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Abstract Vertically aligned TiO,/SrTiO; core—shell
heterostructured nanowire arrays with different shell
thicknesses (5-40 nm) were fabricated on fluorine-doped
tin oxide substrate via a hydrothermal process.
Microstructural characterization demonstrated that the
TiO, nanowires were uniformly coated by the single-
crystal SrTiO; shell, where continuous and large-area
interface could be clearly observed. By this means, sig-
nificantly enhanced photoelectrochemical water splitting
properties (0.78 mA-cm 2 at 1.23 V vs. RHE) were suc-
cessfully realized in well-designed sample (with a shell
thickness of 5-10 nm) compared with those of pristine
TiO, (0.38 mA-cm 2 at 1.23 V vs. RHE). The improve-
ment of photoelectrochemical properties was attributed to
the improved charge injection and charge separation, which
are calculated by the results of water oxidation and sulfite
oxidation measurements. Based on these results, a mech-
anism was proposed that SrTiOj shell acted as an electron—
hole separation layer to improve the photocurrent density.
On the other hand, the sample with an over-thick SrTiO5
shell (2040 nm) exhibited slightly reduced photoelectro-
chemical properties (0.66 mA-cm™2), which could be
explained by the increase of the recombination rate in the
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thicker SrTiO;5 shell. This work provided a facile strategy
to improve and modulate the photoelectrochemical per-
formance of heterostructured photoanodes.
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1 Introduction

Hydrogen generation through solar energy has been
extensively considered as a favorable method to solve the
global energy crisis due to its clean, renewable and envi-
ronment-friendly character [1]. Up to now, numerous
efforts have been made to realize solar-driven water split-
ting in a low-cost and high-efficient way [2, 3]. Photo-
electrochemical (PEC) water splitting, because of its high
efficiency and high reliability, shows a promising appli-
cation prospect for hydrogen production and therefore is
attracting widespread attention of the researchers [4-6]. On
the basis of the previous studies, N-type semiconductor
transition-metal oxides, such as titanium dioxide (TiO,)
[7-9], zinc oxide (ZnO) [10, 11], and tungsten trioxide
(WO3) [12-14] could be used as photoanode materials for
PEC water splitting. In particular, TiO, has been widely
investigated as an important photoanode material due to its
suitable conducting band (CB) level, strong ultraviolet
(UV) absorption, superior chemical stability and low cost
[15, 16]. It has been proved that one-dimensional vertically
aligned TiO, arrays exhibit even higher PEC performance,
which could be a result of large surface area and effective
charge transfer due to its specific microstructure [17, 18].
However, there still remain some issues that would
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substantially limit the PEC performance of TiO,, including
large band gap and high electron—hole recombination rate
[5, 19, 20]. Toward these issues, fascinating strategies have
been developed of TiO,-based photoanodes, including
doping [21, 22], surface treatment [7] and fabricating
heterostructured nanocomposites [23-26].

Particularly, it has been verified that fabricating
heterostructured nanocomposites is a facile and efficient
approach to significantly enhance the PEC performance of
TiO,-based photoanodes [3]. This could be attributed to the
fact that the heterostructure constituted by two suit-
able semiconductors could improve the light absorption,
facilitate photo-induced charge separation and increase the
surface charge injection efficiency [27]. To date, numerous
photocatalysts with a promising visible light absorption or
charge injection, such as CdS [28, 29], BiVO, [25], Fe,03
[30, 31] and g-C3N,4 [32] were applied to the TiO,-based
photoanodes as the photoactive reaction sites. Moreover,
strontium titanate (SrTiO5;, STO) was also reported to be a
preferable photocatalyst for both pollutant degradation
[33, 34] and water splitting [35-37], and various TiO,/STO
heterostructured photoanodes have been investigated to
demonstrate an enhanced PEC performance [38, 39]. In
these photoanodes, TiO, mainly acts as the provider and
transport path of the photo-generated electrons and holes,
while STO acts as the injection path of the photo-generated
holes. Previous reports have confirmed that a heterostruc-
ture constituted by two single-crystal components with
high-quality interface could efficiently facilitate charge
separation, and therefore increase the photocatalytic prop-
erties [3]. However, the TiO, core in these photoanodes is
polycrystalline and constituted by aggregated particles
[38, 39], thus limiting the formation of the large-area,
continuous and high-quality TiO,/STO interface. More
importantly, the effect of shell thickness on PEC perfor-
mance in the core—shell heterostructured photoanodes has
rarely been investigated due to the difficulties in the syn-
thesis and characterization of the core—shell heterojunction
with different shell thicknesses.

In this work, single-crystal core—shell TiO,/STO nano-
wire arrays were synthesized via a two-step hydrothermal
method. According to the experiment result, well-designed
core—shell TiO,/STO nanowire arrays (NAs) photoanode
displayed enhanced photoelectrochemical performance
compared to pristine TiO, NAs. This result is attributed to
the promotion of charge separation efficiency and injection
efficiency, which could further originate from the proper
band alignment between TiO, and STO. This work
demonstrates that fabrication of core—shell heterojunction
with large interface area could be an efficient strategy to
improve PEC water splitting, where the shell thickness is
suggested to be an important factor to modulate the PEC
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performance by influencing charge separation efficiency
and injection efficiency.

2 Experimental
2.1 Preparation of TiO,/SrTiO3; nanowire arrays

First, rutile TiO, NAs were prepared on fluorine-doped tin
oxide (FTO) substrate via a facile hydrothermal process.
15 ml deionized water was mixed with 15 ml concentrated
hydrochloric acid (36.5 wt%-38.0 wt%). The mixture was
stirred for 1 min and then transferred into a 50 ml Teflon-
lined stainless-steel autoclave. Subsequently, 0.5 ml tetra-
butyl titanate (TBOT) was added into the mixture under
continuous stirring. One piece of FTO glass substrate
(1.5 cm x 3.0 cm), which was cleaned via ultrasonic
washing for 15 min in the mixture solution of deionized
water, acetone and isopropyl alcohol (1:1:1), was placed at
an angle against the wall of the reactor with the conducting
side facing down. Hydrothermal process was performed at
150 °C for 8 h. After cooling down to room temperature,
the FTO substrate was washed with deionized water several
times to remove the residual hydrochloric acid and TBOT
and dried at room temperature naturally.

Core—shell TiO,/SrTiO; NAs with different shell
thicknesses were prepared by a second hydrothermal pro-
cess, where TiO, NAs were set to be the templates. Firstly,
different amounts of Sr(OH),-8H,O were dissolved in
20 ml deionized water to obtain the solution with the
concentration of 0, 0.005, 0.020, 0.050, 0.100 mol~L71,
respectively. And the obtained solution was then trans-
ferred into a 50 ml Teflon-lined stainless-steel autoclave.
The as-prepared TiO, NAs substrate was placed at an angle
against the wall with TiO, NAs facing down. Hydrother-
mal process was performed at 200 °C for 8 h. After cooling
down to room temperature, the substrate was washed with
deionized water and 3 wt% hydrochloric acid to remove
the residual Sr(OH),-8H,0O and then dried at 60 °C in air.
Finally, to improve the crystallinity of NAs, the substrate
was annealed at 450 °C in air for 1 h.

2.2 Characterization techniques

X-ray diffraction (XRD) patterns were carried out at home
temperature using a Thermo ARL X’TRA diffractometer
with Bragg-Brentano geometry by Cu Ko radiation
(2 = 0.154056 nm) under 0.082-nm resolution. The mor-
phology was investigated using a scanning electron
microscope (SEM, Zeiss and Hitachi MODEL SU-70) with
an accelerating voltage of 5 kV. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
images were taken by FEI Technai G* F20 operated at the
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accelerating voltage of 200 kV and the bias voltage of
3950 V, which was combined with energy dispersive X-ray
(EDX) spectroscopy. Solid ultraviolet—visible (UV-Vis)
diffuse reflection spectra were collected on Agilent Cary
5000 UV-Vis—NIR spectrophotometer with integrating
sphere.

2.3 Photoelectrochemical measurements

All PEC tests were performed on an electrochemical
workstation (CHI 660e, CH Instruments Inc., Shanghai) in
a three-electrode configuration, where Pt sheet works as the
counter electrode and Ag/AgCl electrode works as the
reference electrode. All electrodes were drown in an
alkaline medium of a 1 mol-L™' NaOH aqueous solution
(pH = 14). The illumination source was a 300-W Xe lamp
under AM 1.5G light filter with a power density of 100
mW-cm ™2 on the photoanode. The conducting wire was
soldered to FTO substrate by soldering tin and metallic
indium to form the photoanode. The working, counter and
reference electrodes were installed in a quartz cell. The
photocurrent was measured by liner sweep voltammetry at
a scan rate of 20 mV-s~'. The photoconversion efficiency
(1) was calculated using the following equation:

n=J x (1.23 — Erug)/Piight (1)

where Eryg is the applied bias versus reversible hydrogen
electrode (RHE), J is the photocurrent density at the
measured bias and Pjgpe is the irradiance intensity of
100 mW-cm™2. The Erug was calculated by:

Erne = Eng/agct + Eng/agar +0.059 pH (2)

where Eag/aqci is the applied bias versus Ag/AgCl and
Ezg /AgCl is the standard electrode potential of the Ag/AgCl

(0.2224 V at 25 °C). Electrochemical impedance spec-
troscopy (EIS) was carried out by applying an alternative
current (AC) voltage at — 0.4 V in a frequency range from
100 kHz to 0.01 Hz under illumination. Mott—Schottky
plots were evaluated at a direct current (DC) potential
range from — 1.5 to 0 V at a frequency of 1 kHz.

3 Result and discussion
3.1 Material characterization

The schematic illustration of the fabrication of TiO, and
TiO,/STO NAs on FTO substrate is shown in Fig. la.
Vertically aligned precursors of TiO, NAs were firstly
grown on a FTO substrate via a hydrothermal process.
Subsequently, the second hydrothermal process using
Sr(OH), was employed to convert the surface of TiO, NAs
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into STO. Finally, the precursor was annealed to acquire
TiO, and TiO,/STO NAs on FTO substrate. The samples
synthesized by different concentrations of Sr(OH), in
second hydrothermal process are denoted as TiO,
(0 mol-L™"), ST00.005 (0.005 mol-L™"), ST00.020
(0.020 mol-L™"),  ST00.050  (0.050 mol-L™")  and
STO0.100 (0.100 mol-L~") samples. XRD patterns of the
samples are shown in Fig. 1b, where sharp peaks located at
26°, 38° and 52° could be detected in all patterns corre-
sponding to SnO, in the FTO substrate (marked using a
rectangle symbol). Besides, the diffraction peaks of rutile
TiO, (JCPDS No. 88-1175) could be detected in all pat-
terns, while the diffraction peaks of STO (JCPDS No.
35-0734) could only be detected in STO0.020, STO0.050
and STOO0.100 samples. Obviously, the intensity of the
peaks of STO increases along with the increase of the
concentration of Sr(OH),, and meanwhile, the peaks of
rutile TiO, diminish correspondingly. This result suggests
that STO shell generates with the consumption of TiO,
core, and higher concentration of Sr(OH), could lead to
more TiO, conversion. However, the STO0.005 sample
shows no peaks corresponding to STO, which could be
possibly attributed to the poor crystallinity and low content
of STO.

Figure 1c—g show SEM images of TiO, NAs and TiO,/
STO core—shell heterostructured NAs (top view and cross-
section view, respectively). It could be observed that all
samples demonstrate a morphology of vertically aligned
nanowires with regular facets on FTO substrate. The
average length and diameter of pristine TiO, NAs are
~ 1.5 and ~ 100.0 nm, respectively (Fig. 1c). No sig-
nificant size difference could be observed in STO coated
samples (Fig. 1d—g). Differently, the nanowires in
STO0.050 and STOO0.100 samples (Fig. 1f, g) exhibit
rough surface, and a few nanoparticles appear on the top
side of the NAs. This morphology could possibly be
attributed to the transition process from rutile TiO, to STO
in the second hydrothermal process.

Figure 2 illustrates TEM and EDX mapping images of
STO00.020 sample. The morphology of a typical TiO,/STO
heterostructured nanowire with a diameter of ~ 120 nm is
shown in Fig. 2a. This single nanowire exhibits smooth
surface and regular one-dimensional shape, agreeing well
with SEM results, and the thickness of STO shell of
STO0.020 sample could be determined as 5-10 nm
according to the statistical results (Fig. S1). HRTEM image
and corresponding fast Fourier transform (FFT) patterns
(Fig. 2b) have also been adopted to investigate the
microstructure near the TiO,/STO interface. The intervals
of lattice fringes are detected to be 0.278 nm (vertically),
0.273 nm (horizontally) above the interface and 0.294 nm
(vertically), 0.318 nm (horizontally) below the interface,
corresponding to STO (110), (110) plane and rutile TiO,
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Fig. 1 a Schematic illustration of synthesis process of rutile TiO, NAs and core—shell TiO,/STO NAs on FTO substrate; b XRD patterns; top-
view and cross-section SEM images of ¢ pristine TiO, NAs and d ST0O0.005, e STO0.020, f STO0.050 and g STO0.100 samples

(001), (110) planes, respectively. The calculated lattice
mismatch is ~ 6%, which is tolerable for a coherent
interface. Besides, the insets show the FFT patterns cor-
responding to the area above and below the interface,
respectively. Only one set of spots (along [001] zone axis
of STO) could be observed in the FFT pattern of the area
above the interface. As for the area below the interface, two
sets of spots could be distinguished corresponding to STO
[001] and TiO, [110] zone axis, respectively. This is
probably because TiO, core is completely wrapped up with
STO shell, and electron beams need to pass through the
entire sample to obtain the image in TEM characterization.
In addition, EDX elemental mapping (Fig. 2c, d) demon-
strates the two-dimensional elemental distributions of Sr
and Ti in the dashed-square marked region in Fig. 2a. As
shown in Fig. 2c, d, Ti is uniformly distributed along the
entire nanowire while Sr is concentrated at the edge of
nanowire, suggesting a TiO,/STO core—shell heterostruc-
ture with a shell thickness of ~ 10 nm. Meanwhile,
STOO0.100 sample was also characterized under TEM
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(Fig. S2), showing a shell thickness of 20-40 nm. The
nanowire of STO0.100 sample with a shell thickness of
~ 40 nm (Fig. S3) exhibits a rough surface (Fig. S3a), and
a superposition area could be detected near the hetero-
junction interface (Fig. S3b). HRTEM image indicates that
the lattice spacing of the shell and core fits well with the
(110)/(110) plane of STO and the (001)/(110) plane of
rutile TiO,, respectively, similar to that of STO00.020
sample (Fig. S3b). In the FFT pattern of superposition area,
two sets of spots can be distinguished corresponding to
STO and rutile TiO,, respectively (Fig. S3d). And the
particles on the tip of the nanowires are characterized to be
well-crystallized STO (Fig. S3e-f). Accordingly, the
results evidence that different concentrations of Sr(OH), in
the reactant lead to a similar growth orientation, and the
STO shell thickness increases as the Sr(OH), concentration
rises. Based on this, it is reasonable to speculate that higher
concentration of Sr(OH), in the reactant could lead to a
thicker STO shell.
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Fig. 2 Microstructure and elemental characterization of STO0.020 sample: a TEM image and b HRTEM image of a typical nanowire of
STO0.020 sample (insets being corresponding FFT images corresponding to area above interface or below interface, respectively); EDX
elemental mapping of dashed-square marked region in a with individual elements of ¢ Ti (red) and d Sr (green)

3.2 PEC performance

The as-prepared pristine TiO, and TiO,/STO core—shell
heterostructured NAs were investigated as PEC photoan-
odes for water splitting under AM 1.5G illumination.
Figure 3a shows the photocurrent density—potential (/-
V) curves of pristine TiO, and core—shell TiO,/STO NAs in
1 mol-L ™! sodium hydroxide (NaOH) solution. According
to the dark scan pattern, no obvious background current
density can be detected, indicating that no electrochemical
reaction occurs on PEC photoanodes. When the PEC
photoanodes are under illumination, the current density
quickly increases after the potential reaches 0.3-0.4 V (vs.
RHE). The photocurrent density of pristine TiO, NAs at
123V (vs. RHE) is 0.38 mA-cm~2, while ST00.005
sample and ST0O0.020 sample show a photocurrent density
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of 0.56 and 0.76 mA-cm 2 (at 1.23 V vs. RHE), respec-
tively, exhibiting 47% and 100% improvements compared
to pristine TiO,. As for STO0.050 and STOO0.100 samples,
the photocurrent density drops to 0.68 and 0.66 mA-cm™>
at 1.23 V (vs. RHE), respectively. Furthermore, as the
potential continues to increase after 1.23 V (vs. RHE), the
photocurrent density tends to be stable, which could be
resulted from the saturation of photo-generated carriers.
Accordingly, the photoconversion efficiency has been
calculated as a function of applied voltage (Fig. 3c) based
on the results of photocurrent density. STO0.020 sample
shows the maximum photoconversion efficiency of 0.18%
at 0.82 V (vs. RHE), and other samples exhibit the lower
value (TiO, 0.09%, ST0O0.005 0.15%, STO0.050 0.17%
and STOO0.100 0.15%), which demonstrate a similar vari-
ation with photocurrent density.
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Fig. 3 PEC water oxidation performance of as-prepared TiO, and TiO,/STO NAs photoanodes: a photocurrent density—voltage (J-V) curves,
b amperometric /-t curves at potential of 1.5 V (vs. RHE) under chopped light illumination, ¢ calculated photoconversion efficiency and
d chronopotentiometric curves of TiO, and TiO,/STO nanowire array photoanodes (all samples being measured in 1 mol-L~! NaOH electrolyte

under AM 1.5G illumination)

To investigate the photoresponse of pristine TiO, and
TiO,/STO core—shell heterostructured NAs, photocurrent—
time (/-f) curves were carried out by chronoamperometry
(Fig. 3b) under chopped light illumination at a stable po-
tential of 1.5 V (vs. RHE). As shown in Fig. 3b, both
pristine TiO, and TiO,/STO core—shell heterostructured
NAs display fast and reproducible photocurrent response
with the light turns ON and OFF periodically. Meanwhile,
the photocurrent density of the photoanodes under illumi-
nation is identical with that in J-V curves (at 1.5 V vs.
RHE, Fig. 3a), which further demonstrates favorable pho-
toresponse of the as-prepared photoanodes. Moreover,
chronopotentiometric measurement with a constant current
of zero has been taken to determine the change of onset
potential. The onset potential reflects the surface band
structure, which is effective to characterize the surface
state of photoanodes. The result shows that the pristine
TiO,, STO0.005 and STO0.020 samples exhibit declining
onset potential (0.33, 0.28 and 0.17 V vs. RHE) with the
increase of the Sr(OH), concentration in the reactant due to
the continuous formation of STO shell. As for STO0.050
and STOO0.100 samples, the onset potentials are 0.16 and
0.15 V (vs. RHE), respectively, indicating that there are
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hardly any changes of surface state in the photoanodes
compared with STO0.020 sample. Accordingly, it is sug-
gested that TiO, NAs are completely wrapped in STO shell
in STO0.020, STO0.050 and STOO0.100 samples.

3.3 Mechanism discussion

According to the results of material characterization and
PEC performance measurement, it is suggested that the
photoanodes with a uniform STO shell could lead to lar-
gely improved PEC performance compared with pristine
TiO, NAs, and STO shell thickness is vital in modulating
the PEC performance. Theoretically, the photocurrent
density can be described by the following relation:

Jeec = Japs X Nseparation X Minjection (3)

where Jpgc is measured photocurrent density, J,p,s is the-
oretical photocurrent density at 100% internal quantum
efficiency, and #separation aNd Hinjection are separation effi-
ciency and injection efficiency, which represent the pos-
sibility of photo-generated holes migrating to the surface
and the surface-reaching holes participating in specific
electrochemical reactions, respectively [26]. To further
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understand the improvement of photocurrent density, light
absorption property, charge separation and injection mea-
surement have been taken to study its internal mechanism.

Firstly, the UV—Vis light absorption spectra is obtained
to investigate the influence of J,,s (Fig. S4), showing a
same light absorption edge (~ 410 nm) of the pristine
TiO, and core-shell TiO,/STO NAs. According to the
previous report, only light with the wavelength under
420 nm could be well utilized by rutile TiO, and STO, thus
the light absorption over 300420 nm is worth a strong
attention (the intensity of light with the wavelength under
300 nm is too weak to consider according to AM 1.5G
solar spectrum in Fig. S5b) [7]. According to absorption
plus scattering (A + S) spectrum (Fig. S5a), AM 1.5G
solar spectrum (Fig. S5b) and light harvesting efficiency
(LHE) spectrum (Fig. S5¢), the maximum electron flux at
the photoanodes was successfully calculated (Fig. S5d),
achieving the J,,s values of 1.47, 1.49, 1.46, 1.46 and
1.44 mA-cm ™2 corresponding to pristine TiO,, ST00.005,
STO00.020, STO0.050 and STOO0.100 samples, respectively.
The calculated J,,; shows tiny variation so as to be ignored,
which demonstrates that light absorption should not take
any responsibility for the improvement of PEC
performance.

To investigate the influence of #geparation aNd Hinjections
PEC sulfite oxidation (SO) and water oxidation (WO)
measurements were adopted, where phosphate buffer
solution (pH = 7) with and without sodium sulfite was used
as electrolytes, respectively. As reported before, sodium
sulfite is considered as a strong hole scavenger. In the
process of SO, #injection Can be approximated as 100% [40],
thus, the relation can be described as:

Jso = Jabs X Hseparation (4)

where Jgq is the photocurrent density of SO; thus, #separation
can be calculated easily (Wseparaion = Jso/Maps). Then
according to photocurrent density of WO, #igjeciion an be
calculated by the relation as:

Minjection = JWO/(Jabs X ’7separation) (5)

Figure 4a, b shows the results of SO and WO measure-
ment, respectively. It could be observed that all core—shell
TiO,/STO NAs show higher photocurrent density than
pristine TiO, by both WO and SO measurements, similar to
the results of PEC photocurrent density measured in
sodium hydroxide electrolyte. However, the value of pho-
tocurrent density of SO is much higher than that of WO in
the same sample, which is caused by the obvious
improvement Of #ipjection 1N sodium sulfite electrolyte.
According to the equation above, #separation aNd Hinjection aT€
calculated and shown in Fig. 4c, d. It can be observed that
STO0.020 sample shows substantially improved #separation
and #ipjection (~ 59% and ~ 100% at 1.23 V vs. RHE)
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compared with pristine TiO, NAs (~ 37% and ~ 83% at
1.23 V vs. RHE), which exhibit 59.4% and 20.5%
enhancement, respectively. Meanwhile, the insets clearly
show the variation trend of #separation A0 injection With the
increase of Sr(OH), concentration in the reactant. As the
Sr(OH), concentration in the reactant increases, #separation
and Pipjection first increase (STO0.005 and STO0.020) and
then reduce (STO0.050 and STOO0.100), agreeing well with
the variation of photocurrent density. The results of the SO
and WO measurement indicate that both improved injec-
tion efficiency and separation efficiency should take the
responsibility for enhanced PEC performance.

To reveal the specific mechanism of improved #separation
and 7ipjection, light absorption property, charge carrier
density, charge transport resistance and band structure
should be taken into consideration. First of all, the light
absorption has been discussed before (Figs. S4 and S5),
which shows no variation between pristine TiO, and TiO,/
STO core-shell heterostructured samples. Secondly, elec-
trochemical impedance measurements have been employed
in order to investigate the influence of charge carrier den-
sity and charge transport resistance. Figure S6a shows the
Mott—Schottky plots of the as-prepared pristine TiO, and
core—shell TiO,/STO NAs photoanodes. The positive slope
of the plots indicates that all samples are n-type semicon-
ductor. According to Mott—Schottky equation, the charge
carrier density is calculated from the slope, which is
2.31 x 10", 2.03 x 10", 1.19 x 10", 2.25 x 10" and
4.00 x 10" em™  corresponding to pristine TiO,,
STO0.005, STO0.020, STO0.050 and STO0.100 samples,
respectively [14, 41, 42]. The slight difference of the
charge carrier density among the samples suggests that
STO shell could hardly improve the carrier density of the
samples. Accordingly, the charge carrier density should not
be the reason for enhanced PEC performance.

The electrochemical impedance spectroscopy (EIS)
plots are shown in Fig. S6b. It is obvious that the pristine
TiO, NAs show the smallest semicircle diameter among
the samples, corresponding to the lowest charge transport
resistance. As for STO0.005, STO0.020, STO0.050 and
STOO0.100 samples, the semicircle diameter slightly
improves as the STO shell becomes thicker, indicating an
improved charge transport resistance. This phenomenon
could be explained by the poor charge transport properties
of STO compared with rutile TiO, and the barrier in the
TiO,/STO interface, suggesting that charge transport is not
the reason for enhanced PEC performance.

Band structure of the core—shell TiO,/STO NAs and the
schematic illustration of the carrier transfer process in
core—shell TiO,/STO NAs photoanodes are shown in
Fig. 5a, b, respectively [43]. As shown in Fig. Sa, the
conductive band of TiO; is located at 0.15 V, higher than
that of STO (— 0.12 V). In the interface of TiO,/STO,
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photo-generated electrons flow from STO shell to TiO,
core spontaneously due to the difference between the
energy levels (Fig. 5a). Meanwhile, the photo-generated
holes flow from TiO, core to STO shell, forming a
depletion layer in the interface ultimately, which reduces
the possibility of the recombination of photo-generated
electrons and holes. The space charge transfer process is
shown in Fig. 5b. The electrons in the valence band are
inspired by the light and jump into the conductive band.
This process both occurs in STO shell and TiO, core at the
same time. Owing to the band alignment between TiO, and
STO, the photo-generated electrons and holes start to
migrate directionally, leading to aggregation of electrons in
TiO, and holes in STO. Then the electrons in TiO, are
transferred to counter electrode under the effect of bias
voltage for water reduction, and the holes in STO react in
the surface of photoanodes for water oxidation. Therefore,
the proper band structure and resulting depletion layer in
TiO,/STO interface are the main reason for the increase of
Nseparation compared with pristine TiO, NAs photoanode.
Moreover, the mechanism illustration of the dropped
Nseparaion Of STO0.100 sample compared with that of
STO0.020 sample is shown in Fig. 5c, d. In STO0.020
sample, the depletion layer in the TiO,/STO interface is
very close to the band bending near electrode/electrolyte
interface (Fig. 5c) because of the low thickness of the STO
shell (5-10 nm). As a result, the STO shell plays the role of
an electron—hole separation layer, where electrons and
holes will quickly migrate to the opposite sides of STO
shell. In this case, the concentration of the carriers is rel-
atively low, which promotes the separation of photo-gen-
erated electrons—holes pairs and reduces the possibility of
recombination (Fig. 5c). However, when the STO shell
thickness increases to more than 20 nm (STOO0.050 and
STOO0.100 samples), the STO shell is more like bulk
material. The internal band structure tends to flatten,
leading to low charge carrier transport efficiency. This
could improve the possibility of recombination of the
electron—hole pairs during the charge carrier transport
process in STO shell (Fig. 5d). Therefore, the STO0.050
and STOO0.100 samples (with a thick STO shell of over
20 nm), on the contrary, show a reduced #separation COM-
pared to STO0.020 (with a STO shell of 5-10 nm) samples.
In addition, the variation of #ipjection could be explained
by the change of surface microstructure. First of all, the
increased 7ipjection Of STO0.020 sample compared to pris-
tine TiO, is possibly attributed to the rebuilding of crystal
structures in the surface of photoanodes during the second
hydrothermal process. The process that rutile TiO, in the
surface transforms into STO could lead to a better crys-
tallinity of the photoanode surface, therefore giving rise to
an increased #ipjection- As for ST00.050 and STO0.100
samples, it could be speculated that the STO particles on

Rare Met. (2019) 38(5):369-378

the tip of the NAs (Fig. S3e, f) could influence the mass
transfer efficiency at electrode/electrolyte interface, and the
rough surface (Fig. S3a, b) of the nanowires could also
form a barrier of the carrier injection, leading to the decline
Of Minjection compared to STO0.020 sample.

4 Conclusion

In summary, TiO,/STO core—shell heterostructured NAs
photoanode with difference STO shell thicknesses were
fabricated by a two-step hydrothermal process. According
to experiment results, STO0.020 sample, where the STO
shell was characterized to be 5-10 nm, yield the highest
photocurrent density (0.78 mA-cm™2 at 1.23 V vs. RHE),
which is 1.82 times that in pristine TiO, (0.36 mA-cm 2 at
1.23 V vs. RHE). As the STO shell thickness increased to
over 20 nm in STOO0.050 and STOO0.100 samples, the as-
prepared photoanodes show a slight drop PEC performance
(0.68 and 0.66 mA-cm ™2 at 1.23 V vs. RHE) compared to
STO0.020 sample. The variation of PEC properties is
attributed to the charge injection and charge separation,
which is calculated by the results of WO and SO mea-
surements. Based on the experimental results, a mechanism
has been proposed to explain the results, where the surface
microstructure and band structure could be inferred as the
reason of the variation of charge injection and charge
separation efficiency, respectively. This work provides a
new strategy to modulate the PEC properties by adjusting
the shell thickness of the core—shell heterostructure, which
could be inspiring to guide the design of the heterostruc-
tured photoanodes.
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