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In this study, we report a TiO2 hybrid structure prepared by a facile route, wherein TiF6
2� ion has been used

as both the surfactant and titanium source. Single-crystalline TiO2 nano-polyhedrons with exposed high

active {001} facets were grown on a TiO2 nanowire and nanotube (TWTs) films. This hybrid structure

served as a model architecture for efficient photoelectrochemical (PEC) devices because it

simultaneously offered a large contact area with the electrolyte and direct pathway for photoexcited

electron collection. Under simulated sunlight illumination (AM 1.5 light at 100 mW cm�2), this hybrid

structure exhibited a photocurrent density of 1.36 mA cm�2 at 0 V vs. Ag/AgCl (JSC) and

photoconversion efficiency (h) of 0.81% at �0.51 V vs. Ag/AgCl, nearly 2.4 times higher than those of the

bare TWTs. Morphology of the TiO2 nano-polyhedrons in the hybrid structure was greatly influenced by

the TiF6
2� ion concentration, and a proper concentration was determined to be 2.5 mM. Moreover, the

CdS QDs were sensitized onto the hybrid structure, and their JSC and h reached 2.31 mA cm�2 & 1.94%,

respectively, 1.5 times higher than those of the CdS-sensitized bare TWTs. The TiO2 nano-polyhedrons

improved the efficiency via increasing the specific surface area of the electrode, thus facilitating hole

transfer into the electrolyte. Moreover, the exposed high reactive {001} facets provided more effective

area for the adsorption of CdS, leading to an enhanced photogeneration carrier density.
1. Introduction

Anatase TiO2 has been vastly explored in solar energy conver-
sion owing to its advantages of favorable photooxidation power,
easy availability, good chemical stability, and nontoxicity,1,2

which has outstanding performances as photoelectrodes in
photoelectrochemical (PEC) elds such as in photocatalysis,
photovoltaics, and water splitting.3–7 PEC performance is mainly
determined by the amount of photo-generated electron–hole
pairs, which are driven by large specic surface area and high
photoactivity of the TiO2 photoanode according to the Honda–
Fujishima effect.8–10 The TiO2 hybrid structure, which can
combine the advantages of different morphologies and effec-
tively enlarge specic surface area, is an ongoing hot research
s, Jilin University, Changchun 130012, P.

86 431 85168763

(ESI) available: Fig. S1 TEM images of
of hybrid structure. Fig. S3 PEC

les prepared under different TiF6
2�

version efficiencies (B). Fig. S4 SEM
sitized bare TWTs (C and D). Fig. S5
sensitized hybrid structure. See DOI:

08
topic.11–16 Y. Tang et al. have grown TiO2 nanoparticles on TiO2

nanoakes; the obtained hierarchical porous hybrid structure
has a larger specic surface area than the TiO2 nanosheets and
nanoparticles and higher photocatalytic activity for the degra-
dation of organic compounds.17 Dongsheng Xu et al. have
prepared hetero-structured TiO2 nanotree arrays with rutile
trunks and anatase branches. The hybrid structure can deposit
more CdS/CdSe QDs and improve the conversion efficiency of
the whole device.18 Compared with TiO2 nanostructures in other
forms, highly ordered TiO2 nanotubes and nanowires (TWTs)
are anticipated to possess unidirectional electrical channels
and high specic surface area, which show promising proper-
ties due to their slower recombination and higher charge
collection efficiency. Therefore, a structural modication
strategy for preparing a hybrid structure based on TWTs is
highly desirable.

Moreover, PEC performance of TiO2 is closely associated
with its exposed facets; theoretical and experimental studies
reveal that the {001} facets achieve higher chemical activities
than {101} and {100} facets in the anatase TiO2 crystals (the
average surface energies of anatase TiO2 are in the order g {001}
(0.90 J m�2) > g {100} (0.53 J m�2) > g {101} (0.44 J m�2)).19 This
can be attributed to the larger Ti–O–Ti bond angle on the {001}
This journal is © The Royal Society of Chemistry 2017
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facets, whichmake the 2p states of the surface O atoms unstable
and very reactive.20 However, according to the Wulff construc-
tion, the {001} facets tend to diminish during the free crystal
growth process to minimize the total surface energy.21,22

Surfactant-assisted method is a popular approach for the
controlled synthesis of {001} facet-exposed anatase TiO2, in
which F� are introduced as surfactants.23,24 Lu et al. used TiF4
and HF as raw materials in a Teon-lined autoclave to prepare
{001} facet-exposed TiO2 single crystals and found that the {001}
facets played crucial roles in photoreactivity improvement of
TiO2.25,26 Pan et al. have prepared N + Ni co-doped anatase TiO2

nanocrystals with exposed {001} facets using a two-step hydro-
thermal reaction, and the as-prepared sample showed a supe-
rior photocatalytic activity.27 The synthesized TiO2 single
crystals and TWT hybrid structure with highly reactive {001}
facets can have potential applications in several areas such as in
photocatalytic CO2 reduction, solar cells, and photonic and
optoelectronic devices.

In this study, we synthesized a novel TiO2 hybrid structure
via a facile route, as illustrated in Scheme 1. First, highly
ordered TiO2 nanotubes and nanowires (TWTs) on a Ti foil were
prepared by electrochemical anodization. Second, single-
crystalline TiO2 nano-polyhedrons with exposed {001} facets
were grown on TWTs through a chemical bath deposition (CBD)
process under atmospheric pressure, wherein TiF6

2� was used
as both the surfactant and titanium source. We conducted
varied TiF6

2� concentration studies during the CBD process and
proposed a possible growth mechanism. Third, CdS QDs were
assembled onto bare TWTs and hybrid structure via successive
ionic layer adsorption and reaction (SILAR) technique. CdS (Eg
z 2.4 eV) sensitization is considered as an effective method to
broaden the solar absorption spectrum of TiO2 (Eg z 3.2 eV).
Thus, we obtained a hybrid structure with superior PEC
performance than bare TWTs owing to its preponderances of
increased surface area and exposed highly reactive {001} facets.
2. Experimental
2.1 Preparation of the hybrid structure

Bare TWTs were prepared via electrochemical anodization of
a Ti foil (99.9% purity) using a direct current (dc) stabilized
voltage and current power supply (WYJ60V3A, Pingguo Instru-
mentation Co. Ltd. China) at a constant voltage of 40 V for 1 h.
The Ti foil and a graphite plate were used as the anode and
cathode, respectively. Electrolyte solution contained 0.3 wt%
Scheme 1 Schematic of the preparation process.

This journal is © The Royal Society of Chemistry 2017
NH4F, 95.0 vol% ethylene glycol, and 5.0 vol% deionized H2O.
The as-prepared photoelectrode was thoroughly washed with
ethanol and DI water and then annealed in air at 450 �C for 2 h.
TiO2 nano-polyhedrons were grown on TWTs via chemical bath
deposition, i.e., TWTs were immersed in an aqueous solution
containing 2.5 mM (NH4)2TiF6 at 80 �C for 30 min; then, the
sample was washed with DI water and annealed in air at 450 �C
for 1 h.
2.2 Preparation of the CdS-sensitized hybrid structure

In detail, the sample was successively immersed in 0.5 M mer-
captoacetic acid (TGA) and then in 0.5 M Cd(NO3)2$4H2O in
ethanol and nally in 0.5 M Na2S in deionized water. Each
immersion was performed for 10 min; the photoelectrode was
then rinsed successively with pure ethanol and deionized water
to remove excess precursors and dried in air before the next
dipping cycle. This abovementioned process was repeated six
times. CdS-sensitized bare TWTs were prepared under the same
conditions for comparison.
2.3 Sample characterization

Scanning electron microscopy (SEM) images were obtained
using a eld-emission SEM (JEOL JSM-6700F). Transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) images and EDS mapping were obtained using
a JEM-2100F high-resolution transmission microscope oper-
ating at 200 kV. Optical characterization (UV-vis absorption
spectra) of the lm was performed using a UV-3150 double-
beam spectro-photometer (Shimadzu UV-3150). X-ray diffrac-
tion (XRD) spectra of the samples were obtained using
a Rigaku D/max-2500 X-ray diffractometer with Cu Ka radia-
tion (l ¼ 1.5418 Å).

PEC performance of the samples was analysed via an elec-
trochemical workstation (CH Instruments, model CHI601C)
using a Ag/AgCl reference electrode and a Pt wire as the counter
electrode. A 500 W Xe lamp (Spectra Physics) with a mono-
chromator simulated sunlight, which was adjusted to provide
AM 1.5 light at 100 mW cm�2 using a laser power meter
(BG26M92C, Midwest Group). The electrolyte solution consisted
of 0.25 M Na2S$9H2O, 0.35 M Na2SO3, and 0.1 M KCl aqueous
solution (pH ¼ 12). The photoconversion efficiency (h) was
calculated from the line sweep voltammogram as follows:28,29

h ¼ JSC(E
o � E)/I

where JSC is the photocurrent density (mA cm�2); I is the power
density of incident light (mW cm�2); Eo is 1.23 V/NHE; and E is
the applied potential vs. RHE, which is given by the Nernst
equation E ¼ EAg/AgCl + 0.059 pH + 0.197 V.

The IPCE of the samples were measured using a two-
electrode system with an action spectrum measurement setup
(PEC-S20, Peccell Ltd.). Before the measurement, the samples
were sealed in sandwich structures with a 60 mm spacer using Pt
as the counter electrode. The electrolyte was injected between
the two electrodes. Light was irradiated from the counter elec-
trode side.
RSC Adv., 2017, 7, 36902–36908 | 36903
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3. Results and discussion

For obtaining TiO2 hybrid structures, 2.5 mM TiF6
2� bath was

taken out for 30 minutes as an additional treatment aer the
traditional anodizing process. Fig. 1A and B show the top-view
and side-view SEM images of the as-prepared sample, respec-
tively. Herein, three major morphologies, i.e. nanotubes,
nanowires, and nano-polyhedrons, can be observed. Nanotubes
with a split top are highly orderly arranged and exhibit an
average length of �3 mm and diameter of �73.3 nm (Fig. S1 in
ESI†). Nano-polyhedrons (truncated octahedrons) are grown on
both side and split top sites of the TWTs with an average size of
�91.5 nm, and the relative TEM images are shown in the ESI
(Fig. S2†). Fig. 1C shows the HRTEM and fast Fourier transform
(FFT) images of the selected area of nano-polyhedrons. Inter-
planar spacings of 0.352 nm and 0.475 nm with an interfacial
angle of 68.3� are consistent with those of the (101) and (002)
facets of anatase TiO2 (JCPDS no. 71-1167), respectively. FFT
patterns in the inset refer to the (101) and (002) facets.
Furthermore, a (101) zone-axis could be deduced, where the
exposed surfaces were bound by the {101} and {001} facets.
Fig. 1D shows the interface of the nanowire and nano-
polyhedron. A clear boundary further conrms that single-
crystalline nano-polyhedrons are bonded on nanowires. The
Fig. 1 SEM images (A and B), HRTEM and FFT images (C and D), and
XRD pattern (E) of hybrid structure.

36904 | RSC Adv., 2017, 7, 36902–36908
crystal structure of the hybrid structure is examined by X-ray
diffraction (XRD), as shown in Fig. 1E. The diffraction peaks
are indexed to the anatase-phase TiO2 (JCPDS no. 71-1167) and
Ti, further demonstrating that the as-synthesized hybrid struc-
ture grown on Ti is pure anatase TiO2.

In a typical anodizing system, Ti is corroded into TiF6
2� by

F� under electric current; thereaer, TiF6
2� hydrolyses into

Ti(OH)4, and the stacking blocks of the nanotube. Then, the
nanotubes undergo an annealing process in which Ti–O–Ti are
joined via dehydration. When the sample is merged into the
TiF6

2� solution, TiO2 nucleates on nanotubes and grows into
nano-polyhedrons. Fig. 2 and S3† show the SEM images of the
samples synthesized at the TiF6

2� concentration of 0.5 mM,
1.5 mM, 2.5 mM, and 3.5 mM (denoted as S-0.5/1.5/2.5/3.5,
respectively). As TiF6

2� concentration increases from 0.5 mM
to 2.5 mM, the grain size of the polyhedron increases from
22.5 nm to 91.5 nm and the shape becomes regular. We
deduced that the TiO2 nano-polyhedrons were formed through
the hydrolysis of TiF6

2� through the following reaction:

[TiF6]
2� + nH2O 4 [Ti(OH)nF6�n]

2� + nHF

[Ti(OH)6]
2� + 2H+ / TiO2 + 4H2O

Usually, TiO6
2� octahedra are the building blocks of TiO2. As

illustrated in Fig. 2E, F� generated by hydrolysis process could
favorably adsorb on the high active {001} facets of TiO2 and
suppress the growth along the [001] direction. Consequently,
Fig. 2 SEM images of the hybrid structure synthesized at varied TiF6
2�

concentrations: 0.5 mM (A), 1.5 mM (B), 2.5 mM (C), and 3.5 mM (D).
Schematic showing the TiO2 nano-polyhedron formation (E).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM images (A and B), TEM and HRTEM images (C and D), EDS
mapping (E), UV-vis spectra (F), and XRD patterns (G) of the CdS-
sensitized hybrid structure.
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the resulting TiO2 crystal nucleus maintains the {001} facet-
exposed truncated octahedral structure.25 When the TWTs are
immersed in TiF6

2� solution, TiO2 nucleates on TWTs and
grows into nano-polyhedrons. When the TiF6

2� concentration
increases, the surface of these {001} facets-exposed TiO2 crystal
nucleus hydrolyzes and F� would be replaced by hydroxyl
groups; then, the oriented adsorption process occurs under the
inuence of dehydration condensation reaction between
hydroxyl groups. Hence, the size of the TiO2 nano-polyhedrons
becomes larger. This indicates that at this stage, the TiF6

2�

concentration is the main parameter affecting the growth of the
polyhedrons; as the TiF6

2� concentration increases, the system
can afford enough growth dynamic to gradually form an entire
(001) low-energy surface. However, when the TiF6

2� concentra-
tion further increases to 3.5 mM, the grain size remains
�91 nm, but the surfaces become rough. This can be attributed
to further nucleation on the polyhedron surfaces caused by
extreme undercooling.

PEC performance of the hybrid structure samples prepared
at different TiF6

2� concentrations is shown in Fig. S6.† The S-2.5
sample shows the best PEC performance owing to the greater
specic surface area and exposed {001} facets. On the other
hand, when the TiF6

2� concentration reaches 3.5 mM,
randomly deposited TiO2 crystal nuclei on the nano-
polyhedrons cover the high active {001} facets and result in
a decreased JSC and h. In this study, the S-2.5 sample has been
chosen for the following CdS QD sensitization investigation.
The CdS QD-sensitized bare TWTs were prepared and investi-
gated for comparison.

The as-prepared hybrid structure samples were further
sensitized by CdS QDs, as shown in Fig. 3. Fig. 3A and B show
the top- and side-view SEM images. The surfaces of the arrayed
TWTs and nano-polyhedrons are decorated by evenly distrib-
uted CdS QDs and become rough. Moreover, the CdS QDs on
the TWTs and nano-polyhedrons are investigated by HRTEM, as
shown in Fig. 3C and D, respectively. The average size of the CdS
QDs is�5.3 nm. The d-spacings of the clear crystalline structure
are 0.335 nm, 0.205 nm, and 0.352 nm, that can be indexed to
(111) and (220) of CdS (JCPDS no. 80-0019) and (101) of anatase
TiO2, respectively. EDS mapping of the sample is shown in
Fig. 3E and the corresponding line scan prole of EDX spectra is
shown in the ESI (Fig. S9†). The distribution and counts of the
Cd and S elements are very similar, but different from those of
the Ti and O elements; this indicates that the CdS crystal is the
only form in which Cd and S exist. Fig. 3F shows the UV-vis
spectra of the original sample and the sensitized sample. The
absorption range greatly enlarges from�380 nm to 570 nm. The
tuned band gap indicates that CdS QDs are well bonded onto
the TiO2 hybrid structure and provide a good electronic trans-
mission channel. Fig. 3G shows the XRD patterns of the sample.
A new peak at 2q ¼ 26.5� is observed and indexed to CdS, which
is in accordance with the abovementioned HRTEM results.

Photocurrent is usually seen as one of the key parameters of
PEC performance and reects the transfer efficiency of photo-
excited electrons. Fig. 4A presents the photocurrent density
characteristics (J–V curves) and photoconversion efficiencies of
the samples. The photocurrent density at 0 V vs. Ag/AgCl (JSC)
This journal is © The Royal Society of Chemistry 2017
and photoconversion efficiency (h) of the hybrid structure are
1.36 mA cm�2 and 0.81% (�0.51 V vs. Ag/AgCl), respectively,
nearly 2.4 times higher than those of bare TWTs (0.57 mA cm�2

and 0.35% at �0.42 V vs. Ag/AgCl). Furthermore, JSC and h of
1.53 mA cm�2 and 1.14% (�0.69 V vs. Ag/AgCl), respectively,
were attained for the CdS-sensitized TWTs. These results
conrm that CdS QD sensitization is an effective method for
enhancing the PEC performance of TWTs. The JSC and h of the
CdS-sensitized hybrid structure are found to be 2.31 mA cm�2

and 1.94% (�0.65 V vs. Ag/AgCl), respectively, about 1.5 times
those of the CdS-sensitized bare TWTs, and the hybrid structure
can boost the JSC and h of bare TWTs by up to 400%. Moreover,
the PEC performance of the electrodes at various wavelengths
was measured by the IPCE test. As shown in Fig. 4B, the best
RSC Adv., 2017, 7, 36902–36908 | 36905
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Fig. 4 J–V curves and photoconversion efficiencies (A), IPCE data (B),
and J–T curves under chopped illumination (C) of TWTs, hybrid
structure, CdS-sensitized TWTs, and CdS-sensitized hybrid structure.

Fig. 5 Schematic showing the charge-transfer processes between
CdS QDs and hybrid structure.
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IPCE of the CdS-sensitized hybrid structure electrode is around
25% across the absorption ranges, which is higher than those of
other electrodes (14% for CdS-sensitized TWTs > 6% for hybrid
structure > 2% for TWTs), indicating that electron–hole pairs
are more efficiently separated in the CdS-sensitized hybrid
structure electrode. IPCE results of the samples are in accor-
dance with the corresponding absorption spectra as well as the
corresponding photocurrent–voltage (J–V) curves. Stability,
reproducibility, and repeatability of the samples can be repre-
sented by transient photocurrent (J–T) plots. We generated the
36906 | RSC Adv., 2017, 7, 36902–36908
J–T plots at 0 V vs. Ag/AgCl under chopped illumination. The J–T
responses of the samples are shown in Fig. 4C; all the samples
show relatively good reproducibility and stability when illumi-
nation is turned on and off. The observed dark current densities
(light off) for all the samples are negligible. It is obvious that the
effect of CdS is more prominent in the CdS-sensitized hybrid
structure system as a result of the improved distribution of the
CdS QDs and the effective separation of the photo-generated
charges.

The superior PEC performance of the CdS-sensitized hybrid
structure can be ascribed to the following reasons: as illus-
trated in Fig. 5, the TiO2 nano-polyhedrons grown on TWTs
not only increase the specic surface area of the electrode but
also improve light utilization owing to the exposed highly
active {001} facets. It is also noteworthy that a higher specic
surface area can increase the interface are as between the
electrode and electrolyte, which can effectively reduce the
recombination rate of photo-generated electron–hole pairs and
thus enhance the photocurrent density. Moreover, the TiO2

nano-polyhedrons grown on TWTs with highly active {001}
facets provide more effective area for the adsorption of CdS,
thus increasing the generation of electron–hole pairs. More-
over, as the conduction band edge of CdS is higher than that of
TiO2, a type-II band structure is formed between CdS and TiO2,
facilitating the transfer of photo-generated electrons from CdS
to TiO2. The photoexcited electrons then move from CdS to
TiO2 nano-polyhedrons or move from CdS to TWTs and are
gathered on the Ti substrate; this leads to a considerably
reduced electron–hole recombination and enhanced photo-
current and efficiency.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05772e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:3

9:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusions

In summary, the TiO2 hybrid structure with highly active {001}
facets was fabricated via a facile method, which exhibited
higher specic surface area and enhanced PEC performance.
Under simulated sunlight illumination (AM 1.5 light at 100 mW
cm�2), JSC and h of the hybrid structure were 1.36 mA cm�2 and
0.81%, respectively, nearly 2.4 times higher than those of TWTs.
Moreover, the CdS-sensitized hybrid structure showed a supe-
rior PEC performance over the CdS-sensitized bare TWTs owing
to the larger specic surface area and enhanced activity
provided by nano-polyhedrons grown on the TWTs. JSC and h of
the CdS-sensitized hybrid structure were 2.31mA cm�2 & 1.94%,
respectively, about 1.5 times those of the CdS-sensitized TWTs,
and the hybrid structure can boost the JSC and h values of bare
TWTs by up to 400%. Thus, this TiO2 hybrid structure can be an
ideal candidate to construct a photoanode for water splitting
and photocatalysis.
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6 I. Mora-Seró, S. Giménez, F. Fabregat-Santiago, R. Gómez,
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