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ABSTRACT

This paper described a facile method for the design and utilization of three-dimensional TiO, branched
nanorod arrays with CdS and Cu,S quantum dots co-sensitized photoelectrode for photoelectrochemical
water splitting. CdS and Cu,S quantum dots were attached on the surface of TiO, BNRs by successive
ionic layer adsorption and reaction (SILAR). The morphology and element composition of the fabricated
samples were characterized by field emission scanning electron microscopy (FE-SEM), high resolution
transmission electron microscopy (HR-TEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffrac-
tion (XRD), and the optical features were measured by UV—vis diffuse reflection spectroscopy (UV—vis
DRS) and photocurrent density—voltage (I—V) curves. The photocurrent value can be significantly
enhanced due to the introduction of CdS and Cu,S quantum dots on the TiO, BNRs surface. The 9 cycles of
CdS and 6 cycles of CuyS presented the best performance and reached a high photocurrent density to
13.65 mA at 0 V versus Ag/AgCl and hydrogen generation efficiency of 7.74% at —0.467 V versus Ag/AgCl.
This enhancement can be attributed to the improved light absorption and the heterojunction formed
between CdS and Cu,S, which can greatly promote the introduction and transportation of the photo
electrons. This work provided a facile way for the synthesis of high performance photoelectrode for

photoelectrochemical water splitting.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen energy, as a potential source of renewable and clean
energy, has been regarded as one of the most promising candidates
for traditional fossil energy. To get this kind of clean energy,
numerous methods have been proposed, such as photocatalytic
hydrogen production from water [1—3], photoelectrochemical
(PEC) water splitting [4—6], biological hydrogen production [7,8],
and etc. Recently, due to the unique properties and environmen-
tally friendly process, PEC water splitting using semiconductor thin
film as photoelectrode has attracted a lot of attention [9].
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Meanwhile, many different kinds of active photocatalysts have
been applied as photoelectrode materials for PEC water splitting
system, such as TiO, [10,11], Fe;03 [12,13], ZnO [14], WOs3 [15] and
other complex composited semiconductors [16]. Compared with
other photocatalysts, TiO; is currently one of the most commonly
used owing to the following superior properties, good chemical
stability, non-toxic and environmental friendly properties, low cost,
high resistance to photocorrosion [17,18]. However, bare TiO; still
present poor photoelectrochemcial water splitting performance,
mainly due to the following reasons: (1) rapid recombination of
photogenerated electrons and holes, (2) less absorption of light in
the visible region [19].

So, in order to solve the first problem mentioned above, since
Liu et al. had synthesized TiO, nanorod arrays on substrate for the
first time [20], many researchers have attempted to design and
synthesize a one-dimensional (1D) TiO, nanostructure, such as
nanowire, nanorod and nanotube, in recent years [21—24].
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Compared with TiO; film comprised of nanoparticles, highly or-
dered TiO; nanorod arrays (TiO, NRs) offer direct electrical path-
ways for photogenerated electrons transfer, leading to high
electron transport rates, which in turn inhibits the recombination
of photogenerated electron—hole pairs [18,25]. However, the spe-
cific surface areas of bare TiO, nanorod arrays are usually small,
which limits the light adsorption and the reaction contact area, and
suppresses the performance of the TiO, NRs based photoelectrode
in return [26]. Usually, materials with large surface area will bear
high adsorption ability [27—30]. Herein, design and preparation of
three-dimensional (3D) TiO, nanostructured photoelectrode
should be a good solution to solve this problem. 3D TiO, nano-
structured photoelectrode owns unique characteristics such as
large surface areas, high carrier mobility and enhanced electron
conductivity, which are beneficial to PEC water splitting [31].
Furthermore, TiO, branched nanorod arrays (TiO, BNRs) with sin-
gle crystalline can increase surface area, enhance electron con-
ductivity, and result in improved photocurrent harvest efficiencies.
Wolcott et al. fabricated dense and aligned TiO, nanorod arrays
using an oblique-angle deposition method and used the fabricated
TiO, nanorod arrays as working electrode in photoeletrochemical
water splitting system for the first time in 2009. Yang et al. have
recently synthesized hierarchical TiO, containing both of the
anatase and rutile TiO,, and showed a photocurrent density of
2.08 mA cm 2 at a potential of 1.23 V versus reversible hydrogen
electrode (RHE) [32]. Very recently, Liu and coworkers fabricated
TiO, branched nanorod arrays with surface-phase junctions, which
showed much better photoelectrochemical water splitting activity
than the TiO; nanorod just with a single pure phase [33].
However, there is another non-negligible demerit that the ab-
sorption spectrum of TiO, photoelectrodes is limited to UV region,
which only possess 4% of the whole light energy. Thus, many efforts
have been made to extend the photo response region of TiO, to
visible light. Sensitized or doped TiO; structure with other element
or materials should be an efficient way to reach that goal, including
metal (such Au [34] and Ni [35]), non-metal (such C [36], N [37] and
S [38]), especially the deposition of another narrow band-gap
semiconductor (such as CdS [39], CdSe [40], ZnInyS4 [41]). TiO;
incorporated with sulfide semiconductors has been proved to be a
very effective way to narrow its band gap and enhance its hydrogen
production efficiency [42]. Su et al. fabricated CdS quantum dots
(QDs) sensitized TiO2 branched nanorod arrays by a hydrothermal
method, which performed a remarkable photocurrent density to
~4 mA cm 2 at 0 V versus Ag/AgCl [26]. Guo and co-workers had
achieved a high density of 24.85 mA cm~2 at 0.92 V versus Ag/AgCl
and a much higher hydrogen generation efficiency of 13.15% at
0.70 V versus Ag/AgCl, which was ascribed to the effect of the Cu,S
composite coated on the surface of TiO, branched nanorod arrays
[19]. According the results mentioned above, the high performance
of the CdS or Cu;S doped TiO; nanorod arrays can be attributed to
the heterostructure formed between the CdS and TiO, or the Cu,S
and TiOy. Due to the existence of narrow-wide band semi-
conductors, more visible light can be absorbed and utilized in the
complex system. And the existence of the formed heterostructure
can facilitates the transport of electrons and hinders the recombi-
nation of photosensitized electrons and holes. To further improve
the performance, two narrow semiconductors co-doped TiO; has
also been studied [43,44]. Li and coworkers had synthesized CdS
and CdSe co-doped TiO2 nanowire arrays and presented high per-
formance than CdS or CdSe doped TiO, for solar cell application
[44]. These results indicated that two narrow semiconductors co-
doped TiO, would be more efficient for solar energy utilization
than single semiconductor doped one. Herein, TiO, BNRs co-
sensitized with CdS and Cu;S to form heterostructure on the sur-
face of the TiO, BNRs should be an efficient way to fabricate TiO;

BNRs based photoelectrodes with extended absorption in the
visible region and high PEC activity. CdS is a good sensitized ma-
terial, and Cu,S is highlighted because of its non-toxic, low cost and
earth-abundant properties. The band-gap of bulk Cu,S is 1.20 eV,
which can make Cu,S become a widely used photosensitizer for
various wide band-gap semiconductor photoanodes [19,45], solar
energy devices [46,47], and photocatalytic degradation of envi-
ronment containments [48]. Although the composite based on CdS
and Cu,S had been studied in different areas and presented great
performance [49], to the best of our knowledge, the synthesis of
CdS and Cu,S co-sensitized to TiO, BNRs nanostructures for PEC
water splitting system and how the formed nanoscale hetero-
junction promote the light utilization and charge separation have
seldom been investigated.

Herein, we successfully synthesized high densities of rutile TiO,
BNRs with enhanced surface-to-volume ratios on fluorine-doped
tin oxide (FTO) substrate by combining a facile hydrothermal and
a chemical method. Then CdS QDs and Cu,S QDs were decorated
onto the surface of the TiO, BNRs by successive ionic layer ab-
sorption and reaction (SILAR). To illustrate the effect of the nano-
structure and heterostructure, two major kinds of PEC electrodes,
TiO, BNRs/CdS PEC electrode and TiO, BNRs/CdS/Cu;S PEC elec-
trode were designed and synthesized. The performances of the two
PEC electrodes in water splitting system were compared, including
photocurrent density and photoconversion. The good performance
of the TiO2 BNRs/CdS/Cus;S electrode indicated its potential appli-
cation in PEC water splitting. Furthermore, the detailed working
mechanism of the composite was also discussed.

2. Experimental
2.1. Materials

Titanium tetrachloride (TiClg, >99.9%) and titanium butoxide
(TBOT, >99%) were purchased from Aladdin Industrial Corporation,
Fluorine-doped tin oxide (FTO) glass were purchased from Zhuhai
Kaivo Optoelectronic Technology Co., Ltd. Concentrated hydro-
chloric acid (HCl), acetone, 2-propanol and ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China). All reagents
and solvents were of analytical reagent grade and used without
further purification. Deionized water (18.25 MQ cm) from a Milli-
pore Q water purification system was used in all experiments.

2.2. Preparation of TiO, seeded layer on the FTO substrate

Prior to the deposition of TiO; seeds, the FTO substrate (F: SnO,
15 Q) was ultrasonically cleaned in a mixed solution of deionized
water, acetone and 2-propanol (volume rations of 1:1:1) for 60 min,
then dried under N, flow. The TiO, seeded layer was prepared by
soaking the washed FTO substrate into 0.15 M TiCl4 aqueous solu-
tion and hold at 70 °C for 30 min, followed by rinsing with
deionized water and ethanol, and then annealed at 450 °C for
30 min.

2.3. Preparation of TiO, nanorod arrays

The TiO, nanorod array (TiO NRs) was prepared using a hy-
drothermal method reported previously with some modification
[20]. Typically, 25 ml of deionized water and 25 ml of concentrated
hydrochloric acid (mass fraction 36.5—38%) were mixed and stirred
for 10 min, and then 0.8 ml of titanium butoxide was added
dropwise into the mixed solution. The mixture was stirred for
another 10 min to make sure that the solution was transparent. The
mixture was then transferred to a 100 ml volume of Teflon-lined
stainless steel autoclave, where a seeded FTO substrate
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(4 cm x 2 cm) was placed at an angle against the wall of the Teflon-
lined with the conducting side facing down. Then the sealed
autoclave was kept at 170 °C for 6 h and cooled down to room
temperature naturally. When the reaction was finished, the ob-
tained product was rinsed thoroughly with ethanol and deionized
water for several times and dried in an oven at 60 °C.

2.4. Preparation of branched TiO, nanorods

The TiO, branched nanorod arrays were obtained via a simple
aqueous chemical growth method. First of all, the prepared TiO,
NRs sample was immersed in a 0.2 M TiCl4 aqueous solution at
25 °C for 18 h. Secondly, the TiO, BNRs were taken out and rinsed
with pure ethanol. Finally, the sample was dried at 60 °C and
annealed at 450 °C for 30 min.

2.5. Preparation of CdS QDs sensitized TiO, branched nanorod
arrays

CdS QDs were deposited onto the TiO, BNRs by successive ion
layer absorption and reaction technique (SILAR). Briefly, the pre-
pared TiO, BNRs was dipped into a 0.1 M Cd(NOs), aqueous solu-
tion for 5 min, followed by immersing in deionized water for 60 s.
And then the TiO, BNRs with Cd?* were dipped into a 0.1 M Na,S
aqueous solution for 5 min followed by immersing in deionized
water for 60 s. Therefore, one cycle of CdS deposition on the TiO,
BNRs has been completed, and several cycles were conducted to
obtain the desired deposition of CdS QDs. The following chemical
reactions could take place during the SILAR cycle:

Ccd** + $** - cds

step 1

Hydrothermal

step 2

Insitu growth

Ti0, NR,

Ti0, BNR,/CdS/Cu,S

Ti0, BNR,

2.6. Preparation of CdS and Cu,S QDs co-sensitized TiO» branched
nanorod arrays

The preparation of TiO, BNRs/CdS/Cu,S was conducted in the
base of optimal TiO, BNRs/CdS. In this process, the saturated CuCl
aqueous and 5 mM Na,S were used to deposit Cu,S nanoparticles
on TiO, BNRs/CdS samples to obtain the TiO, BNRs/CdS/Cu,S pho-
toelectrochemical (PEC) electrodes. Typically, the TiO, BNRs/CdS
sample was firstly immersed in the saturated CuCl aqueous solution
for 60 s, and then immersed in a large amount of deionized water
for 60 s. Subsequently, the sample with Cu™ was immersed in the
NayS aqueous solution for 60 s. Finally, the sample was immersed in
deionized water for 60 s. The above SILAR process was one cycle of
Cu,S deposition of TiO, BNRs/CdS. The desired amount of Cu,S can
be achieved by repeating the assembly cycles. The following
chemical reactions could take place during the SILAR cycle:

2Cut + S~ — CusS

2.7. Materials characterization

Field-emission scanning electron microscopy (FE-SEM) (Hitachi
S-4800, Japan) was used to study the morphology of the samples at
an accelerating voltage of 5 kV. More detailed structural examina-
tions were carried out by transmission electron microscopy (TEM,
Tecnai G2 F20 S-TWIN) and high-resolution TEM (HR-TEM) at an
accelerating voltage of 200 KV. Prior to the TEM and HRTEM
measurements, the branched nanorod arrays were detached from
the FTO substrate and ultrasonically dispersed in ethanol, and
scattered on a micro grid with a lacey carbon. The ultraviolet visible
diffuse reflectance spectra (DRS) of the prepared TiO, NRs, TiO;
BNRs, TiO BNRs/CdS, and TiO, BNRs/CdS/Cu,S in different SILAR
cycles were performed on a UV—Vis spectrophotometer (Cary 300,

Fig. 1. Schematic illustration for the synthesis route of the TiO, BNRs/CdS/Cus,S.
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USA) with an integrating sphere. The crystal structure of the sample 2.8. Photoelectrochemical characterization and measurements

was investigated using an X-ray diffractometer (Bruker D8

Advance), and the XRD patterns of the samples were measured Photocurrent measurements of the TiO; NRs, TiO; BNRs, TiO;

directly on the FTO substrate. BNRs/CdS and TiO, BNRs/CdS/Cu,S electrodes were performed
using a three-electrode configuration, with the nanostructure

$4800 5.0kV 8.5mm x50.0k SE(M) 1.00um § S4800 5.0kV 8.5mm x130k SE(M)

Fig. 2. FESEM images of the top view of the as prepared samples: (A and B) TiO, NRs, (C and D) TiO, BNRs, (E and F) TiO, BNRs/CdS (9), (G and H) TiO, BNRs/CdS(9)/Cus,S (6).
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materials (TiO2 NRs, TiO BNRs, TiO BNRs/CdS or TiO, BNRs/CdS/
Cu,S) on FTO as the working electrode, saturated Ag/AgCl and
platinum electrode as the counter electrode and the reference
electrode, respectively. A mixed aqueous solution containing
0.35 M NayS and 0.25 M Na,S03 was used as the electrolyte. A CHI
660D electrochemical workstation was used for linear sweep vol-
tammetry (I-V) measurement with a scan rate of 50 mV s~ ! and
amperometry (I—t) measurement. The study of [-t measurement
was conducted at a potential of 0 V versus Ag/AgCl. The illuminated
area of the working electrode was about 1 cm?. A 300 W xenon
lamp (Beijing Perfectlight Technology Co. Lt, PLS-SXE 300C) was
used as the light source throughout all the tests, the power in-
tensity of the light was 100 mW cm 2.

3. Result and discussion
3.1. Structure characteristics

As shown in Fig. 1, the synthesis of the TiO; BNRs/CdS/CusS is a

four-step solution-based process, which comprises the growth of
the TiO; NRs, the assemble of the branches onto the surface of the
TiOz NRs to form the TiO, BNRs by an aqueous chemical method,
and the formation of the TiO, BNRs/CdS/Cu,S by two successive ion
layer absorption and reaction technique (SILAR) process. For the
detailed preparation process, in the first step, TiO, crystal nucleus
were formed on the FTO substrate in advance by immersing the FTO
in the TiCly aqueous solution after annealing in air, then 6 M
concentrated hydrochloric acid was used to control the hydrolysis
rate of the titanium butoxide, which could keep the growth of the
nanorod slowly and stably. As the time went on, TiO, nanorod ar-
rays began to grow on the FTO substrate. And nearly all of the TiO,
NRs was perpendicular due to the preformed TiO, nucleus on the
FTO substrate. Step 2 was the growth of the branches onto the
surface of the TiO2 NRs using a simple chemical growth method by
immersing the TiO, NRs into low concentration of TiCl4 aqueous
solution. In step 3, TiO, BNRs/CdS composite structure was pre-
pared by SILAR method. Cd(NOs3), and Na,S were used to deposit
CdS QDs on TiO, BNRs for obtaining the PEC electrode. The

Y 5l00;1m'

Fig. 3. FESEM images of the cross-sectional view of the as prepared samples: (A and B) TiO, NRs, (C and D) TiO, BNRs, (E and F) TiO, BNRs/CdS(9)/Cu,S(6).
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formation of the TiO; BNRs/CdS/Cu,S in step 4 was similar to the
step 3, also using the SILAR method. But the cationic precursor
solution and anionic precursor solution were replaced by saturated
Cu(l and different concentration of Na,S, and the immersing time
was also changed.

The typical field-emission scanning microscopy (FESEM) images
and the cross-section view of the samples are shown in Fig. 2 and
Fig. 3, respectively. As seen in Fig. 2A and B, the TiO, NRs grew
directly on the FTO substrate with an average diameter of ~50 nm.
Besides, the TiO, NRs have grown vertically in the FTO substrate,
and the surface of the TiO, NRs is smooth, with the length of about
2.2 um (Fig. 3A and B). After the chemical treatment of TiO, NRs
with TiCl4 aqueous solution, TiO, BNRs were obtained as shown in
Fig. 2C and D. The TiO, NRs was assembled with secondary nano-
structure regularly and showed a branched characteristic, and each
TiO, NRs was attached by TiO, branched, which improved the
surface area and the roughness factor of the original TiO; NRs
greatly (Fig. 3C and D). Just as shown in Fig. 2E and F, there are many
nanoparticles on the TiO, BNRs after being sensitized with CdS for
nine SILAR cycles, which means that the CdS QDs were successfully
decorated on the TiO; BNRs. And as shown in Fig. 2G and H, there
are more nanoparticles on the TiO, BNRs due to the Cu;S formed
followed by six SILAR cycles on the surface of the TiO, BNRs/CdS(9),
these changes also can be found in Fig. 3E and F. It indicates that the
CdS and Cu;S QDs were coated over the branches uniformly, which
is critical to obtaining good photoelectrochemical properties. In
order to further determine the existence of CdS and Cu,S in TiO»
BNRs/CdS/Cu,S, energy dispersive X-ray spectroscopy (EDS) and
SEM elemental mapping were employed. As shown in Fig. 4 and
Fig. S1, atomic ratio of the Cu, Cd and S is 0.82:0.52:1.20, and the Cu,
Cd and S elements are present uniformly in the synthesized sam-
ples. These results further demonstrate the successfully coating of
CdS and Cu,S QDs on the TiO, BNRs. The EDS data of original TiO;
BNRs and TiO, BNRs/CdS are also shown in Fig. S2 for comparison.
Besides, the detailed microscopic morphology of the TiO, BNRs and
TiO, BNRs/CdS/Cu,S nanostructure was characterized using trans-
mission electron microscopy (TEM), high-resolution TEM (HR-TEM)
and selected area electron diffraction (SAED). It can be seen that in
the TEM image of the TiO, BNRs in Fig. 5A, the branches grew along
the backbone of the TiO, NRs, which means a 3D nanostructure has
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Fig. 4. EDS patterns of the TiO, BNRs/CdS(9)/Cu,S(6) composite structure.

been prepared in this study. The corresponding HRTEM images of
the TiO2 BNRs are shown in Fig. 5B. It can be seen that the distance
between the adjacent lattice fringes is 0.229 nm, which can be
exactly matched to the interplanar distance of the (200) crystalline
plane of rutile TiO; (JCPDS No. 21-1276). The relative selected area
electron diffraction (SAED) of the TiO, BNRs was shown in Fig. 5C,
the well-aligned spots present the single crystalline of the TiO,
BNRs. Fig. 5D is a typical TEM image of the TiO, BNRs/CdS/Cu,S,
which shows clearly that the surface of the TiO, branched nanorod
arrays is covered by CdS/CusS, and even further confirms that CdS/
Cu,S have been deposited on TiO, BNRs successfully. HR-TEM im-
age of the TiO, BNRs/CdS/Cu;S is shown in Fig. 5E. The adjacent
lattice spacing measured for the crystalline plane is 0.324 nm,
which corresponds to the (110) plane of rutile TiO;. By carefully
measuring the lattice parameters and referring to the data in JCPDS
card, the lattice spacing of the crystallites close to TiO> is 0.336 nm,
which can be attributed to the (002) plane of CdS (JCPDS No. 65-
3414), and the lattice fringe of the outer crystalline connects to the
CdS layer is of 0.198 nm, which is in agreement with the (110) plane
of Cu,S (JCPDS No. 26-1116). From the relative apparent spot
diffraction patterns shown in Fig. 5F, it can be clearly observed that
the bright spots come from single crystalline TiO;, and the
diffraction rings originate from the polycrystalline CdS and Cu,S,
which could further confirm that Cu,S and CdS have been depos-
ited in the TiO BNRs successfully [50,51].

XRD patterns of the fabricated samples are shown in Fig. 6. The
peaks of the SnO, are corresponding to the tetragonal rutile phase
(JCPDS No. 41-1445). All the diffraction peaks of TiO, agree well
with the tetragonal rutile phase (JCPDS No. 21-1276). The signifi-
cantly enhanced (002) peaks indicates that the nanorod arrays are
well crystalized and grown perpendicularly to the FTO substrate
along the [001] direction, and the absence of other peaks means
that the whole TiO, BNRs are single crystal of rutile. When the CdS
QDs were introduced on TiO, BNRs surface, a small peak can be
found in the XRD pattern of TiO, BNRs/CdS, which belongs to (110)
of CdS (JCPDS No. 65-3414). But we also note that no Cu;S peaks can
be observed in TiO; BNRs/CdS/Cu,S, which is probably due to the
fact that the Cu,S QDs were mostly covered and dispersed on the
surface TiO, BNRs, and the mass fraction of the loaded Cu,S QDs is
very low. All these results above provide strong evidence for the
successful coating of CdS and Cu,S QDs on the surface of TiO, BNRs
and the formation of TiO, BNRs/CdS/Cu,S cascade structure.

3.2. Optical properties

Fig. 7 displays the light absorption range of TiO, NRs, TiO, BNRs,
TiO, BNRs/CdS, and TiO; BNRs/CdS/Cu,S. It is clear to see that TiO,
NRs mainly absorb UV light with a wavelength below 420 nm,
which can be attributed to their relative large band gap (rutile TiOo,
~3.0 eV). However, upon the surface of the TiO, NRs were assem-
bled with TiO; branches, more light can be absorbed, and the rate of
the light reflection could also be increased between the TiO;
branches on TiO, BNRs, which presents great advantages over
original TiO, NRs. But once the CdS QDs were sensitized upon the
TiO, BNRs for 9 cycles, the absorption range of the composite could
be extended to ~550 nm, showing an effective absorption property
in the visible light. Especially, when the coating of Cu,S QDs were
assembled by 6 SILAR cycles deposition, the adsorption properties
of the synthesized sample (TiO» BNRs/CdS/Cu,S) were further
increased in the visible region. This phenomenon can be explained
mainly by the reason that the TiO; BNRs/CdS/Cu,S can make better
use of the sunlight. First of all, light would be able to be reflected
much more times among the branches, and the existence of the CdS
and Cu,S QDs can also enhance that process and extend the light
transmission path, which will eventually be beneficial to the full
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Fig. 5. TEM image (A), HR-TEM image (B) and SAED image (C) of TiO, BNRs. TEM image (D) and HR-TEM image (E) and SAED image (F) of the TiO, BNRs/CdS/Cu,S.

utilization of the incident sunlight. And meanwhile, for the TiO;
BNRs/CdS/Cu,S composite structure, a high efficiency of light har-
vesting can be obtained by fabricating well-aligned TiO, BNRs as
photoelectrode. The synergistic reaction between CdS and Cu,S on
the surface of the TiO; BNRs can improve the light utilization effi-
ciency by reflecting unabsorbed photons back to the TiO, BNRs,
which can greatly improve the utilization efficiency of the incident
light. Besides, due to the high surface areas obtained for the
branches attached on the surface of the TiO, BNRs, a layer of
accumulated CdS and Cu,S QDs can trap relatively more photons,
and herein, large amount of protons can be utilized by the TiO,
BNRs/CdS/Cu,S composite for producing photosensitized electron/
hole pairs. What's more, the perpendicular growth of the TiO,

nanorod arrays can provide a high speed transport routes for the
photo-sensitized electrons transfer, which takes full advantages of
the excellent carrier transport performance of the as-obtained
materials. Owing to the narrow band-gap of CdS and CuS, and
the synergistic function between the two nanoparticles, the TiO;
BNRs/CdS/Cu,S can absorb more visible light, which provides a
more extensive range of adsorption spectrum than bare TiO, BNRs
and CdS QDs coated TiO, BNRs.

3.3. Photoelectrochemical characteristics

The PEC properties of the prepared various composite structures
were studied by relying on a three-electrode PEC system. Fig. 8A
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displays the photocurrent density—voltage characteristics of TiO;
NRs, TiO, BNRs and different SILAR cycles of CdS QDs sensitized
TiO; BNRs. It can be found that the photocurrent densities of the
TiO; NRs was the lowest, while after the branches growing around
the backbone of the TiO, Nanorod arrays to form the TiO; branched
nanorod arrays, the photocurrent density was increased. And
meanwhile, once the CdS QDs was coated on the surface of the TiO,
BNRs, the current density was increased again and gradually pro-
moted with the increase of the CdS QDs cycles at initial stage (from
1 cycle to 9 cycles). However, when further increasing the SILAR
cycles of CdS QDs (from 9 cycles to 11 cycles), the photocurrent
density was reduced. The variation trend of photocurrent density
(at 0V versus Ag/AgCl) as a function of CdS QDs cycles are shown in
Fig. 8B. It can be observed that 9 cycles of deposition of CdS QDs on
TiO, BNRs make the photoelectrochemical system exhibit the best
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photovoltaic performance. Based on the optimal cycle number of
CdS QDs, different SILAR cycles of Cu,S decorated TiO, BNRs/CdS(9)
are investigated to seek the influence of the CuyS layers on the
performance of the CdS/Cu,S co-sensitized photoelectrode for
photoelectrochemical water splitting. Fig. 9A shows the variation of
[-V curves with the increase of CuS QDs SILAR cycles on TiO»
BNRs/CdS(9) electrode based PEC system. Significant improvement
of photocurrent density is observed with the Cu;S cycle increasing
from 2 to 6. Appropriate increase of SILAR cycles can enlarge the
loading amount CuyS QDs, which in turn results in more light ab-
sorption to generate photoexcited electrons, while the photocur-
rent density (at 0 V versus Ag/AgCl) decreased when the excessive
SILAR cycles (from 6 cycles to 10 cycles) was added to the surface of
TiO, BNRs (Fig. 9B).

The corresponding light energy of different samples to chemical
energy conversion (photoconversion) efficiency is shown in Fig. 9C.
Photoconversion efficiency of 1 is calculated as follows [5,52,53]:

n = [(total power output — electrical power input)/ light power input] x 100

o [ER

Eapp|/Io] x 100
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Eapp = Emeas — Eaoc

where jj, is the photocurrent density (mA cm™2); I is the power
density of incident light (mW cm™2); E%y is 1.23 V/NHE; Eqpp is the
applied potential (vs Ag/AgCl); Emeqs is the potential (vs Ag/AgCl) of

the working electrode potential at which photocurrent was
measured under illumination; and Eg, is the electrode potential (vs
Ag/AgCl) of the same working electrode at open circuit conditions
in the same electrolyte and under the same illumination. From
Fig. 9C, it can been seen that the different highest efficiencies of ca.
1.65%,1.73%, 2.94% and 7.74% are obtained for TiO, NRs, TiO, BNRs,
TiO, BNRs/CdS(9) and TiO, BNRs/CdS(9)/Cu,S(6) electrodes,
respectively.

The different activity of the TiO, NRs, TiO; BNRs, TiO; BNRs/CdS
and TiO; BNRs/CdS/Cu,S can be explained using schematic dia-
grams as shown in Fig. 10. In Fig. 10A, the surface of the TiO,
nanorod arrays was smooth, which limits the light reflection
among the TiO2 nanorod arrays. But when the branches was grown
around the backbone of the nanorod, there is more light reflection
among the branched nanorod arrays, which indicates the
increasing use of the incident light (Fig. 10B). As shown in Fig. 10C,
when the CdS QDs was coated on the surface of the TiO, BNRs, the
TiO, BNRs/CdS can not only absorb UV light and keep more
reflection due to the existence of the branches, but the visible light
can also be utilized owing to the presence of CdS QDs. Because of
the narrow band gap (2.25 eV), CdS QDs can broaden the upper
light response limit from ~420 nm to ~550 nm, which will greatly
increase the production of photosensitized electron/hole pairs.
However, when excessive CdS QDs were coated, and the CdS SILAR
was conducted more than 9 cycles, the aggregates of CdS QDs can
occur at the surface of the TiO, BNRs, which leads to larger particle
size of CdS. These large CdS particles will cause the disappearance
of the quantum effect and are not conductive to the multiple
electrons generation from the adsorption and sensitization of a
single photon. What's more, the aggregated CdS crystallites will
increase the recombination ratio of the photoelectrons and holes,
which will lead to the decrease of the photoelectrochemical per-
formance. The result that the photoelectrochemical activity de-
pends on the amount of photoactive compounds is similar to the
reported studies [54,55]. In Fig. 10D, the CuyS QDs were coated
based on the optimal TiO; BNRs/CdS, the photocurrent density can
further increase with the decoration of Cu,S QDs on the surface of
the TiO, BNRs/CdS(9), which can be explained by the following two
aspect. On one hand, due to the relative narrow band gap of CuyS
(1.20 eV), Cu,S can increase the utilization efficiency of the incident
light, and result in the more efficient charge separation in CdS QDs,
which can further improve the transportation of the photo-
sensitized electron and reduce the recombination of the photo-
sentized electrons and holes, so the performance of the whole PEC
system will be promoted in turn. On the other hand, just as shown
in Fig. 11, as we know, the band gap of TiO,, CdS and Cu;,S are 3.2 eV,
2.25 eV and 1.20 eV, respectively. When they are in bulk, their
band-gap cannot match well to provide a good path for the trans-
portation of the electrons due to that the conductor band of Cu,S is
lower than that of CdS, which will inhibit the photosensitized
electrons transport from the Cu,S to CdS. But just as mentioned
above, when Cu,S nanoparticles were coated on the CdS QDs, a
great number of nanoscale heterostructure could be produced be-
tween the two semiconductors. Considering the band structures of
the Cu,S and CdS, it has been reported by other groups that both of
the valance band (VB) and the conduction band (CB) of CdS are
lower than those of Cu,S [49,56]. When the heterojunction formed
between TiO, and CdS, and the heterostructure formed between
CusS and CdS, the electron transfer occurred from Cu,S to CdS, and
eventually to TiO,. While the hole transfer occurred from TiO; to
CdS and then from CdS to CuyS due to the different Fermi levels
alignment when the system reached equilibration state. And when
the Cu;,S SILAR reached 6 cycles, the interaction between Cu,S and
CdS achieved the best effect. However, when the SILAR cycles
continued to increase, the surface of CdS QDs was nearly covered by
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Cu,S nanoparticles, which would reduce the formation of more
heterostructure and affect the efficient utilization of light by CdS
nanoparticles. Meanwhile, more Cu,S nanoparticle tended to
aggregate together and act as the recombination centers, which
could lead to the increase of recombination of photoexcited charges
at Cu,S nanoparticles. Therefore, the photoelectrochemical activity
was gradually decreased when excess Cu,S was deposited.

In order to study the photo-response of the TiO; NRs, TiO; BNRs,
TiO; BNRs/CdS(9) and TiO, BNRs/CdS(9)/CuyS over time, the -t
curve of the materials at 0 V vs Ag/AgCl was measured. Fig. 12A
indicated that the photocurrent density of all the measured sam-
ples in the dark was very low, very close to zero. However, upon the
samples were illuminated with light, a transient photocurrent was
produced due to the prompt effect of the excitation power, and the
photocurrent maintained in a steady state. The results show that
the photocurrent density of all the samples followed the order of

TiO, NRs < TiO, BNRs < TiO; BNRs/CdS(9) < TiO, BNRs/CdS(9)/Cu,S,
which was consistent with the results presented in Figs. 8 and 9.
The results further imply that the heterostructure formed between
CdS and Cu;S can promote the light utilization and efficient charge
separation, leading to the rapid transfer of photosensitized elec-
trons from Cu;S to CdS, and then to TiO, branched nanorod arrays,
which effectively prevents the recombination of electron—hole
pairs and presents enhanced activity.

Furthermore, to measure the chemical stability of as-prepared
solar PEC electrodes, linear sweep voltammogram was measured
after C—V scanning for 1 and 100 cycles under illumination, and the
experiments were also conducted in a three-electrode configura-
tion. The TiO, BNRs/CdS(9)/Cu,S(6) was used as the typical pho-
toelectrodes. As shown in Fig. 12B, the photocurrent density of the
material over 100 cycles was almost consistent to that over the first
scan cycle, revealing an excellent capability to resist
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photocorrosion.

4. Conclusion

In this work, TiO, branched nanorod arrays was synthesized,
and CdS/Cu,S heterostructure was successfully constructed on the
surface of the TiO, BNRs by a facile two-step route via SILAR pro-
cess. The effects of the CdS and Cu,S SILAR cycles on the perfor-
mance of the photoelectrode have been systematically investigated,
and the optimal performance is found with 9 cycles of CdS and 6
cycles of Cu;,S deposition. As the existence of the heterostructure
between TiO and CdS, coupling with the heterostructure between
CdS and Cu;S, the synthesized TiO; BNRs/CdS/Cu,S shows broad-
ened absorption range in visible light, increased absorbance and
remarkably enhanced photovoltaic performance, compared with
bare TiO, BNRs and TiO, BNRs/CdS. The photocurrent density of
TiO, BNRs/CdS(9)/CuzS(6) can reach to 13.65 mA cm™2 at a po-
tential of 0 V versus Ag/AgCl, and the density is nearly two times
and three times than that of pristine TiO, BNRs and TiO, BNRs/
CdS(9), respectively. The CdS/Cu,S not only extends the utilization
of visible light, but also presents good photocorrosion resistance. In
addition, the heterostructure between CdS and Cu,S promotes
charge injection from one semiconductor into another, which leads

to efficient charge separation by reducing the recombination effi-
ciency of the electron—hole pairs. The current work indicated that
the TiO, BNRs/CdS/Cus;S has great potential applications in the field
of PEC water splitting and electrical devices. And formatting het-
erostructure of Cu,S, CdS QDs and TiO, BNRs provides a promising
way to fabricate materials applied in the PEC water splitting and
solar energy conversion.
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