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ABSTRACT Sunlight is an ideal source of energy, and converting sunlight into
chemical fuels, mimicking what nature does, has attracted significant attention in the
past decade. In terms of solar energy conversion into chemical fuels, solar water
splitting for hydrogen production is one of the most attractive renewable energy
technologies, and this achievement would satisfy our increasing demand for carbon-
neutral sustainable energy. Here, we report corrosion-resistant, nanocomposite
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photoelectrodes for spontaneous overall solar water splitting, consisting of a (dS #
S0 \
0wt yellow

quantum dot (QD) modified Ti0, photoanode and a (dSe QD modified Ni0 W
photocathode, where cadmium chalcogenide QDs are protected by a ZnS passivation

layer and gas evolution cocatalysts. The optimized device exhibited a maximum
efficiency of 0.17%, comparable to that of natural photosynthesis with excellent
photostability under visible light illumination. Our device shows spontaneous overall water splitting in a nonsacrificial environment under visible light
illumination (A > 400 nm) through mimicking nature's “Z-scheme” process. The results here also provide a conceptual layout to improve the efficiency of
solar-to-fuel conversion, which is solely based on facile, scalable solution-phase techniques.
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unlightis an inexpensive, nonpolluting,

abundant renewable source of energy.

The amount of sunlight striking Earth
for a given time period is approximately
10 thousand times greater than the total
energy consumed on the planet."? Thus,
converting solar energy into an easily
usable form has attracted substantial atten-
tion in past decades® As society has be-
come increasingly conscious of the adverse
impacts of anthropogenic activities on the
environment, the development of methods
to efficiently harness solar energy has
emerged as one of the central scientific
challenges in the 21st century.*” Photo-
synthesis in plants underpins the existence
of many life-forms on Earth,® where a re-
markable chemical reaction lies at the core
of photosynthesis: the solar energy conver-
sion of water and carbon dioxide into oxy-
gen and carbohydrates (fuel). The develop-
ment of an artificial version of this reaction,
based on splitting water into oxygen and

YANG ET AL.

hydrogen, is highly desirable, owing to
the attraction of hydrogen as a fuel>’
The efficient conversion of sunlight into
fuels through the photochemical splitting
of water to generate hydrogen and oxygen
is a critical factor for developing sustainable
energy. Since Fujishima and Honda re-
ported the first photoelectrochemical de-
vice for solar water splitting in 19722
numerous research efforts have been devoted
toward the development of efficient photo-
catalytic systems for hydrogen production.”'®
Among them, two photocatalytic systems,
namely, the single-photon system'' '3 and
two-photon system, have been extensively
studied.”*" " As compared to the single-
photon system, the two-photon system al-
lows capture of lower energy photons and
thus a larger part of the solar spectrum,
which can potentially lead to a higher solar-
to-fuel conversion efficiency. Furthermore,
the reduction and oxidation catalytic centers
in the two-photon system are spatially
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Figure 1. (a) Cadmium chalcogenide QD modified photoelectrolysis cell system constructed with an array of CdS QD modified
TiO, nanorods serving as the photoanode and CdSe QD modified NiO nanosheets serving as the photocathode. (b) Energy
band diagram of a cadmium chalcogenide QD modified photoelectrolysis cell system for direct solar-driven water splitting.
The photogenerated holes in the CdS QD modified TiO, nanorod photoanode and electrons in the CdSe QD modified NiO
nanosheet photocathode move to the quantum dot surface to perform water splitting, while the electrons in TiO, and holes in
NiO recombine at the external circuit. (c) Tauc plot of CdS and CdSe QDs. (d and e) Photoluminescence emission spectra of CdS
QDs, CdS QDs adsorbed on TiO, nanorods, CdSe QDs, and CdSe QDs adsorbed on NiO nanosheets. Insets in d and e are time-
resolved photoluminescence decays of CdS QDs and CdS QDs adsorbed on TiO, nanorods and CdSe QDs and CdSe QDs

adsorbed on a NiO nanosheet.

separated, which not only minimizes the undesirable
back-reaction but also separates the photosynthetic
products. Regarding this two-photon system, a
“Z-scheme” in artificial photosynthesis would be con-
sidered for solar water splitting,'® 2" in which the
photogenerated minority carriers in two semiconduc-
tors move toward the semiconductor—electrolyte
interface to carry out individual half reactions while
the majority carriers recombine at the ohmic contact
between the semiconductors®? Consequently, both
photoreduction reaction and water oxidation reaction
can spontaneously occur in corresponding inorganic semi-
conductors to evolve hydrogen and oxygen, respectively.

Although unassisted solar water splitting has been
achieved in previous studies of photoelectrochemical
systems, some wide-band-gap semiconductors (e.g.,
TiO,) had to be employed to capture sunlight,>**
which only allows harvesting UV light in the solar
spectrum and greatly limits their overall solar-to-fuel
conversion efficiency. Regarding this issue, several
strategies have been revealed to achieve the utilization
of visible photons in sunlight*®> Among which, inor-
ganic quantum dot (QD) sensitization has been de-
monstrated as an effective way to extend the photo-
response of wide-band-gap semiconductors to visible
light,?*?” because of the tunable band gap by
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controlling the QD's size and composition. However,
it is worth pointing out that their photostability and
long-term durability have to be considerably ad-
dressed for future applications since the photosystem
needs to be operated under tough conditions and
long-term illumination. Here, we develop a cadmium
chalcogenide QD modified photoelectrochemical sys-
tem consisting of a CdS QD modified TiO, nanorod
photoanode and a CdSe QD modified NiO nanosheet
photocathode for spontaneous overall solar water
splitting to produce H, and O, under visible light
illumination, in which corresponding cocatalysts and
surface protection were developed to considerably
facilitate the stability of the system. This development
is a remarkable step toward the demonstration of a
complete QD-based artificial photosynthetic system
that is efficient, durable, and cost-effective.

RESULTS AND DISCUSSION

Characterization of Photoelectrodes. The photoelectro-
chemical system, which uses cadmium chalcogenide
QD:s as light absorbers, is depicted in Figure 1a. TiO,
nanorods grown on transparent conductive fluorine-
doped tin oxide (FTO) substrate decorated with CdS
QDs served as an O,-generating photoanode, while the
photocathode for hydrogen evolution consisted of a
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Figure 2. (a) XRD patterns of NiO nanosheet array, CdSe QDs-modified NiO nanosheet array, TiO, nanorod array, and CdS
QDs-modified TiO, nanorod array. (b) XRD patterns of CdSe (chemical bath deposition) QDs (CBD-CdSe) and CdS
(electrodeposition) QDs (ED-CdS) prepared under the same conditions. (c) High-resolution TEM images of CdS QD modified
TiO, nanorods. (d) High-resolution TEM images of CdSe QD modified NiO nanosheets.

NiO nanosheet array with modification of CdSe QDs.
An energy diagram of theh present CdS and CdSe QD
modified TiO, and NiO photoelectrodes is plotted in
Figure 1b, and the band gaps of CdS and CdSe QDs are
estimated to be ~2.46 and 2.0 eV, respectively, which
are larger than their bulk values due to the quantum
confinement effect (Figure 1¢). NiO is a wide-band-gap
(~3.6 eV) p-type semiconductor, widely used as an
electron-blocking and hole-transporting layer in poly-
mer and dye-sensitized solar cells.?®* 3" The frequently
cited Fermi level of undoped NiO is about 5.0 eV, while
the valence band maximum (VBM) is 0.4 eV below
the Fermi level 3273° CdSe can form a type Il hetero-
junction upon NiO with band offsets of —2.4 eV
(vacuum level: —4.2 eV/—1.8 eV) and +0.8 eV
(vacuum level: —6.2 eV/—5.4 eV) at the conduction
and valence band, respectively. Because of the type I
band alignment, photoexcited carriers in CdSe can
effectively dissociate at the CdSe/NiO interface.®®
Furthermore, the conduction band of CdSe is more
negative (0.3 eV) than the redox potential of H*/H,,
making photocatalytic H, evolution thermodynami-
cally favorable. In the case of the photoanode, TiO,
(rutile) is a wide-band-gap (~3.0 eV) n-type semicon-
ductor, able to form a type Il heterojunction with
CdS as well."® Upon exposure to visible light, the
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photoexcited carriers generated in CdS and CdSe
would diffuse to CdS/TiO, and CdSe/NiO interfaces
and dissociate into free electrons and holes. The
photogenerated holes in CdS migrate to the CdS/
electrolyte interface and oxidize water to generate
0,. Meanwhile, the photogenerated electrons in CdSe
reduce protons to evolve H,. In this design, the injec-
tion of sensitized electrons and holes from adsorbed
CdS and CdSe QDs into TiO, and NiO can be revealed
by time-resolved photoluminescence spectroscopy
measurements. As shown in Figure 1d and e, the
photoluminescence intensities of CdS and CdSe QDs
were quenched by 75% and 65% once they were
attached to TiO, and NiO photoelectrodes, respec-
tively. Accompanying the formation of CdS/TiO, and
CdSe/NiO junctions, a significant decrease in photo-
luminescence lifetime from 14.5 and 10.2 ns to 7.6 and
6.0 ns can be attributed to effective charge-carrier
transferring through junctions.

In a typical procedure of QD-modified photoelec-
trodes, a NiO nanosheet array and CdSe QDs were
grown on an FTO substrate in sequential order using a
modified chemical bath deposition (CBD) method.3”-2
Notably, a 100 nm thick NiO compact layer (Figure S1)
has to be prepared on the FTO surface prior to the CBD
growth of NiO nanosheets, since the compact layer is
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Figure 3. (a) UV/vis spectra and photographs of CdS QD modified TiO, photoanode and CdSe QD modified NiO
photocathode. (b) IPCE spectra of CdS QD modified TiO, photoanode and CdSe QD modified NiO photocathode measured

at —0.3 V vs Ag/AgCl.
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Figure 4. SEM images of (a) NiO nanosheet array and (b—d) CdSe QD modified NiO nanosheet array with various CBD growth
timesof CdSe (b, 12 h; ¢, 24 h; and d, 36 h). (e) Transient photocurrent response curves of CdSe-modified NiO photocathode

prepared with various CdSe deposition times at 0 V vs Ag/AgCl.

able to avoid a direct contact between CdSe and the FTO
electrode. A control experiment shows a considerably
anodic response in the CdSe/NiO nanosheet photoelec-
trode without a NiO compact layer owing to the direct
electron injection from CdSe QDs to FTO (Figure S2).
The deposition of CdSe and CdS QDs on NiO and
TiO, photoelectrodes was studied with X-ray diffrac-
tion (XRD), as shown in Figure 2a. The diffraction
patterns of QD modification on the surface of TiO, or
NiO were absent of obvious diffraction contribution from
QDs, which can be attributed to the characteristics of the
nanocrystalline nature of QDs. As a result, CdSe and CdS
QDs were prepared under identical conditions to further
verify their structures (Figure 2b). Several feature diffrac-
tion peaks at ~25.0° and 26.5° in the XRD patterns could
be assigned to the (111) diffraction of zinc blende CdSe
(JCPDS No. 19-0191) and the (002) diffraction of wurtzite
CdS (JCPDS No. 41-1049), respectively. High-resolution
scanning and transmission electron microscope images
reveal a close contact between CdS (CdSe) QDs and
TiO, nanorods (NiO nanosheets) (Figure 2c and d and
Figure S3). Notably, apparent contrasts between QDs and
TiO, nanorods (NiO nanosheets) were clearly observed,
which provided more compelling evidence that QDs
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were remarkably attached onto the substrate surfaces
(Figure S4). Furthermore, the estimated crystalline sizes of
QDs through Scherrer's formula from XRD were approxi-
mately 6.5 and 5.0 nm for CdS and CdSe, which were
consistent with the observation from HRTEM images. The
significant QD decoration could be further revealed by
the fact that well-resolved interplanar spacings of 0.325,
0.336,0.241, and 0.348 nm correspond to the (110) plane
of rutile TiO,, the (002) plane of wurtzite CdS, the (111)
plane of NiO, and the (111) plane of zinc blende CdSe,
respectively. Figure 3a shows the absorption spectra of
bare NiO nanosheets, TiO, nanorods, CdSe QD modified
NiO nanosheets, and CdS QD modified TiO, nanorods.
The inset in Figure 3a displays photographs of a CdSe QD
modified NiO photocathode and a CdS QD modified TiO,
photoanode. The absorption spectra of the CdSe QD
modified NiO photocathode and CdS QD modified TiO,
photoanode exhibited a significant increase in the visible
region, owing to the presence of either CdS or CdSe QDs,
implying that the use of CdS or CdSe QDs as sensitizer
enables a wider range of visible photons in sunlight to be
harvested. The CdS QD modified TiO, photoanode and
CdSe QD modified NiO photocathode absorb in the
visible region with an onset at ~500 nm and ~630 nm,
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Figure 5. (a) SEM image of bare TiO, nanorod array. (b) SEM image of CdS QD (200 s) coated TiO, nanorod array. (c) Transient
photocurrent response curves of CdS-modified TiO, photoanode prepared with various electrodeposition times at 0 V vs Ag/AgCl.
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Figure 6. (a) Photocurrent density versus time of ZnS coating and IrO, cocatalyst loading on a CdS/TiO, nanorod photoanode
measured at 0 V vs Ag/AgCl. (b) Photocurrent density versus time of ZnS coating and NiS cocatalyst loading on a CdSe/NiO
nanosheet photocathode measured at 0 V vs Ag/AgCl. Simulated 1 sun illumination (AM1.5G) with UV cutoff (1 > 400 nm) was

used, and the scan rate is 10 mV/s.

corresponding to the presence of CdS QDs and CdSe
QDs, respectively, consistent with the observation in the
absorption spectra (Figure 1c). To quantify the photo-
response of QD-sensitized photoelectrodes, incident-
photon-to-current-conversion efficiency (IPCE) measure-
ments were made to examine their photoresponses as a
function of incident light wavelength (Figure 3b). IPCE
can be expressed as?394

IPCE = [1240 x I()]/IA x P(A)]

YANG ET AL.

where /(1) is the photocurrent, P(4) is the illumination
power, and 4 is the wavelength of incident light. The
photoresponses of TiO, and NiO photoelectrodes were
drastically extended to the visible light region of the solar
spectrum after modification of cadmium chalcogenide
QDs, indicating that photogenerated charge carriers by
excitation of cadmium chalcogenide QDs can efficiently
injectinto both TiO, and NiO and considerably contribute
to photocurrent generation. Notably, a TiO, nanorod
photoanode sensitized with CdS QDs exhibited a
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substantially higher IPCE than a CdSe QD modified NiO
photocathode, attributed primarily to their intrinsic
n-type nature of cadmium chalcogenide QDs. In the case
of the CdS QD modified TiO, photoanode, the band-
bending effect within CdS QDs is able to facilitate the
charge separation and advance charge transfer in the
interface of the QDs and electrolyte. However, the n-type
nature of CdSe QDs as a photocathode sensitizer might
generate a negative effect on their charge transferring
within the semiconductor surface and electrolyte inter-
face. To eliminate this negative effect, co-modification of
ZnS and gas evolution cocatalysts are consequently
utilized in the following section. Overall, the IPCE of a
CdS QD modified TiO, photoanode and a CdSe QD
modified NiO photocathode revealed significant photo-
responses in the visible light region, which is consistent
with the observed increase in visible light absorption
after CdS or CdSe QD modification.

Chemical bath deposition growth of CdSe QDs was
optimized as well since decoration of QDs would
strongly affect the photoelectrochemical performance
of the CdSe/NiO photocathode. Figure 4a—d shows the
SEM images of a CdSe QD modified NiO nanosheet
photocathode with various CBD growth times. A CdSe
QD single layer could be uniformly loaded on both
sides of the NiO nanosheet if the deposition time was
less than 24 h, which is beneficial for efficient charge
carrier separation at the interface of the CdSe QDs/NiO
nanosheet. However, in the case of longer CBD
growth (more than 36 h), the formation of CdSe
QD aggregations on the NiO nanosheets forced the
charge carriers to diffuse longer distances, resulting in
a greater recombination loss and thus poorer photo-
electrochemical performance.’**' The best cathodic
photocurrent at 0 V vs Ag/AgCl for the CdSe/NiO
photocathode is ~0.13 mA/cm?, in which the photo-
electrode was prepared with 24 h CBD growth of CdSe
(Figure 4e). On the other hand, CdS QDs were used
to modify the TiO, nanorod photoanode to extend
the optical response to visible light in this work,
where CdS QDs were deposited onto a TiO, nanorod
array by using a modified electrochemical deposition
method.*? The optimized CdS/TiO, photoanode deliv-
ers a photocurrent density of ~0.30 mA/cm? at 0 V vs
Ag/AgCl under 1 sun visible light illumination (1 sun
illumination with UV 1 < 400 nm filtered off) (Figure 5).

Passivation of Photoelectrodes. Since cadmium chalco-
genide QDs commonly suffer from photodecomposi-
tion and/or photocorrosion in aqueous media under
illumination, a sacrificial reagent such as sulfide or
selenium ions was generally employed to protect
QDs from undesired photogenerated effects. Howe-
ver, sacrificial reagents normally contain reductant,
electron donors, or hole scavengers; photogenerated
charge carriers consequently react with sacrificial re-
agents rather than water, resulting in the fact that
either a cathodic or anodic reaction can be performed
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Figure 7. J—V scans of CdS QD modified TiO, nanorod
photoanode (a) and CdSe QD modified NiO nanosheet
photocathode (b) under chopped illumination (all samples
were co-modified with ZnS and gas evolution cocatalysts).

under a sacrificial environment. As a result, a sacrificial
system cannot be operated to protect QDs for solar
water splitting. Although optimized decoration of QDs
can facilitate effective charge transferring to improve
their stability,?” this still cannot offer sufficient stability
for long-term irradiation. Consequently, an easily syn-
thesized corrosion-resistant layer that can protect the
underlying semiconductor QDs while not inhibiting
charge carrier (electron or hole) transport and photon
absorption will be extremely essential. In the present
study, a thin protecting layer of ZnS and NiS or iridium
oxide nanoparticles as hydrogen or oxygen evolution
cocatalysts was sequentially decorated on the surfaces
of CdSe/NiO and CdS/TiO, photoelectrodes. Iridium
oxide and NiS have been demonstrated to significantly
catalyze oxygen evolution and hydrogen evolution
reactions,**~* which allow us to improve their activ-
ities in both the photoanode and photocathode
(Figure S5). The ZnS layer has been reported to act as
a passivation layer to protect QDs and increase photo-
current in solar cells, where the ZnS layer can prevent
the recombination of photogenerated electrons with
oxidizers on the surface of QDs.***’ It has to be pointed
out here that the stabilizing treatment of photoelec-
trodes in solar water splitting has to be different from
solar cells, and both a ZnS overlayer and cocatalyst
decoration are essential and critical for stabilizing
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photoelectrodes.

cadmium chalcogenide QDs in solar water splitting
systems, in which ZnS passivation and cocatalysts
are responsible for QD protection and charge carrier
extraction, respectively (as shown in Figure 6). This co-
modification of the ZnS layer and gas evolution co-
catalysts can perform a nearly identical photoresponse
within the measured period in both the photoanode
and photocathode. By contrast, the QD-modified
photoanode and photocathode without ZnS and co-
catalyst decoration exhibited a substantial and rapid
decrease in photocurrent, which verified that bare
cadmium chalcogenide QD modified photoelectrodes
are unable to achieve practical solar water splitting, as
shown in Figure 6a and b. In the solar water splitting
system, ZnS passivation alone cannot provide suffi-
cient efforts for enhancing performance since both
anodic and cathodic reactions need to be simulta-
neously considered. If only a ZnS layer is employed
to passivate QDs from surface recombination, further
increasing the thickness of the passivation layer will
result in a negative effect and lead to a decrease in
photocurrent (not shown here), since a thicker ZnS
layer simultaneously suppresses both anodic and
cathodic reactions to reduce the overall performance

YANG ET AL.

of water splitting. For example, ZnS passivation can
suppress the recombination at surface trapping states
on CdS QDs and facilitate the electron flow from CdS to
TiO,, but anodic reaction (water oxidation for oxygen
evolution) would be simultaneously passivated as well.
Toward this end, cocatalysts (iridium oxide) are essen-
tially utilized to facilitate the collection of holes and to
improve oxygen evolution in water splitting. Effec-
tively collecting charge carriers can not only improve
the photocurrent but also avoids the undesired
photogenerated effect on QDs. Co-modification of
ZnS and gas evolution cocatalysts are greatly able to
suppress surface state trapping to enhance photo-
current and efficiently collect carriers to improve gas
evolution in a solar water splitting system. As a re
sult, the optimized photocurrent—photovoltage (J—V)
data under chopped illumination are plotted in
Figure 7a and b. The onset potential and saturation
photocurrent for the CdS/TiO, photoanode were
found to be —0.83 V vs Ag/AgCl and 0.21 mA/cm?,
respectively. The CdSe/NiO photocathode gave a
cathodic photocurrent with an onset potential at
0.23 V vs Ag/AgCl and a photocurrent density of
0.30 mA/cm? at —0.4 V vs Ag/AgCl.
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Figure 9. (a) Photocurrent density versus time of externally short-circuited CdS QD modified TiO, nanorod and CdSe QD
modified NiO nanosheet photoelectrodes under chopped light exposure. Inset: Digital photographs of CdS/TiO, photoanode
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nanorod array and optimized CdS/TiO, nanorod photoanode and (c) bare NiO nanosheet array and optimized CdSe/NiO

nanosheet photocathode at 0 V vs Ag/AgCl.

Wire-Linked Photoelectrodes. To further reveal solar-
driven water splitting, a wire-linked photoelectrolysis
cell was obtained (as shown in Figure 8a), in which the
optimized individual J—V curve for the CdSe/NiO
photocathode and CdS/TiO, photoanode under simu-
lated sunlight with UV filtered-off was measured
(Figure 8b). In this individual measurement, a current
density intersection of 0.19 mA/cm? (as indicated by
the arrow) suggests a nonzero current flow under
visible light illumination once the CdSe/NiO photo-
cathode and CdS/TiO, photoanode are directly linked.
Further measuring the J—V curve of the wire-linked
photoelectrolysis cell in a tandem configuration de-
monstrated the open-circuit voltage (V) of the photo-
electrolysis cell is ~0.53 V (Figure 8c and Figure S6),
which can be attributed to the sum of photovoltages of
the CdS/TiO, photoanode (~—0.42 V) and CdSe/NiO
photocathode (~0.13 V) (Figure S7). This phenomenon
is clearly consistent with the observation in Figure 8b,
implying that overall solar-driven water splitting can be
spontaneously performed without applied external
energy in a tandem configuration of CdSe/NiO and
CdS/TiO, photoelectrodes. A short-circuit current den-
sity of ~0.125 mA/cm? is obtained under 1 sun visible
light illumination, which is further confirmed through
corresponding transient photocurrent response of this
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tandem cell under chopped visible light illumination
(Figure S8).

Prolonged testing of the two illuminated cadmium
chalcogenide QD modified photoelectrodes under
short-circuit conditions was also performed; a photo-
current versus time evolution of the photoelectrolysis
system under chopped illumination over 20 min is
shown in Figure 9a. The photocurrent first decreased
and then stabilized at ~70% of its original perfor-
mance, rendering a stabilized photocurrent density
of 0.11 mA/cm? under simulated 1 sun illumination with
UV filtered-off, indicating that this co-modification can
significantly stabilize the cadmium chalcogenide QDs
under long irradiation. Furthermore, no obvious change
in appearance of the QD-modified photoelectrodes
after 30 min of continuous photoreaction was ob-
served (inset), indicating that this co-modification of
ZnS and gas evolution cocatalysts can significantly
improve their properties in both surface passivation
of QDs and charge-carrier transferring between
QDs/TiO,(NiO) and exhibit a good system photostability
(Figure S9). In addition, the photocurrent contributions
from bare NiO and TiO, photoelectrodes are merely 9
and 7 uA/cm? (Figure 9b and c); this finding revealed
that wide-band-gap materials (TiO, and NiO) generated
an extremely low photoresponse (~4% and ~5%)
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Figure 10. Comparison of the evolved hydrogen and oxy-
gen gases and the charge through the external circuit. Inset
in e shows the photocurrent versus time measurement.

compared to that of a QD-modified photocathode and
photoanode, indicating that the photoresponse from
TiO, or NiO is negligible and all photocurrent results
from the photogenerating process of cadmium chal-
cogenide QDs in the visible light region. Consequently,
a visible-light-driven spontaneous water splitting has
been realized, while the calculated overall solar-to-
chemical conversion efficiency based on photocurrent
density is ~0.17%, which is comparable to the effi-
ciency of natural photosynthesis.>*°

Figure 10 displays the evolution of H, and O, gases
in a 0.5 M Na,SO, aqueous solution. A stoichiometric
amount of H, and O, with a hydrogen-to-oxygen ratio
of 2:1 was observed, which is expected as a result of
spontaneous water splitting. Moreover, the amount of

METHODS

Materials. Titanium isopropoxide, hydrochloric acid, cadmium
chloride, sodium sulfide, sodium sulfate, sodium thiosulfate,
zinc nitrate, nickel acetate, nickel nitrate, potassium persulfate,
3-mercaptopropionic acid (=99%, Aldrich), nitrilotriacetic acid,
sodium hydroxide, and aqueous ammonia were used as re-
ceived without any further purification.

CdS/Ti0, Photoanode Preparation. Growth of TiO, Nanorod Array.
TiO, nanorod arrays were grown on fluorine-doped tin oxide
substrate using a hydrothermal method. In a typical synthesis,
FTO substrate (Tec 15, 10 Q/00, Hartford Glass Company) was
first cleaned with 5 wt % detergent in an ultrasonic water bath
for 30 min, followed by rinsing with DI water and sonicating
for another 10 min. After being dried by a N, stream, the FTO
substrate was placed in a sealed Teflon-lined autoclave
(63 mL), containing 20 mL of HCI (37 wt %), 20 mL of DI water,
and 0.5 g of titanium isopropoxide. The hydrothermal reaction
was conducted at 200 °C for 4 h. After the reaction, the TiO,
nanorod covered FTO substrate was rinsed with DI water,
dried at 70 °C, calcined at a ramp of 1 °C/min to 500 °C, and
kept at this temperature for 1 h before loading CdS quantum
dots.

Electrochemical Deposition of CdS QDs. CdS QDs were elec-
trochemically deposited onto TiO, nanorod arrays from a
solution containing 0.2 M CdCl, and 0.05 M Na,S,0s. The pH
of the solution was adjusted to 2.1 by adding a few drops of
0.1 M HCI. The electrochemical deposition was conducted at
70 °C using a three-electrode setup, with TiO,/FTO as the
working electrode, Pt plate as the counter electrode, and a

YANG ET AL.

H, evolved is almost equal to half of the charges that
passed through the external circuit, giving a high
charge-to-chemical faradic efficiency of ~95%.

CONCLUSIONS

In summary, a photoelectrolysis cell with a cadmium
chalcogenide QD modified TiO, nanorod photoanode
and a NiO nanosheet photocathode was developed for
spontaneous overall water splitting to produce H, and
O, under visible light illumination. Such a self-driven
water splitting system provides desired charge transfer
paths to achieve high-efficiency H, and O, generation
at zero external bias condition. The optimized CdSe QD
modified NiO photocathode combined with a current-
matched CdS QD modified TiO, photoanode gave rise
to the highest efficiency of overall solar water splitting,
about 0.17%. Average gas evolution rates of 2.24
(hydrogen) and 1.07 (oxygen) umol h™' cm™2 at zero
bias condition have been achieved, with almost 95%
faradic efficiency. In addition, this research provides a
new concept of co-modification of the passivation
layer and cocatalysts to suppress surface-state trap-
ping and to efficiently collect charge carriers for en-
hancing overall efficiency of solar water splitting.
Although this maiden concept focuses on cadmium
chalcogenide quantum dots and TiO,/NiO photoelec-
trodes, we believe that our strategy is fundamental to
the design of solar energy devices and should become
an accepted technique for solar energy utilization in
spontaneous solar water splitting systems under visi-
ble light illumination.

standard calomel electrode (SCE) as the reference electrode.
During deposition, a constant voltage of —0.7 V vs SCE was
applied to the TiO,/FTO working electrode for different times to
optimize the coverage of CdS QDs on TiO, nanorod arrays.

Coating of ZnS Protective Layer. A thin ZnS protective
layer was coated on the as-prepared CdS/TiO, photoelectrode
using a successive ionic layer adsorption and reaction (SILAR)
technique to improve the photostability. CdS/TiO, films were
sequentially dipped into four different solutions of 0.05 M
Zn(NOs),, DI water, 0.05 M Na,S, and DI water, respectively.
The thickness of the ZnS protective layer was controlled by the
number of dipping cycles.

(dSe/Ni0 Photocathode Preparation. Growth of NiO Nanosheet
Array. NiO nanosheet arrays were grown on an FTO sub-
strate using a chemical bath deposition technique. Prior to
CBD growth, a compact NiO layer was deposited on the FTO
substrate by spin-coating a nickel acetate (98%, Aldrich) etha-
nolic solution (0.4 M) on FTO at 2000 rpm and sintering at 350 °C
for 30 min. Thermal annealing converts nickel acetate to nickel
oxide through Ni(CH3COO), + 40, — NiO + 4CO, + 3H,0. A
solution for CBD growth of NiO nanosheets was prepared by
mixing 80 mL of 1 M nickel nitrate, 60 mL of 0.25 M potassium
persulfate, and 20 mL of agueous ammonia (25—28%) in a
250 mL Pyrex beaker at room temperature. The NiO compact
layer covered FTO substrates were placed vertically in the
freshly prepared solution and kept at room temperature for
20 min to grow a NiOOH nanosheet precursor film. Then, the
NiOOH nanosheet film was dried at 70 °C, heated at a ramp
of 1 °C/min to 450 °C, and kept at this temperature for 1 h to
convert NiOOH to NiO.
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CBD Growth of CdSe Nanoparticles. CdSe nanoparticles
were coated on NiO nanosheet arrays using a CBD technique.
Prior to CBD growth of CdSe nanoparticles, the NiO nanosheet
film was immersed in 10 mM 3-mercaptopropionic acid (MPA)
solution for 1 h at 40 °C under a nitrogen atmosphere to anchor
a monolayer of MPA molecules onto NiO through —COO—NiO
binding. The films were then transferred into a 25 mM CdCl,
aqueous solution for 1 h at 40 °C under a nitrogen atmosphere
to adsorb Cd?* ions on the surface of the NiO nanosheets, which
serve as nucleation centers for CdSe nanoparticle growth. The
CBD growth solution was prepared by mixing 10 mL of 80 mM
CdCl, and 10 mL of 80 mM sodium selenosulfate (Na,SeSOs)
solution with 10 mL of 120 mM trisodium nitrilotriacetate
[N(CH,COONa)s]. The CBD growth was conducted at 10 °C for
different times to grow CdSe nanoparticles with different CdSe
coverage.

Preparation and Loading of Hydrogen Evolution Reaction (HER) and
Oxygen Evolution Reaction (OER) Cocatalysts. HER Cocatalyst. NiS
nanoparticles were used as the cocatalysts for the hydro-
gen evolution reaction. Loading of NiS nanoparticles onto a
CdSe/NiO photocathode was performed using the SILAR tech-
nique by alternatively dipping the photocathode into 0.05 M
Ni(NOs), and 0.05 M Na,S ethanolic solutions for 2 min per dip
and subsequently rinsing with ethanol. Afterward, the electrode
was washed a few times with deionized water and blow-dried
with nitrogen.

OER Cocatalyst. 1rO,-nH,0 nanoparticles were used as the
cocatalysts for the oxygen evolution reaction. The colloidal
IrO,-nH,O suspension was prepared by hydrolysis of a 2 mM
K,IrClg aqueous solution at pH = 13. The hydrolysis was carried
out at 90 °C for 20 min. Then, the pH of the solution was rapidly
adjusted to 1 by adding a 3 M HNO5 aqueous solution in an ice
bath and maintained for 80 min to induce acid condensa-
tion. After adjusting the suspension pH to 7, the ZnS-protected
CdS/TiO, nanorod array was immersed into the IrO,-nH,0O
colloidal suspension for 1 h to adsorb IrO,-nH,0 nanoparticles
onto the electrode. Afterward, the electrode was washed a few
times with deionized water and blow-dried with nitrogen.

Characterization. The crystal structure and morphology of
cadmium chalcogenide QD modified photoelectrodes were ex-
amined with X-ray diffraction (Bruker AXS D8 Advance), field-
emission scanning electron microscopy (JEOL JSM-6700F), and
transmission electron microscopy (TEM, JEOL JEM-2100F), re-
spectively. Absorption spectra were recorded using a PerkinElmer
Lambda 900 UV—vis—NIR spectrometer equipped with an
integrating sphere. Photoluminescence spectra and photo-
luminescence lifetime spectroscopy were measured at room
temperature using a commercial laser-flash photolysis spectro-
meter (Edinburgh Instruments LP920-KS), a photomultiplier
tube (Hamamatsu R928), a gated CCD (Princeton Instruments,
PI-MAX ICCD camera), and a digital oscilloscope (Tektronix TDS-
3012C). The sample was prepared by attaching a calculated
amount of CdS or CdSe QDs synthesized from a hot injection
method onto TiO, nanorods or NiO nanosheets and excited
using a420 nm laser pulse (5 ns duration, ~2 mJ cm2). Detailed
chemical composition of samples was obtained by X-ray photo-
electron spectroscopy (XPS) measurements on an ESCALAB
250 photoelectron spectrometer (Thermo Fisher Scientific) at
2.4 % 107"° mbar using a monochromatic Al Ka. X-ray beam
(1486.60 eV). All binding energies were referenced to the C 1s
peak (284.60 eV) arising from adventitious hydrocarbons.

Photoelectrochemical Measurements. Photoelectrochemical prop-
erties of individual cadmium chalcogenide QD modified photo-
anode and photocathode were measured using an electro-
chemical workstation (WonA tech, ZIVE SP2) in a standard
three-electrode setup with a Pt plate as the counter electrode
and Ag/AgCl as the reference electrode. Reproducibility of all
measurements was precisely controlled within 10% for different
batch samples to achieve significant comparisons. The short-circuit
measurements of the externally wired CdS/TiO, nanorod photo-
anode and CdSe/NiO nanosheet photocathode were performed
using a two-electrode setup, in which the electrochemical work-
station remained short-circuited and behaved as an ammeter. The
two photoelectrodes were in the same reactor and placed in a
tandem configuration (CdS/TiO, photoanode as front cell and

CdSe/NiO photocathode as back cell), as illustrated in Figure 1. In
all cases, a 0.5 M Na,SO, aqueous solution (pH = 6.8) was used as
the electrolyte. The light source used for simulated sunlight was
a 300 W xenon lamp (Newport, Oriel, 91160) equipped with
an AM1.5G filter (Newport, 81094) and a UV filter (Newport,
FSQ-GG400) (>400 nm). Prior to each measurement, the light
intensity was determined by a calibrated silicon photodiode. The
incident photon-to-current conversion efficiency was measured
under zero-bias (two-electrode, short-circuit) condition. The mono-
chromatic light was supplied by a xenon lamp (450 W, Oriel)
illuminating through a monochromator (Newport) with a band-
width of 5 nm. The photoactivity of the two short-circuited photo-
electrodes was characterized by measuring the gaseous products
using a commercial compact glass photoreactor system (Makuhari
Rikagaku Garasu Inc. CCS-N-66-76). The setup comprises a quartz
batch reactor, a circulation system, a vacuum pump, and a gas
chromatograph (Agilent 490 Micro GC) for inline measurements.

Calculation of the Energy Conversion Efficiency and Faradic Efficiency.
The energy conversion efficiency of the solar-driven water
splitting (1) was calculated based on the measured photocur-
rent density, using the following equation:

_1.23(V) x I(mA/cm?)

P(mW/cm?) X 100%

in which /is the photocurrent density and P is the light intensity.
For the calculation of the faradic efficiency of the water splitting
(Wfaradic) in the configuration of short-circuited electrodes, the
following equation was applied:

2 x ny,(mol) x 96485(C/mol)

Nfaradic = Q0 x 100%

in which Q is the total amount of charge passed through the
external circuit during the same time period as the measure-
ment of evolved H, gas.
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