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luminescent solar concentrators based on giant
quantum dots for highly stable hydrogen
generation†
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Hydrogen generation from water under sunlight illumination is the key to construct a sustainable and clean

energy system. To date, the long-term stability of photoanodes based on colloidal quantum dots (QDs) for

hydrogen generation remains a major challenge due to the degradation of the QDs and hole accumulation.

The degradation is usually caused by the self-oxidation of QDs induced by ultraviolet radiation. Here, we

propose a concept of integrating a luminescent solar concentrator (LSC) with a photoelectrochemical

(PEC) cell into a standalone device to improve the stability of the PEC device for hydrogen generation by

avoiding direct irradiation of ultraviolet light on PEC devices. In this study, CdSe/(CdSxSe1�x)5/CdS core/

multi-shell QDs were used as a photosensitizer. The PEC device based on alloyed multi-shell QDs shows

a saturated photocurrent density of 11.5 mA cm�2 and maintains �16.2% of its initial value after 23 hours

of sunlight illumination (100 mW cm�2). PEC devices based on QDs coupled with an LSC exhibit

a saturated photocurrent density of 1.2 mA cm�2, and �84.6% of its initial value was retained after 23

hours of continuous illumination, indicating a 420% enhancement compared to a PEC device alone. This

finding proves a unique concept to improve the photo-stability of PEC devices by coupling with an LSC.
Introduction

Converting solar energy to other energy forms, like electricity,
fuel, heat and chemical energy, can solve the current energy
crisis, decrease our dependence on fossil fuels and reduce CO2

emission and air pollution.1–3 Among them, solar-driven
hydrogen (H2) generation is one of the efficient ways to solve the
current challenges of renewable energy conversion and storage,
because H2 is a clean fuel with a high energy storage density and
water is the only combustion byproduct.3,4 One of the most
effective strategies for solar-to-H2 energy conversion is photo-
electrochemical (PEC) hydrogen production.5,6 Typically, a PEC
device consists of a photoanode, a counter electrode, a reference
electrode and an electrolyte. The PEC process can integrate the
advantages of photocatalysis and electrocatalysis, which
performs redox reactions driven by electron–hole pairs, leading
to hole oxidation and electron movement to the counter elec-
trode for H2 generation.3 It can effectively collect H2 and reduce
the recombination rate of electrons and holes. In PEC devices,
the solar-to-H2 conversion efficiency and stability of H2
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evolution mainly depend on the performance of the photo-
anode. Usually, an ideal photoanode is composed of semi-
conductor materials, like oxides and oxide/quantum dots (QDs),
with a suitable band structure, wide absorption spectrum and
high photo-stability.

Recently, sensitizing wide band gap oxides with colloidal
semiconducting QDs has been proven to be an efficient way to
improve light absorption of the photoanode and further
enhance the solar-to-H2 conversion efficiency as the QDs can
absorb sunlight in a wide spectral range, matching well with the
solar spectrum.7–9 Until now, various types of oxide/QD systems
(e.g. TiO2/CdSe/CdS,10 TiO2/PbS/CdS,11 TiO2/CdSexTe1�x/CdS,12

ZnO/CdS,13 NiO/CdSe14 and TiO2/CdS15) have been used as light
converters in PEC devices. The band gap and band energy levels
of QDs can be well controlled by tuning their size/shape/
composition. For example, by controlling the QD size, Li et al.16

reported size dependent electron transfer rates in Pt-decorated
QDs, and obtained a higher H2 generation quantum efficiency
in small QDs (17.3% for 2.8 nm diameter vs. 11.4% for 4.6 nm
diameter). By engineering the shell thickness of CdS/CdSe QDs,
the photocatalytic H2 evolution rate was 49% higher than that of
the CdS core.17 So far, the highest saturated photocurrent
density (J) of 22.1 mA cm�2 was obtained for H2 production in
PEC devices based on PbS/Mn-doped CdS QDs.18 In practice, the
efficiency, stability and cost of PEC devices are the key factors
determining its application prospect. Compared to the largely
J. Mater. Chem. A, 2019, 7, 18529–18537 | 18529
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improved current density, the stability of PEC devices based on
QDs is still a big challenge due to the inuence of the stability of
QDs.

Generally, QDs are sensitive to surface environments, such
as a chemical environment (e.g. alkaline electrolyte environ-
ment) and light (especially ultraviolet (UV) light) which may
lead to chemical- or photo-corrosion of the QDs, respectively. To
decrease the inuence of the chemical environment, using
a neutral electrolyte may be a promising approach to enhance
the stability of PEC devices. However, in a neutral electrolyte,
hole oxidation is slow, so the solar-to-H2 conversion efficiency
in QD based PEC devices is low due to the fast e–h recombi-
nation. Meanwhile, self-oxidation would increase due to hole
accumulation, resulting in the reduction of stability.19 At
present, efforts to reduce photo/chemical-corrosion mainly
focus on the performance improvement of the photoanode
materials themselves. Considering that the stability of a PEC
device is mainly determined by the charge separation efficiency,
interfacial charge transfer rate and kinetics between electrons
and holes, many researchers made efforts to develop highly
efficient and long-term stable QDs to improve the performance
of PEC devices.20–22 Among various kinds of QDs, “giant” core/
shell QDs (with shell thickness >1.5 nm) provide an efficient
approach to decrease the photocorrosion of QDs due to the
thick shell, protecting the core of the QDs during the PEC
process. However the thick shell could serve as an energy barrier
to block efficient hole transfer. Because of hole accumulation,
the self-oxidation of QDs oen leads to the decrease of the H2

generation efficiency.21,22 Recent efforts concentrate on engi-
neering the interfacial structure of QDs to improve the stability
and efficiency of PEC devices.7,9 For example, Bae et al.7

demonstrated that the introduction of an intermediate CdSex-
S1�x layer between the CdSe core and CdS shell can improve the
efficiency of the PEC device. Zhao et al.9 reported the improve-
ment in the stability of PEC devices by using alloyed CdSe/
PbxCd1�xS/CdS QDs. Another promising approach to improve
the stability of PEC devices is to decrease the UV effect (4%).
Several methods were reported, such as using UV cutoff lters,
doping with TiO2 or replacing TiO2 with UV inactive mate-
rials.13,23,24 However, the efficiency of the devices based on these
approaches decreases due to the loss of UV light. A possible
solution to avoid the damage of high energy photons on pho-
toanodes and simultaneously use UV light is to convert UV light
to other wavelengths of light that can be absorbed by the PEC
devices.

Luminescent solar concentrators (LSCs) are large-area
sunlight collectors. They consist of an optical waveguide
embedded with down-shiing or up-converting uorophores,
which absorb sunlight and re-emit photons in a longer or
shorter wavelength range.25–31 One of the efficient ways to avoid
the UV effect is to design an integrated system of an LSC and
a PEC device, which can be achieved by engineering the struc-
ture of QDs to match the LSC's emission with the absorption of
QDs used for the photoanode. In this system, the performance
of LSCs can affect the ultimate solar-to-H2 efficiency and photo/
chemical-stability. Up to now, the highest external optical effi-
ciency (hopt, dened as the ratio between the optical power of re-
18530 | J. Mater. Chem. A, 2019, 7, 18529–18537
emitted photons reaching the edges of an LSC and the optical
power of incident photons) of LSCs based on nanomaterials has
reached 26% (10 � 10 cm2) using layered perovskite nano-
platelets.32 When hopt of an LSC is high enough, theoretically,
the LSC–PEC system can reduce the cost of H2 production per
molar mass, due to the much lower production cost of an LSC
compared to a PEC device.33 To the best of our knowledge,
except the study by Cambié et al.34 using LSC-photo-
microreactors for photoredox catalysis, there is no report of PEC
devices integrated with LSCs for H2 production.

Here, we design a PEC device integrated with an LSC based
on giant QDs for stable H2 production. The PEC photoanode is
placed at the edges of the LSC (as shown in Fig. 1a), and re-
emitted light can be collected by the photoanode, where
dissociation of the photogenerated excitons occurs, and elec-
trons are injected into TiO2 and then transferred to the Pt
counter electrode to produce H2. Na2S and Na2SO3 hole scav-
engers in the electrolyte provide a shuttle for the photo-
generated holes.11 To make the utmost use of solar energy, the
coupling of the LSC and PEC devices requires the emission
spectrum of the LSC and the absorption spectrum of PEC
photoanode to overlap as much as possible, as shown in Fig. 1b,
so that the re-emitted light by the LSC can be absorbed by the
photoanode. As a proof-of-concept, giant QDs with different
shell compositions and thicknesses were chosen for the fabri-
cation of the LSC–PEC system. The LSC was prepared by using
“giant” CdSe/(CdS)15 core/shell QDs (denoted as CdSe/CdS) with
an emission peak at 624 nm and a full width at half maximum
(FWHM) of 35 nm (Fig. 1b, red line). To absorb the re-emitted
light from the LSC effectively, CdSe/(CdSxSe1�x)5/CdS core/
multi-shell QDs (denoted as CdSe/CdSSe/CdS) with an alloyed
interfacial layer were used to prepare the photoanode. The
presence of the CdSxSe1�x interfacial layer largely improves the
absorption range of the CdSe/CdS QDs, particularly in the range
of 500–650 nm, matching very well with the PL spectrum of the
CdSe/CdS QDs (Fig. 1b).

Results and discussion

To meet the requirements of the LSC–PEC system, the structure
of the QDs was adjusted by controlling the shell layer thickness
and chemical composition. Details of synthetic procedures for
different QDs are shown in the ESI.† Fig. 2a and d show typical
bright-eld (BF) transmission electron microscope (TEM)
images of the CdSe/CdS QDs and CdSe/CdSSe/CdS QDs with
spherical morphology. Through the TEM images, we obtained
the particle distribution and calculated the average diameter, as
shown in Fig. S1.† The average diameters of the CdSe/CdS QDs
and CdSe/CdSSe/CdS QDs are 12.1 � 3 nm and 5.5 � 1.5 nm,
respectively, indicating that the shell thicknesses are 4.4 nm
and 1.0 nm aer the growth of 15 monolayers of CdS or 5
monolayers of CdSSe and 1 monolayer of CdS, respectively. The
CdSe core of the QDs has a zinc-blende (ZB) crystal structure
(Fig. S2†), while the thermally stable phase of the CdS shell has
a wurtzite (WZ) structure.35 Thus, crystalline phase trans-
formationmay occur during the shell growth of the CdS shell on
ZB CdSe cores via a successive ionic layer adsorption and
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Band alignment and schematic diagram of the CdSe/CdSSe/CdS QD sensitized photoanode combined with a QD based LSC. The
yellow arrows indicate the e–h transfer process. (b) Top: absorption and normalized PL spectra of the LSC based on CdSe/CdSQDs together with
the AM 1.5G solar spectrum (grey shading). Bottom: the absorption spectrum of CdSe/CdSSe/CdS QDs used for the photoanode.

Fig. 2 (a–c) BF TEM, SAED and HRTEM images of the CdSe/CdS QDs,
respectively. (d–f) BF TEM, SAED and HRTEM images of the CdSe/
CdSSe/CdS QDs, respectively.

This journal is © The Royal Society of Chemistry 2019
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reaction (SILAR) approach. X-ray diffraction (XRD) patterns
demonstrate that both types of QDs have two phase compo-
nents: ZB and WZ (Fig. S2†). For the QDs with the 15-monolayer
shell, the dominant phase is WZ, while for the QDs with the 6-
monolayer shell the dominant phase is ZB, which is consistent
with the selected-area electron diffraction (SAED) patterns
(Fig. 2b and e) and high-resolution TEM (HRTEM) results
(Fig. 2c and f). As shown in Fig. 2c, a lattice spacing of �3.20 Å
for the two planes with a crossing angle of 80� is measured,
which is associated with the (10�1) and (1�11) planes of WZ CdS.
The measured lattice spacing of �2.92 Å for the two vertical
planes in the HRTEM image in Fig. 2f corresponds to the (200)
and (020) planes of the ZB CdSe phase. Energy dispersive X-ray
spectroscopy (EDS) analysis conrms the presence of Cd, Se and
S elements in these core/shell QDs (Fig. S3a and b†).

For the preparation of the photoanode, the CdSe/CdSSe/CdS
QDs were deposited by electrophoretic deposition (EPD) on
a TiO2 mesoporous lm (details in the Experimental section).
Two coating cycles of ZnS layers were further applied by the
SILAR method aer EPD.17 Aer 1.5 h of the EPD process, the
QDs were well dispersed on TiO2 without noticeable aggregation
(as shown in Fig. S4†), which contributes to the efficient elec-
tron transfer from QDs to TiO2 in PEC devices. The EDS spectra
in Fig. S3b and c† show the compositional evolution of the
J. Mater. Chem. A, 2019, 7, 18529–18537 | 18531
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CdSe/CdSSe/CdS QDs deposited on the TiO2 mesoporous layer
aer two coating cycles of ZnS layers were applied on TiO2/QDs.

For the preparation of the LSC, CdSe/CdS giant QDs as the
emitter were embedded in a poly(lauryl methacrylate) (PLMA)
polymer matrix (Experimental section). A 5 � 5 � 0.2 cm3

prototype LSC based on the CdSe/CdS QDs is presented in the
inset in Fig. 3a. The ultra-thick shell can efficiently enhance the
efficiency and photo-stability of the LSC as reported in the
literature.26 The solar-to-electrical power conversion efficiency
(PCE) of the as-prepared LSC was measured by single-crystalline
silicon solar cells. It is dened as the ratio of the output electric
power of the solar cell coupled with the LSC and the input
optical power:36,37

PCE ¼ Isc � Voc � FF

P� Atop

(1)

where Isc is the short circuit current, Voc is the open circuit
voltage, FF is the ll factor, P is the radiation intensity, and Atop
is the top surface area of the LSC.

Another parameter to determine the optical performance of
the LSC is hopt which can be calculated using the following
equation:38

hopt ¼
Pout

Pin

¼ Iout

Iin � G
(2)

where Pout is the output power coming from the edges of the
LSC and Pin is the input power on the top surface of the LSC. Iout
and Iin are the corresponding output power density and input
power density, respectively.

As shown in Fig. S5,† the PCE of a standalone solar cell and
LSC–solar cell system is calculated to be �12.0% and �4.2%,
Fig. 3 (a) Solar cell J–V curves of a standalone solar cell (red line) and t
based LSC (equal to the position of the photoanode, green). The inset i
curves of the PEC device using the CdSe/CdSSe/CdS QDs–TiO2 photoan
cm�2) (b) or sunlight illumination (100mW cm�2) (c). (d) Photograph of H
CdSSe/CdS QDs–TiO2 photoanode at 0.6 V vs. RHE under one sun illum
photoanode and photoanodes after 23 hours of one sun illumination in

18532 | J. Mater. Chem. A, 2019, 7, 18529–18537
respectively. According to the two J–V curves, the hopt of the LSC
is calculated to be 5.4% using eqn (2). In an ideal situation, the
LSC should be in contact with the photoanode as shown in
Fig. S6a.† But in practice, the LSC is not in direct contact with
the photoanode due to the geometry of the PEC cell. The LSC
and PEC device are separated by an electrolytic tank (Fig. S6b†),
which leads to the decrease of light intensity radiated to the
photoanode. Under one sun illumination (100 mW cm�2), the
short circuit current density of the solar cell is �33 mA cm�2.
Through measuring the short circuit current density at the
position of the photoanode, we can calculate the light intensity
of the LSC radiating to the front side of the photoanode. In the
H2 production process, the light intensity on the edge of the LSC
radiated to the photoanode is about 11.8 mW cm�2 (Fig. 3a)
under one sun illumination.

Fig. 3b shows the current density vs. applied potential (J–V)
curves of the PEC devices in the dark and under the illumina-
tion of the LSC. The J of the LSC–PEC system is�1.2 mA cm�2 at
�0.6 V vs. the reversible hydrogen electrode (RHE), which is
lower than that of the PEC standalone system under one sun
illumination (11.5 mA cm�2, Fig. 3c). Fig. 3d shows a photo-
graph of H2 production on a Pt electrode during the PEC
measurement. Under our experimental conditions, a H2

generation rate of �10 mL cm�2 per day was obtained for the
LSC–PEC device (Fig. S7†), based on the J–t curve (Fig. 3e).12

Considering that different light intensities are irradiated on the
photoanode of the PEC and LSC–PEC systems, we investigated
the dependence of the sunlight intensity on J. As shown in
Fig. S8a and b,† as the sunlight intensity increases from 25 mW
cm�2 to 200 mW cm�2, the J approximately increases linearly
he same cell posited 2 cm away from one edge of the CdSe/CdS QD
s the photograph of the LSC upon sunlight illumination. (b and c) J–V
ode in the dark, under chopped and constant LSC illumination (11.8mW

2 production on a Pt electrode. (e) Normalized J–t curves for the CdSe/
ination and LSC illumination. Insets are the photographs of the initial
the PEC and LSC–PEC systems, respectively.

This journal is © The Royal Society of Chemistry 2019
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from 2.0 mA cm�2 to 9.0 mA cm�2. Based on the dependence of
the J on sunlight intensity, we can predict the relationship
between the optical efficiency of LSCs and the H2 generation
efficiency of the PEC device. Taking a 10 � 10 � 0.2 cm3 LSC as
an example, when the hopt of the LSC is higher than 9.3%, the J
will be comparable to or even higher than that of the PEC
standalone system. Further improvement of the solar-to-H2

generation efficiency in the LSC–PEC system could be achieved
by enhancing the hopt of the LSC. At present, the hopt of the LSC
is up to 26% (10 � 10 cm2) for perovskite based LSCs,32 which
indicates that the LSC–PEC system represents a potential
solution for achieving high efficiency PEC devices for H2

production.
We further studied the stability of the PEC device by

measuring the J as a function of time (J–t) under LSC illumi-
nation or sunlight illumination with an applied potential at 0.6
V vs. RHE. In order to give a reasonable comparison, the data of
J are normalized by dividing the maximum value. Fig. 3e and
Table 1 show the stability of the LSC–PEC system and the PEC
standalone system under one sun illumination. For the PEC
system, during PEC measurement, the temperature was slightly
increased in rst 1 h due to sunlight irradiation, and then
remains at a relatively stable temperature (�24 �C for 100 mL
electrolyte) (Fig. S9†). For the LSC–PEC system, the temperature
does not show signicant change (�18 �C) due to the weak light
intensity (11.8 mW cm�2) emitted by the LSC. During the
measurements, the hopt of the LSC shows no signicant
changes, and the light intensity of the LSC radiating to the
photoanode remains at �11.8 mW cm�2. The two curves show
a similar declining trend, initially dropping rapidly and then
declining slowly. For the LSC–PEC system, the J declined
sharply in the rst 15 min, and then leveled off gradually with
the increase of time. Aer 1 hour of continuous illumination by
the LSC (11.8 mW cm�2), the J of the PEC device dropped to
87.9% of its initial value. Aer 8 hours of LSC illumination, it
maintained 87.6% of its initial value. While for the PEC
standalone system, during the rst 2 hours of illumination, the J
dropped quickly and then the decline rate slowed down. Aer 2
hours of sunlight illumination (100 mW cm�2), the J of the
device dropped to 52.4% of its initial value, and then further
decreased to 25.5% aer 8 hours under one sun illumination.
Aer long term continuous sunlight illumination (23 h), the J of
the PEC standalone device dropped to 16.2% of its initial value,
while for the LSC–PEC system, it remained at 84.6% of its initial
value. The inset in Fig. 3e shows that the color of the photo-
anode aer the 23 hours PEC operation fades away under
sunlight illumination, while under LSC illumination, there is no
obvious color change. These results indicate that the QDs in the
PEC alone system may be oxidized, while the QDs in the LSC–
Table 1 The percentage of remaining J for the PEC standalone and LS
mination of 100 mW cm�2

Devices 0.5 h 1 h 2 h 4 h 6 h

PEC 84.9% 70.6% 52.4% 36.4% 29
LSC–PEC 88.7% 87.9% 87.8% 87.6% 87

This journal is © The Royal Society of Chemistry 2019
PEC system are quite stable. To better compare the stability of
the PEC and LSC–PEC devices, we measured the J–t curves of
PEC devices under different sunlight intensities, as shown in
Fig. S8c.† All the current densities show gradual decrease even
at a lower light intensity. Aer 1 hour of sunlight illumination
under 25, 60, 100 and 200 mW cm�2 (AM 1.5G), the J main-
tained 71%, 56%, 54%, and 49% of its value, respectively. This
indicates that the stability of the PEC devices can be affected by
the light intensity, especially at low light intensities. However,
this nding cannot explain the stable J of the LSC–PEC system.
To further understand the improved stability of the LSC–PEC
system compared to the PEC system alone, we investigated the
stability of the PEC devices by illuminating them at certain
wavelengths.

Aer the light with wavelengths of 350 � 5 nm, 400 � 5 nm,
450 � 5 nm, 550 � 5 nm, 600 � 5 nm and 700 � 5 nm passes
through the bandpass lter, the light intensity irradiated to the
photoanodes is 1.6, 5.3, 6.0, 6.1, 5.8 and 5.1 mW cm�2,
respectively. As shown in Fig. 4a, the photoanode exhibits the
highest J of �0.6 mA cm�2 at �0.6 V vs. RHE at a light wave-
length of 550 � 5 nm (�6.1 mW cm�2). At light wavelengths of
400 � 5 nm, 450 � 5 nm and 600 � 5 nm, the photocurrent
densities per mW of light power were calculated to be 0.50, 0.52
and 0.45 mA cm�2 mW�1, respectively (Fig. 4b). The J of the
photoanode shows a weak photoresponse upon illumination
with 700 � 5 nm light, due to the very weak absorption of the
QDs. The J–t curves show that the stability of the PEC devices is
associated with the light wavelength (under different light
wavelengths). As shown in Fig. 4c, the QD based photoanodes
under illumination with light of 450 � 5 nm, 550 � 5 nm and
600 � 5 nm wavelength have better stability compared with UV
light illumination (350 � 5 nm and 400 � 5 nm). Under illu-
mination with a light of wavelength 550 � 5 nm, the PEC
devices have the highest stability and the J retained 76.5% of its
initial value aer 1 hour of illumination. In contrast, under UV
light illumination (350 � 5 nm and 400 � 5 nm), especially for
light of 400� 5 nm wavelength, the J of the devices decreased to
47.3% of its initial value aer 1 hour of continuous illumina-
tion. This indicates that UV light radiation may cause severe
damage to the QDs and could result in serious decline in the
stability of the QD based PEC devices.39 For the TiO2–QD pho-
toanodes, UV light induces the degradation of the QDs and
excess holes of TiO2, leading to the interaction between the QDs
and the photoinduced holes in TiO2, which decreases not only
the charge transfer rate, but also the current density, further
affecting the stability of the PEC devices.39 Thus, besides the
light intensity, UV light is another factor inducing the contin-
uous drop of J. The efficiency and stability of the PEC system
with a long pass lter (400–780 nm) were measured for
C–PEC system after irradiation for a certain time under sunlight illu-

8 h 12 h 16 h 20 h 23 h

.4% 25.5% 21.7% 19.0% 17.3% 16.2%

.6% 87.6% 87.4% 87.3% 85.9% 84.6%

J. Mater. Chem. A, 2019, 7, 18529–18537 | 18533
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Fig. 4 (a) J–V curves of the PEC device using the CdSe/CdSSe/CdS QDs–TiO2 photoanode in the dark and under illumination with different
bandpass filters (bandwidth of 10 nm). (b) J per energy vs. the sunlight wavelength. (c) Normalized J–t at 0.6 V vs. RHE under illumination with
different bandpass filters.
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comparison with those of the PEC system without a lter, as
shown in Fig. S10.† This long pass lter can block sunlight with
wavelengths shorter than 400 nm and longer than 780 nm.
When a pristine PEC device with a lter is used, the initial
efficiency is lower than that for the PEC system without a lter,
but the stability of the PEC standalone system is enhanced. This
result indicates the side effect of UV light on the stability of the
PEC device and even the lter cannot fully remove UV light in
the wavelength region of 400–450 nm. These ndings further
conrm that the combination of an LSC with PEC devices is an
effective way to improve the stability of PEC devices by con-
verting UV light to visible light.

Usually, the corrosion of QDs due to strong alkalinity (elec-
trolyte, pH � 13) can reduce the stability of PEC devices. The
stability of the photoanodes was investigated under one sun
illumination (100 mW cm�2) in 0.2 M Na2SO4 (pH � 7) aqueous
solution, as shown in Fig. S11.† The J of the PEC system is �0.8
mA cm�2 at 0.6 V vs. RHE, and aer 30 minutes of continuous
illumination, it quickly dropped to �27% of its initial value. As
there is no hole scavenger in this electrolyte, the slow hole
reaction induces not only fast e–h recombination, but also hole
accumulation, explaining the low J and bad stability, respec-
tively. In fact, the result clearly indicates that the rst quick-
drop of J (initial 15 min) in PEC devices using S2�/SO3

2� as the
electrolyte is mainly due to the hole accumulation of QDs. For
the PEC standalone system, the photoanode was exposed to
18534 | J. Mater. Chem. A, 2019, 7, 18529–18537
sunlight (280–4000 nm). Due to the activation of UV light, the
holes of TiO2 react with QDs leading to photo-oxidation;
meanwhile UV light induces the degradation of QDs, which
leads to the continuous drop of J. However, for the LSC–PEC
system, the photoanode was irradiated under visible light (570–
670 nm). When the holes accumulate to a certain extent, the
accumulative effect tends to be stable and the device remains
stable aer the rst quick-drop of J.

In addition to improving the stability of the PEC devices,
another motivation for developing a LSC–PEC system is the
potential for the reduction in cost of H2 generation.We estimated
the cost of a 1 m � 1 m � 0.8 cm LSC–PEC device (photoanode
attached to the four edges of the LSC), and performed
a comparison with the cost for the PEC standalone device under
the same H2 yield (mol per day, ESI Tables S1–S7†). Based on our
analysis, the cost of 1 m2 LSC coupled with 320 cm2 PEC device is
$23.42. When the hopt of the LSC reaches 8% (already reported in
the literature ref. 40), the cost of the LSC–PEC device can be
comparable to the PEC standalone device (ESI Table S6†).
Considering the 420% improvement in stability for the LSC–PEC
device (Fig. 3e), when the hopt of the LSC is 4.5%, the cost of the
LSC–PEC composite system is equivalent to the PEC single
system (ESI Table S7†). If the hopt of the LSC improves to 8%, the
maximum cost saving can be increased to �49%.

In the above LSC–PEC system, the long distance between the
LSC and photoanode (2 cm) limits the light intensity radiating
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Solar cell J–V curves of a standalone solar cell and the same cell posited 0.2 cm away from one edge of the CdSe/CdS QD based LSC
(equal to the position of the photoanode). (b) J–V curves of the PEC device using the CdSe/CdSSe/CdS QDs–TiO2 photoanode in the dark and
under constant LSC illumination (42.6 mW cm�2).
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to the photoanode, which leads to the waste of the emitted
photons from the LSC. We further regulated the geometry of the
system by changing the electrolytic tank from cylindrical glass
to square quartz to decrease the distance between the LSC and
photoanode (Fig. S12†), which directly increases the light power
illuminated on the photoanode and further enhances the H2

generation efficiency. As shown in Fig. 5a, the light intensity
radiating to the photoanode surface increased to 42.6 mW cm�2

under natural sunlight illumination (82 mW cm�2), and the J of
the LSC–PEC system increased to 4.5 mA cm�2 at�0.6 V vs. RHE
(Fig. 5b), which are comparable to previous reports (Table S8†).
In addition, the CdSe/CdSSe/CdS QDs can absorb light at
a wavelength of 300–650 nm, and their absorption at a shorter
wavelength is indeed stronger. To well match the spectra
between LSC emission and PEC absorption, carbon dots (C-
dots) were further used to prepare an LSC, which emit at
a wavelength of 450–650 nm (Fig. S13a†). The C-dot based LSC
was prepared by drop casting a C-dots/polyvinyl-pyrrolidone
polymer mixture in methanol.38 The hopt of the LSC is measured
to be 4.7% (Fig. S13b†), and the J of the LSC–PEC system is 3.8
mA cm�2 at�0.6 V vs. RHE (Fig. S13c†) which is lower than that
in the CdSe/CdS QD based LSC–PEC system due to the lower
hopt of the C-dot based LSC. To further improve the efficiency of
the LSC–PEC device, one can optimize the overlap of the
emission spectrum of the LSC and the absorption spectrum of
the anode, besides the improvement of the efficiency of the LSC
or PEC itself. For example, the maximum hopt of the core/shell
QD based LSC was 8.1% with CuInS2/ZnS QDs whose emission
spectrum ranges from 730 nm to 1100 nm.40 One should
develop a near-infrared QD based photoanode with absorption
in the range of 730–1100 nm, so as to match the emission
spectrum of the LSC to improve the stability and H2 generation
efficiency of PEC devices. In addition, an external bias is still
needed in the PEC system, while LSCs can couple with solar
cells to realize photoelectric conversion (Fig. 1a), which can be
used to provide the needed bias for H2 generation. Therefore, it
is possible to fabricate a PEC system for H2 generation using
solar radiation as the only energy source by integrating the PEC
device with an LSC and solar cells into a standalone system.
This journal is © The Royal Society of Chemistry 2019
Conclusions

In conclusion, we proposed the concept of integrating a PEC
device with an LSC to improve the stability of H2 generation.
CdSe/CdSSe/CdS QDs were used as a photosensitizer in the PEC
device. A CdSe/CdS QD based LSC was introduced to convert UV
light to visible light that can be absorbed by the PEC device. In
the LSC–PEC system, a saturated photocurrent density of 1.2
mA cm�2 is achieved, and 84.6% of it was maintained aer 23
hours of continuous illumination. This shows a drastic increase
in stability compared to a similar PEC device without the LSC
part. In addition, the combination of the LSC and the PEC
device can reduce the cost of H2 generation when the optical
efficiency of the LSC is high enough (ideally, >4.5%). Further
integration of the LSC–PEC device with a solar cell into
a standalone system will achieve stable PEC H2 generation by
energy self-sufficiency without an external bias.
Experimental section
Device fabrication

The LSC was prepared by embedding QDs in a polymer matrix.
Typically, CdSe/CdS QDs (50 mg) dispersed in toluene were
added to a 50 mL ask and the solvent was pumped away. The
monomer precursors lauryl methacrylate (LMA) and ethylene
glycol dimethacrylate (EGDM) were mixed at a mass ratio of
5.5 : 1. Then the solution mixture was mixed with a UV initiator
(diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide) and ultra-
sonically treated until a clear solution (5 mL) was obtained. The
solution was then transferred into the ask and mixed with
CdSe/CdS QDs. Then the mixture was injected into a model
consisting of two glass slides separated by a exible silicon
rubber spacer with a thickness of �2 mm. Finally, the mixture
was kept under UV illumination for 2 hours.

The QD based photoanode was prepared by EPD. Briey,
FTO glass substrates were cleaned with acetone, ethanol and
water sequentially and dried under a N2 ow. A TiO2 blocking
layer was spin coated on the FTO substrates at a speed of 5000
rpm for 30 s by using a commercial Ti-nanoxide solution. Then
the lms were annealed in air at 500 �C for 30 min and cooled
J. Mater. Chem. A, 2019, 7, 18529–18537 | 18535
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down to room temperature. Subsequently, a commercial TiO2

paste was deposited on the TiO2 coated FTO substrates by tape
casting and dried in air for 15 min. The photoanodes were then
heated on a hot plate at 120 �C for 6 min, and nally annealed
according to the following temperature prole: 325 �C for 5min,
375 �C for 5 min, 450 �C for 15 min and 500 �C for 30 min with
a heating rate of 10 �C min�1. In the end, two TiO2 lms were
vertically immersed in the QD toluene solution, facing each
other with a distance of 0.8 cm and a direct bias of 210 V for 90
min. Then the photoanodes were rinsed with toluene and dried
with N2 at room temperature. Finally, two coating cycles of ZnS
layers were applied by dipping into 0.1 M Zn(Ac)2 and 0.1 M
Na2S solutions for 1 min alternately.
Optical measurements of the LSCs

The optical efficiency of the LSC based on CdSe/CdS QDs was
measured by using a solar simulator (94011A LCS-100 solar
simulator, Newport). The spectrum intensity was measured
using an optical power meter (Newport Model 843-R). The J–V
curves were measured using a Keithley 2400 source meter under
simulated sunlight. During measurements, a standard photo-
voltaic cell was directly coupled at one side of LSC edges using
a reective mirror below the LSC.
PEC measurements of photoanodes

A typical three-electrode system consisting of a QDs–TiO2

working electrode, Pt counter electrode and saturated Ag/AgCl
reference electrode was used to investigate the PEC perfor-
mance. An aqueous solution containing 0.25M Na2S and 0.35M
Na2SO3 was used as the electrolyte to trap holes (pH � 13). For
comparison, a 0.2 M Na2SO4 (pH� 7) aqueous solution was also
used as the electrolyte to study the effect of the S2�/SO3

2�

electrolyte. All measured potentials were converted to the
potentials vs. RHE according to the following equation: VRHE ¼
VAg/AgCl + 0.1976 + 0.059 � pH. J–V curves were measured using
an electrochemical workstation (Autolab, PGSTAT 302N) under
light emission by the LSC or simulated sunlight using a LCS-100
solar simulator (100 mW cm�2). The working area of the QDs–
TiO2 photoanode was 0.1–0.4 cm2. All PEC devices were
measured at room temperature in winter (�10 �C).

The synthesis of the QDs and their characterization are
described in the ESI.†
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