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A B S T R A C T

A highly-matched semiconductor/cocatalyst is crucial to enhance the bulk charge separation and surface
reaction kinetics of the photoelectrode in the solar water splitting system. In this work, well-aligned,
hierarchical zinc-iron layered double hydroxide (LDH) is in situ synthesized on the surface of TiO2 by a facile
and effective photo-assisted electrodeposition (PED) method. An experimental-computational combination
study reveals that the photogenerated holes of TiO2 tend to travel to ZnFe-LDH which enhances the bulk charge
separation; while ZnFe-LDH acts as a cocatalyst which accelerates the surface water oxidation reaction. The
resulting TiO2/ZnFe-LDH-PE photoanode exhibits a largely enhanced PEC performance: the photocurrent
density at 1.0 V vs. RHE is 2.29 and 1.31 times higher than that of the pristine TiO2 and TiO2/ZnFe-LDH-E
(prepared by a conventional electrosynthesis method) photoanode, with 150 mV and 50 mV of negative shift for
onset potential. This can be ascribed to the enhanced interface interaction and highly-matched band structure
between ZnFe-LDH and TiO2. It is expected that this strategy can be extended to other heterostructures for
advanced performance in the fields of energy conversion and storage.

1. Introduction

Photoelectrochemical (PEC) water splitting has been recognized as
one of the most promising technologies to provide clean, cost-effective
hydrogen fuel with a high solar-to-chemical energy conversion [1–4].
Particularly, photoanode plays a key role in the PEC water splitting
system due to the multistep proton-coupled electron transfer in water
oxidation. Although semiconductors (e.g., TiO2 [5–7], α-Fe2O3 [8–10],
WO3 [11–13] and BiVO4 [14–16]) have been extensively studied as
photoanodes for water splitting, they normally suffer from poor holes
transfer efficiency and slow surface oxidation reaction. To address
these limitations, an efficient technique is to introduce oxygen evolu-
tion reaction (OER) cocatalysts to collaborate with semiconductors,
which would improve the activity of photoanode by reducing the
overpotential of water oxidation [17–21]. Unfortunately, the as-formed
semiconductor/cocatalysts (sem/cat) interface inevitably generates
new electron-hole recombination centers, resulting in degradation of
PEC water splitting performance.

Aiming at “adaptive-interface” in the heterostructure of photoa-
nodes, great efforts have been developed by either constructing
nanostructures to minimize charge transfer distance or modifying
cocatalysts to enhance hole transfer efficiency [22–25]. Practically,

the establishment of an optimized buried junction with conductive and
chemically stable surface is essential for the deposition of cocatalysts.
Recently, a uniform cocatalyst film over the semiconductor has been
reported by using photo-assisted deposition strategy, which has shown
largely enhanced PEC water splitting performance [26]. As a class of
2D structure anionic clays, layered double hydroxides (LDHs) have
attracted increasing attention owing to their tunable chemical compo-
sition and multi-functionalities [27–30]. Especially, the transition
metal-containing LDHs have shown highly-efficient catalytic perfor-
mance toward electrochemical water splitting, which can be used as
cocatalysts in PEC water splitting. In our previous work, the in situ
electrodeposition of layered double hydroxide (LDHs) nanoplatelets
arrays on the surface of semiconductor core has been demonstrated as
an efficient way to construct sem/cat photoanode [31,32]. In despite of
some progresses, how to design and fabricate photoanodes with highly-
matched sem/cat interface through material design and synthesis
exploration remains a big challenge.

Herein, we report the fabrication of well-aligned TiO2/ZnFe-LDH
hierarchical nanoarrays (NAs) by direct deposition of ZnFe-LDH
nanosheets on TiO2 NAs via a photo-assisted electrodeposition
(PED) method (denoted as TiO2/ZnFe-LDH-PE). In comparison with
the counterpart material prepared by a pristine electrodeposition (ED)
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method (denoted as TiO2/ZnFe-LDH-E), the TiO2/ZnFe-LDH-PE
sample shows significantly improved charge separation and hole
injection efficiency, which is attributed to the strongly-bound sem/cat
interface. As a result, the TiO2/ZnFe-LDH-PE NAs sample gives a
largely enhanced PEC performance: the photocurrent density at 1.0 V
vs. RHE is 1.31 and 2.29 times higher than that of TiO2/ZnFe-LDH-E
NAs and pristine TiO2 NAs, respectively, with 50 mV and 150 mV of
negative shift for onset potential. A combination study based on
experiment and density functional theory (DFT) calculation reveals
that the photo-induced holes tend to transfer from TiO2 to ZnFe-LDH
due to the matched band structure, which is essential to accelerate the
water oxidation.

2. Experimental sections

2.1. Preparation of TiO2/ZnFe-LDH-PE and TiO2/ZnFe-LDH-E NAs

The TiO2 NAs was prepared on FTO substrate using a previously
reported hydrothermal method [33]. Photo-assisted electrodeposition
of ZnFe-LDH was performed in a three-electrode configuration by
using TiO2 NAs as working electrode, Pt wire as counter electrode, and
saturated calomel electrode (SCE) as reference electrode. The electro-
lyte was obtained by dissolving Zn(NO3)2·6H2O (0.1 M) and FeCl2·
6H2O (0.15 M) in 50 mL of distilled water, which was agitated by a
magnetic stirrer with a continuous N2 flow to prevent the oxidation of
Fe2+. The potentiostatic deposition was carried out at a potential of
−1.0 V vs. SCE with light illumination at a power density of
100 mW cm−2 by a 150 W Xe lamp. The resulting hierarchical NAs
sample was withdrawn and rinsed with distilled water, and then was
placed in ambient air for the self-oxidation of Fe2+ to Fe3+(denoted as
TiO2/ZnFe-LDH-PE). The electrodeposition of ZnFe-LDH onto TiO2

NWs was performed by the same method but without the illumination
(denoted as TiO2/ZnFe-LDH-E).

2.2. Characterizations

The morphology was investigated using a scanning electron micro-
scopy (SEM; Zeiss SUPRA 55) with an accelerating voltage of 20 kV

combined with energy dispersive X-ray (EDX) spectroscopy.
Transmission electron microscopy (TEM) images were recorded using
a Hitachi H-800 TEM with an accelerating voltage of 200 kV. X-ray
diffraction (XRD) patterns were collected on a Rigaku XRD-6000
diffractormeter using Cu Kα radiation. Solid UV–vis diffuse reflection
spectra were collected on a Shimadzu U-3000 spectrophotometer.
Fluorescence spectra were recorded on a RF-5301PC fluorospectro-
photometer with an excitation wavelength of 300 nm. X-ray photoelec-
tron spectra (XPS) were performed on a Thermo VG ESCALAB 250 X-
ray photoelectron spectrometer using Al Kα radiation at a pressure of
about 2×10−9 Pa.

2.3. Photoelectrochemical measurements

All the PEC water splitting performances were operated on an
electrochemical workstation (CHI 660e, CH Instruments Inc.,
Shanghai) at room temperature in a neutral medium of a 0.5 M
Na2SO4 aqueous solution with a conventional three-electrode cell.
Illumination source was a 150 W Xe lamp with a power density of
100 mW cm−2. The as-obtained TiO2, TiO2/ZnFe-LDH-E and TiO2/
ZnFe-LDH-PE NAs on FTO substrate as working electrode were
immersed in the electrolyte with an area of 1 cm×3 cm. The
working, counter (a Pt wire), and reference (a saturated calomel
electrode (SCE)) electrode are installed in a quartz cell. The
photocurrent was measured by cyclic voltammetry (CV) or linear
sweep voltammetry (LSV) at a scan rate of 10 mV s−1. For the
incident photon to current efficiency (IPCE) tests, the photocurrent
was measured by LSV under monochromatic light irradiation by
using optical filter on the Xe lamp (see details in the Supporting
information). Electrochemical impedance spectroscopy (EIS) was
carried out by applying an AC voltage at 0 V with frequency ranging
from 100 kHz to 0.01 Hz under illumination. Mott-Schottky plots
were evaluated at DC potential range from −1.0 to 0.4 V at a
frequency of 1 kHz. The photoelectrochemically generated gas was
collected in a home-made airtight transparent electrochemical cell
by a drainage method.

Fig. 1. (A) Schematic illustration for the fabrication of TiO2/ZnFe-LDH-PE NAs. SEM images of (B) TiO2, (C) TiO2/ZnFe-LDH-E and (D) TiO2/ZnFe-LDH-PE NAs, respectively. (E)
TEM image of TiO2/ZnFe-LDH-PE NAs.
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3. Results and discussion

3.1. Materials preparation and characterization

The preparation process of TiO2/ZnFe-LDH-PE photoelectrode is
illustrated in Fig. 1A, which involves the photo-assisted electrodeposi-
tion of ZnFe-LDH nanoplatelets onto the TiO2 nanoarrays (NAs).
Typically, vertically-aligned TiO2 NAs was firstly grown on the fluor-
ine-doped tin oxide (FTO) substrate via a hydrothermal method as
described previously [33], with an average diameter of ∼100 nm and an
average length of ∼2.0 µm (Fig. 1B). The ZnFe-LDH was in situ
synthesized on the surface of TiO2 NAs by using electrochemical
method with a Xe lamp illumination. Compared with TiO2/ZnFe-
LDH-E prepared by a pristine electrosynthesis method, the LDH
nanoplatelets are more uniformly dispersed in the TiO2/ZnFe-LDH-
PE electrode with well-defined plate-like morphology, suggesting the
illumination facilitates the crystallization/evolution of LDH nanoplate-
lets on the surface of TiO2 NAs (Fig. 1C and D). The TEM image shows
a core-shell hierarchical nanostructure of TiO2/ZnFe-LDH-PE NAs
(Fig. 1E), which is consist with the SEM images. It is worth mention
that the ZnFe-LDH nanoplatelets are mainly deposited on the upper-
half of TiO2 NAs, with a low density on the bottom part (Fig. S1). The
molar ratio of Zn/Fe in TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE is
close based on energy dispersive X-ray (EDX) spectroscopy (Fig. S2),
implying that the PED method does not affect the chemical composi-
tion of introduced ZnFe-LDH. It is found that a higher illumination
power density leads to a more uniform dispersion of ZnFe-LDH
nanoplatelets (Fig. S3). The influence of deposition time (from 25 s
to 200 s) on the production of TiO2/ZnFe-LDH-E and TiO2/ZnFe-
LDH-PE were also carried out (Fig. S4−S6). After 50 s of electrodepo-
sition, a more dense packing of ZnFe-LDH in TiO2/ZnFe-LDH-PE is
observed than that in TiO2/ZnFe-LDH-E (Zn/Fe/Ti ratio: 0.26/0.81/
32.43 vs. 0.18/0.56/32.42). As the deposition time increases, a thin
LDH layer with plate-like morphology appears on the surface of TiO2

NWs, without obvious distinction between these two group samples.
This indicates that the illumination imposes influence on the crystal-
lization of ZnFe-LDH but has little effect on the following crystal
growth process.

XRD patterns of TiO2, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE
are shown in Fig. 2A, from which two sharp reflections located at 36.1°
and 62.8° are observed for all these three samples, corresponding to
the (101) and (002) diffraction peak of rutile TiO2 (JCPDS No. 21-
1276), respectively. For the latter two samples, the (003) reflection of a
typical LDH phase at 11.6° appear, indicating the successful synthesis
of ZnFe-LDH on the surface of TiO2 NAs. The stronger intensity of
(003) reflection in TiO2/ZnFe-LDH-PE relative to TiO2/ZnFe-LDH-E
suggests a higher crystalline degree of ZnFe-LDH, which is in
accordance with the result of SEM observations. In addition, a
prolonged deposition time induces an enhancement in the intensity
of (003) reflection for LDH (Fig. S7).

X-ray photoelectron spectroscopy (XPS) was performed to explore
the effect of illumination on the heterostructure of ZnFe-LDH and
TiO2. Fig. 2B shows the Ti 2p XPS spectra for TiO2, TiO2/ZnFe-LDH-E
and TiO2/ZnFe-LDH-PE NAs. The pure TiO2 NAs display two peaks at
458.6 and 464.3 eV, corresponding to Ti 2p3/2 and Ti 2p1/2, respec-
tively [34]. After the deposition of ZnFe-LDH, both the two peaks shift
to lower energy level, suggesting the electron transfer from ZnFe-LDH
to TiO2. A larger shift (0.4 eV) of Ti 2p3/2 for TiO2/ZnFe-LDH-PE
compared with TiO2/ZnFe-LDH-E (0.3 eV) is observed, indicating a
stronger interaction between TiO2 and ZnFe-LDH obtained by the PED
method. Fig. 2C and D show the Zn 2p and Fe 2p XPS spectra for the
three samples. Compared with the pure ZnFe-LDH, an obvious positive
shift in Zn 2p peaks and a slight positive shift in Fe 2p peaks are
observed for TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE, confirming

the electron transfer from ZnFe-LDH to TiO2. Similarly, a larger shift
(0.35 eV) of Zn 2p3/2 for TiO2/ZnFe-LDH-PE relative to TiO2/ZnFe-
LDH-E (0.20 eV) further verifies a stronger electron interaction
between TiO2 and PE-deposited ZnFe-LDH. As a result, the photo-
assisted electrodeposition leads to a high crystallinity of ZnFe-LDH on
the surface of TiO2 NAs with an enhanced electron transfer. A strong
interface interaction between photocatalyst and cocatalyst would
influence the resulting PEC properties, which will be discussed in the
next section.

3.2. Studies on PEC water splitting

PEC water splitting measurements were subsequently carried out
for the three samples in a neutral medium (0.5 M Na2SO4 aqueous
solution). As shown in Fig. 3A, pristine TiO2 NAs display a relatively
low photoresponse with a photocurrent density of 0.79 mA cm−2 at
1.23 V vs. RHE. A largely enhanced photocurrent density
(1.26 mA cm−2) is observed for the TiO2/ZnFe-LDH-E NAs. In the
case of TiO2/ZnFe-LDH-PE NAs, the photocurrent density further
reaches to 1.51 mA cm−2 at 1.23 V vs. RHE, 1.91 and 1.20 times higher
than that of the pristine TiO2 and TiO2/ZnFe-LDH-E NAs samples,
respectively. The onset potential of TiO2/ZnFe-LDH-PE NAs also has
an obvious negative shift compared with the other two samples. In
addition, transient photocurrent measurements were carried out under
chopped light illumination (Fig. 3B). All these samples display a
prompt and reproducible photocurrent response with respect to the
ON-OFF cycles of the irradiation signal, which further demonstrates
the improvement in PEC performance by the PE-deposited ZnFe-LDH.
Moreover, the photoconversion efficiency of each photoanode (Fig. 3C)
was calculated based on the current-voltage (J-V) curve as a function of
applied voltage, giving the following order: TiO2/ZnFe-LDH-PE >
TiO2/ZnFe-LDH-E > TiO2 NAs. Incident photon to current efficiency
(IPCE) results show that all these samples exhibit photocatalytic
activity in UV region (below 420 nm) and inactivity in the visible
region (Fig. 3D), which suggests TiO2 serves as photocatalyst for the
generation of electron and hole. The TiO2/ZnFe-LDH-PE photoanode
shows the highest IPCE at 400 nm: 4.86% vs. 2.50% and 4.61% for
TiO2 and TiO2/ZnFe-LDH-E. The faradaic efficiency is obtained by
comparing the theoretical O2 production calculated from the photo-
current with the actual gas yield (Fig. 3E and Fig. S8). In three cycles,
TiO2/ZnFe-LDH-PE photoanode gives an average O2 production of
15.15 μmol h−1, which is 1.77 and 1.13 times higher than that of TiO2

and TiO2/ZnFe-LDH-E photoanode, respectively. The photocurrent-to-
oxygen conversion efficiencies for the three samples are nearly 100%,
indicating the increased photocurrent is due to water oxidation. A
durability test based on chronoamperometric measurements shows
that all the three samples give a stable photocurrent ( < 5% current
decay) under irradiation for 10 h (Fig. 3F). For the used TiO2/ZnFe-
LDH-PE photoanode after durability tests, the ZnFe-LDH nanoplate-
lets maintain their original hierarchical architecture (Fig. S9). In
addition, the pure ZnFe-LDH on FTO shows a slight photoresponse
under illumination, further illustrating that TiO2 serves as semicon-
ductor to generate electrons and holes in the composite photoanode
(Fig. S10). The results above demonstrate that the introduction of
ZnFe-LDH by the PED method enhances the PEC properties of the as-
obtained TiO2/ZnFe-LDH-PE photoanode.

Furthermore, the PEC water splitting performances of TiO2/ZnFe-
LDH-PE photoanode with various illumination power density or
deposition time were investigated. The LSV curves for the five TiO2/
ZnFe-LDH-PE samples prepared with different illumination power
density (from 0 to 150 mW cm−2) are shown in Fig. 4A. The photo-
current density enhances along with increased illumination power
density from 0 to 100 mW cm−2, and shows no further change from
100 to 150 mW cm−2, which suggests that the photo-assisted deposi-
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Fig. 2. (A) XRD patterns of FTO substrate, TiO2, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE NAs, respectively. (B) Ti 2p XPS spectra of TiO2, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-
PE NAs, respectively. (C) Zn 2p and (D) Fe 2p XPS spectra of ZnFe-LDH, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE NAs, respectively.

Fig. 3. (A) J-V curves, (B) J-V behavior under chopped light illumination; (C) the calculated photoconversion efficiency as a function of applied voltage; (D) IPCEs measured at 1.23 V
vs. RHE, (E) total O2 production detected by a gas chromatograph in three cycles (the dash line represents the theoretic O2 production calculated from the measured photocurrent); (F)
the steady-state photocurrent at 0.6 V vs. SCE for the samples of TiO2, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE photoanodes, respectively.
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tion of ZnFe-LDH plays a vital role in the improvement of PEC
performance. The effect of LDHs deposition time is also studied
(Fig. 4B and Fig. S11): the photocurrent of TiO2/ZnFe-LDH increases
firstly and then decreases along with the increase of LDH deposition
time, and the maximum photocurrent density (1.51 mA cm−2 at 1.23 V
vs. RHE) is obtained for the TiO2/ZnFe-LDH (100 s) sample. This
indicates that the coating of LDH onto TiO2 at a suitable level can
effectively enhance the photocatalytic activity of TiO2; an excess of
LDH incorporation with a dense packing would hinder the charge
transfer. In addition, all the TiO2/ZnFe-LDH-PE samples exhibit a
higher photocurrent density than that of corresponding TiO2/ZnFe-
LDH-E ones with the same LDH deposition time, demonstrating the
superiority of the photo-assisted electrodeposition method.

3.3. Mechanism discussion

To give a deep insight into the largely enhanced PEC water splitting
performance of TiO2/ZnFe-LDH-PE NAs, the optical properties of the
three typical samples were investigated by UV–vis diffuse reflectance
spectroscopy and photoluminescence (PL) emission spectra. The
absorption in the UV light region nearly remains the same after the
introduction of ZnFe-LDH by the two methods (Fig. 5A). A slightly
enhanced absorption in 400−450 nm is observed in the TiO2/ZnFe-
LDH-E and TiO2/ZnFe-LDH-PE sample, originating from the visible
light response of ZnFe-LDH [35]. However, the rather low IPCE
(Fig. 3D) in visible region indicates that TiO2 acts as the predominant
light responsive photocatalyst. The PL behavior, originating from the
recombination of photoinduced electron-hole pair, can reflect the
surface separation efficiency of charge carriers in semiconductors. As
shown in Fig. 5B, pure TiO2 NAs display rather strong PL emission
peaks within 410−490 nm region, which are attributed to the band gap
transition and the charge transfer transition of oxygen vacancy trapped
electrons [36]. In contrast, the PL intensity of TiO2/ZnFe-LDH-E
decreases significantly, and the TiO2/ZnFe-LDH-PE sample gives a
further decline, which indicates a suppressed recombination of photo-
generated charge carriers with the incorporation of ZnFe-LDH.

The charge separation efficiency and surface charge injection
efficiency are usually used to quantify charge separation property and
surface reaction kinetics (see details in the experimental section, Fig.
S12) [32,37,38]. For the sample of TiO2/ZnFe-LDH-PE, the charge
separation efficiency is calculated to be 99.1% at 1.23 V vs. RHE
(Fig. 5C), much larger than that of pristine TiO2 (65.3%) and TiO2/
ZnFe-LDH-E (87.6%) NAs. The charge injection efficiency at 1.23 V vs.
RHE is 62.6%, 80.4% and 88.7% for TiO2, TiO2/ZnFe-LDH-E and
TiO2/ZnFe-LDH-PE sample, respectively (Fig. 5 D). This indicates that

the charge transfer is greatly accelerated and the water oxidation is
facilitated in TiO2/ZnFe-LDH-PE NAs. The electrochemical impedance
spectroscopy (EIS) curves of the three samples are shown in Fig. 5E. As
reported, the first arc (high frequency) represents the charge transfer
step and the second arc (low frequency) corresponds to the surface
water oxidation step [6]. After the incorporation of ZnFe-LDH, the
diameter of both two arcs decreases significantly, indicating ZnFe-LDH
can enhance the charge separation and charge injection efficiency of
TiO2 simultaneously. Moreover, the TiO2/ZnFe-LDH-PE shows a more
obvious enhancement effect, in agreement with the results of charge
separation and surface charge injection efficiency. The positive slopes
of the Mott-Schottky plots (Fig. 5F) for all these samples indicate the n-
type TiO2 semiconductor as expected [39]. The flat band potential
(EFB) value and the charge carrier density can be calculated according
to the Mott-Schottky equation (see experimental sections for details).
The charge carrier density is 2.48×1016, 3.94×1016 and
4.61×1016 cm−3 for TiO2, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-
PE, respectively. This demonstrates an enhanced carrier density on
the surface, which is more significant in the case of TiO2/ZnFe-LDH-
PE sample. The result can partly be validated by the PL emission
spectra (Fig. 5B). A positive shift of flat band potential for the two
TiO2/ZnFe-LDH samples suggests a decrease in the bending of band
edge, which can be attributed to the facilitated electrode/electrolyte
interface charge transfer.

To further reveal the synergistic effect between ZnFe-LDH and TiO2

on the improvement of PEC performance, the density functional theory
plus U (DFT + U) method was employed to calculate the band edge
placement of each component in TiO2/ZnFe-LDH. The detailed
information of model construction and computational method is
described in the Supporting information (Computational Details and
Fig. S13−S15). The average distance between the terminal oxygen atom
in TiO2 surface and the hydrogen atom in ZnFe-LDH surface is only
2.27 Å (Fig. 6A); and the binding energy between them is −9.96 eV.
The work function and band gap energy of TiO2 are calculated to be
5.651 eV and 3.031 eV (Fig. S14). Accordingly, the CBM and VBM of
TiO2 are determined to be −4.136 eV and −7.167 eV relative to vacuum
level, respectively. By the same method, the work function and band
gap energy of ZnFe-LDH are calculated to be 4.485 eV and 2.114 eV
(Fig. S15), which is basically consist with the reported results [40]. The
CBM and VBM of ZnFe-LDH are located at −3.428 eV and −5.542 eV
vs. vacuum level, respectively. Given the calculation above, a mechan-
ism for the enhanced PEC water oxidation performance in the TiO2/
ZnFe-LDH system is proposed (Fig. 6B). The electron-hole pair is
firstly generated in TiO2 under illumination; and the photogenerated
holes on the valence band of TiO2 tend to travel to ZnFe-LDH. The

Fig. 4. (A) J-V curves for the five TiO2/ZnFe-LDH-PE samples prepared with various illumination intensity (0, 50, 80, 100,150 mW cm−2); (B) photocurrent density at 1.23 V vs. RHE
for the samples of TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE with various deposition time (25 s, 50 s, 75 s, 100 s, 150 s, 200 s), respectively.
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electrons of ZnFe-LDH migrate to the current collector through TiO2

NAs due to the electric potential difference. This electron-hole transfer
based on the energy difference of band edge position shows a high
accordance with the XPS results. On the other hand, holes are captured
by ZnFe-LDH along with the oxidation of Fe, which acts as the active
site for water oxidation [24,41]. For the TiO2/ZnFe-LDH-PE NAs, the
charge separation efficiency enhances more prominently (Fig. 5C and
E), resulting from a stronger interface interaction between ZnFe-LDH
and TiO2 (Fig. 2). In addition, a more uniform dispersion of ZnFe-LDH
in TiO2/ZnFe-LDH-PE contributes to the enhancement of water
oxidation efficiency. Therefore, the TiO2/LDH heterostructure pre-
pared by the photo-assisted strategy exhibits an excellent PEC water
splitting performance.

4. Conclusions

In summary, well-aligned, hierarchical TiO2/ZnFe-LDH NAs have
been successfully fabricated by a facile and effective PED method. The
resulting TiO2/ZnFe-LDH-PE photoanode exhibits largely enhanced
PEC water splitting performance compared with the TiO2/ZnFe-LDH-
E and pristine TiO2 NWs, owing to the improved charge separation and
injection efficiency. This is ascribed to the enhanced interface interac-
tion and highly-matched band structure between ZnFe-LDH and TiO2.
It is expected that this strategy can be extended to other heterostruc-
tures for advanced performance in the fields of energy conversion and
storage.

Fig. 5. (A) UV–vis diffuse-reflectance spectra, (B) PL spectra, (C) charge separation efficiency and (D) charge injection efficiency vs. potential curves, (E) EIS measured at 0 V vs. SCE
under illumination, (F) Mott-Schottky plots collected at a frequency of 1 kHz in dark for the samples of TiO2, TiO2/ZnFe-LDH-E and TiO2/ZnFe-LDH-PE, respectively.
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Fig. 6. (A) Optimized geometry of TiO2/ZnFe-LDH model; (B) a schematic illustration for the PEC water oxidation process over the TiO2/ZnFe-LDH photoanode.
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