest photocurrent density among colloidal
QD sensitized TiO2 photoanodes observed so far. In addition,
long-term stable performance was found in the PEC devices
based on CdSe/Alloy#2 QDs which can maintain 50% of the
initial current density value for over 39 hours under continuous
illumination, indicating that they can act as a very stable, effi-
cient and low-cost photoelectrode for H2 generation with
stability comparable to the best stability of PEC devices based
on colloidal QDs.

Future directions for PEC cells based on colloidal QDs may
focus on engineering the interfacial layer by optimizing its
thickness, chemical composition and crystal structure to
further improve the performance. Meanwhile, some hole
acceptor can be used in the PEC system to improve the hole
transfer and further reduce hole accumulation for long-time
stability PEC devices.
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