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ABSTRACT: A fast and low-cost sol−gel synthesis used to deposit a shell
of TiO2 anatase onto an array of vertically aligned ZnO nanowires (NWs)
is reported in this paper. The influence of the annealing atmosphere (air or
N2) and of the NWs preannealing process, before TiO2 deposition, on both
the physicochemical characteristics and photoelectrochemical (PEC)
performance of the resulting heterostructure, was studied. The efficient
application of the ZnO@TiO2 core−shells for the PEC water-splitting
reaction, under simulated solar light illumination (AM 1.5G) solar light
illumination in basic media, is here reported for the first time. This
application has had a dual function: to enhance the photoactivity of pristine
ZnO NWs and to increase the photodegradation stability, because of the
protective role of the TiO2 shell. It was found that an air treatment induces
a better charge separation and a lower carrier recombination, which in turn
are responsible for an improvement in the PEC performance with respect to N2-treated core−shell materials. Finally, a
photocurrent of 0.40 mA/cm2 at 1.23 V versus RHE (2.2 times with respect to the pristine ZnO NWs) was obtained. This
achievement can be regarded as a valuable result, considering similar nanostructured electrodes reported in the literature for this
application.
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1. INTRODUCTION

The development of technologies for a better exploitation of
renewable energy sources is one of the major challenges in our
society.1 Among the renewable power sources, photocatalytic
water splitting, also known as “artificial photosynthesis,” offers a
promising way for the clean, low-cost, and environmentally
friendly production of hydrogen by solar energy.2 In this
context, the development of photoelectrochemical (PEC) cells
for H2 production with high stability over time (∼25 years) and
efficiency of at least 15% is mandatory to induce a breakthrough
in the daily usage of this technology.3

Metal oxide semiconductors have been widely studied as
photoanodes for PEC cells because they satisfy several criteria,
such as appropriate band gap and flat band potential, low cost,
low electrical resistance, and good scalability for production
purposes. Among these semiconductors, titanium dioxide
(TiO2) is one of the most promising oxide materials to be
used as a photoanode for water oxidation. TiO2 offers the
advantages of being abundant and stable in aqueous solutions
under irradiation, as well as having a strong photocatalytic
activity under UV light irradiation.4,5 Zinc oxide (ZnO) is

another abundant semiconductor that has similar properties,
band gap and band edge positions to TiO2, and it is one of the
wide-band gap semiconductors that exhibits high electron
mobility (1000 cm2 V s−1 for single nanowires).6−8 However,
ZnO also suffers from the drawback of being low photo-
corrosion resistant in most electrolytic media.9 The stability
issue of ZnO in long-term applications therefore needs to be
addressed.
The coupling of ZnO and TiO2 in heterojunctions has been

well-documented in literature reports,10−13 where ZnO@TiO2

materials have demonstrated a superior PEC activity, due to
improved electron−hole separation and a lower recombination
of charge carriers. Such features are in fact highly desirable to
enhance the efficiency of PEC devices, such as dye-sensitized
solar cells (DSSCs)6 and PEC water-splitting cells.14,15 Several
methods, such as chemical vapor deposition,16 atomic layer
deposition,17,18 and radio frequency magnetron sputtering,19,20
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have been explored to fabricate ZnO@TiO2 core−shell
heterostructures for use as photoanodes in solar cells. However,
despite their high degree of control over the shell thickness,
these techniques are expensive and not versatile to produce the
large-area coverage of substrates. In addition, the low growth
rates and modest material yields also constitute disadvantages.
Some low-cost wet-chemical methods have recently been
reported. For example, a layer-by-layer deposition procedure
has been used to obtain a rutile TiO2 shell on the surface of
ZnO NWs, but it required up to 40 cycles to obtain a titania
thickness of about 16 nm.21 In another study, ZnO aggregates
have been decorated with TiO2 nanoparticles by immersing
them into different titanium alkoxides precursors.22 ZnO@
TiO2 core−shell heterostructures have also frequently been
tested for the photocatalytic degradation of organic sub-
stances.12,23,24 However, to the best of authors’ knowledge, only
one paper has reported the effect of a TiO2 coating layer on the
performance and stability of one-dimensional (1D) ZnO
photoanodes for PEC water splitting.25 In this work, Fan et
al. dealt with Cl-doped ZnO NWs covered by TiO2 shells of
tunable thickness obtained through up to 100 successive
adsorption−hydrolysis−condensation steps. This growth pro-
cedure, being a quasi atomic-layer one, results in a process that
requires at least 60 repeated preparation steps to obtain about a
45 nm-thick TiO2 shell; in addition, the maximum measured
photocurrent density, under global air mass coefficient 1.5 (AM
1.5G) illumination, is lower than 1 μA/cm2 for an applied
potential of 1 V versus Ag/AgCl.
In the present paper, a simple, low-cost and rapid sol−gel

synthesis procedure is reported for the deposition of a
protective shell of anatase TiO2 nanoparticles onto an array
of vertically oriented ZnO NWs. In this procedure only 10 min
are necessary to deposit a compact shell of crystalline anatase.
Most importantly, an efficient application of such a core−shell
ZnO@TiO2 heterostructure for the PEC water-splitting

reaction, which leads to photocurrent values that are 3 orders
of magnitude higher than those reported in the literature for
similar materials, is shown for the first time.25

In addition, the effect of postannealing on the synthesized
ZnO@TiO2 core−shells has been studied under two different
gas atmospheres, namely air and nitrogen. Annealing of the
photoelectrode material is one of the post-treatments that
could have a significant effect on the PEC properties,26 and
several methods have been proposed.27 In general, the thermal
treatment of oxide materials improves their crystallinity by
reducing certain defect centers. In addition, it increases the
connectivity among grains by reducing grain boundaries and
charge recombination. The overall effect is an enhancement of
the metal oxide crystalline quality, and thus an enhancement of
the photoactivity. However, the atmospheres in which the
synthesis and the postannealing are performed can also
influence the PEC activity of the material. For example, the
postannealing of both ZnO (1D and two-dimensional (2D))
nanostructures and TiO2 nanotubes in a nitrogen atmosphere
has been found to further improve the PEC performance
compared to non-annealed materials.26,28 Thus, the influence of
the annealing atmosphere (using both air and nitrogen) on the
physicochemical characteristics (e.g., morphology, crystallinity,
chemical composition, optical and electronic properties) of the
resulting nanostructures has been investigated in depth in this
work. The effect of a preannealing of the pristine ZnO NWs,
before TiO2 covering, on the PEC activity has also been
studied, to match the optimized preparation conditions to the
best PEC performance.
A representative scheme of the two kinds of ZnO

photoelectrodes studied in this work is reported in Figure 1,
together with their relative simplified band diagrams. An
electron−hole pair is formed in the ZnO NWs (Figure 1a),
upon absorption of an impinging photon. If the collection
efficiency rate is adequate (i.e., the charge recombination

Figure 1. Scheme of the prepared photoelectrodes, consisting of (a) ZnO NWs and (b) ZnO@TiO2 core−shell heterostructures and their band
diagrams, which represent the charge carrier transport at the different water-splitting PEC cell interfaces.
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probability is low enough), a considerable number of
conduction band (CB) electrons is collected at the F-doped
tin oxide (FTO) substrate before recombination. Meanwhile,
the high-energy holes in the valence band (VB) move toward
the interface with the electrolyte, where they oxidize the water.
Consequently, a photocurrent is observed at negative potentials
with respect to the water oxidation (WO) redox potential
(EoO2/H2O = 1.23 V vs reversible hydrogen electrode (RHE)),
since some of the energy required for WO is provided by the
radiation. The presence of the TiO2 shell in the core−shell
nanostructure (Figure 1b) improves the charge separation
efficiency, thanks to the presence of a potential barrier at the
semiconductor/electrolyte interface, which limits the charge
recombination. Therefore, in ZnO@TiO2 core−shell nano-
structures, the high electron mobility within the 1D ZnO
nanocrystals, which is exploited for a fast transport toward the
FTO, is coupled with the efficient separation of charge carriers
between the TiO2 shell and the ZnO core.
Finally, a comparative study that points out the reasons for

the improved performance of the ZnO@TiO2 core−shell
photoanode under sunlight illumination, with respect to both
pristine ZnO NWs and a film of equivalent thickness of TiO2
nanoparticles,29,30 was also conducted.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Core−Shell ZnO@TiO2 Heterostruc-

tures. A vertical array of ZnO nanowires was grown following a two-
step synthetic approach, as previously reported,31,32 on an FTO
conductive layer deposited on glass (7 Ω/sq from Solaronix) with 4 ×
2 cm2 dimensions. The first synthetic step consists of the deposition of
a thin (about 10 nm) and oriented polycrystalline ZnO film, called
seed layer. To prepare the seed layer, an ethanol solution of 10 mM
zinc acetate (99.99%, Sigma) was deposited, by spin coating, on a 2 ×
2 cm2 area of the FTO substrate and then thermally treated at 350 °C
for 20 min (heating rate 5 °C/min) in air. The obtained ZnO
polycrystalline seed-layer was able to further direct the growth of the
nanowires, which occurred under a hydrothermal route. The seeded
substrates were immersed for 2 h at 88 °C under stirring into an
aqueous solution containing zinc nitrate hexahydrate (purity 98%,
Sigma) and hexamethylenetetramine (HMT, purity 99.5%, Sigma)
with a Zn2+/HMT molar ratio of 2:1, 5 mM polyethylenimine (MW =
800, end-capped, Sigma) and 320 mM ammonium hydroxide. The
final volume was adjusted to 50 mL. The samples were then removed
from the solution, washed thoroughly with bidistilled water, and dried
in a gentle stream of nitrogen.
The titania shell was deposited on the ZnO nanowires using a non-

acid sol−gel synthesis solution.33 First, a solution of 0.46 M titanium
isopropoxide (TTIP, 97%, Sigma) and 0.28 M acetylacetone (99%,
Fisher Aldrich) was prepared in 5 mL of 1-butanol (anhydrous, 99.8%,
Sigma) as a solvent, under vigorous stirring. The FTO-glass substrates
with the ZnO nanowires were placed vertically into this solution,
facing the beaker center, under stirring (300 rpm) at room
temperature. The reaction started as soon as 0.92 M bidistilled
water was injected into the synthesis solution; the substrates were then
removed after 10 min and dried in air.
A first set of core−shell samples was annealed either in air (sample

ZT-air-A) or in nitrogen (sample ZT-N2-A), both at 450 °C for 30
min (heating rate = 1 °C/min), to promote the crystallization of the
titania shell in the anatase phase and remove the organic moieties.
Reference samples were also prepared by annealing the ZnO NWs

either in air (the Z-air-A sample) or in nitrogen (Z-N2-A) at 450 °C
for 30 min. Another experimental condition was considered for
comparison purposes, which involved annealing the ZnO nanowires in
air at 450 °C for 30 min (heating rate = 1 °C/min), prior to the titania
deposition. After the TiO2 deposition, the obtained core−shell sample
(named ZT-air-B) was treated in air at 450 °C for 30 min, as in the
case of the previous samples. All the thermal steps used to prepare the

different samples are reported in the Supporting Information (Table
S1) for ease of comparison.

The reference sample containing a film of TiO2 nanoparticles (NPs)
was prepared using a previously reported sol−gel procedure,29,30 to
compare the PEC activity of this material, which was also annealed in
air at 450 °C for 30 min, with those of the bare ZnO NWs and of
ZnO@TiO2 core−shell samples.

2.2. Morphological and Structural Characterization. The
pristine ZnO and core−shell ZnO@TiO2 morphology was charac-
terized by means of a ZEISS Auriga field emission scanning electron
microscope (FESEM) in top and cross section views, while the
elemental analysis (energy dispersive spectroscopy, EDS) was carried
out by means of an Oxford Inca XSight detector.

The crystalline structure was analyzed using a PANalytical X’Pert X-
ray diffractometer in the Bragg−Brentano configuration. Cu Kα
monochromatic radiation was used as the X-ray source, with a
characteristic wavelength of λ = 1.540 59 Å.

Transmission electron microscopy (TEM) was performed with a
FEI Tecnai F20ST operating at 200 kV, to evaluate the quality and
crystallinity of the ZnO core and the TiO2 shell in the bright-field
TEM (BF-TEM), high-resolution TEM (HRTEM), scanning TEM
(STEM), and electron diffraction (ED) modes. EDS was performed
with an EDAX detector. The samples for the TEM characterization
were scratched from the substrate and dispersed in HPLC ultrapure
ethanol for 2 min by means of sonication. Then, a dispersion drop was
placed onto a holey carbon−copper grid and left to dry.

UV−visible spectra were recorded in transmittance and total
reflectance modes (specular and diffuse), with a Cary 5000 Scan UV−
visible spectrophotometer, using a total reflectance sphere. All the
spectra were background subtracted.

X-ray photoelectron spectroscopy (XPS) characterizations were
carried out with a Versa Probe5000 (Physical Electronics) equipped
with a monochromatic X-ray source Al Kα (1486.6 eV). A beam
diameter of a 100 μm size was employed to investigate the chemical
composition of the surface. All analyses were obtained with a
combined electron and low-energy ion argon beam neutralization
system. The binding energy of the XPS was calibrated on the Ag 3d 5/
2 lines at Eb = 368.25 eV, according to literature.34

2.3. Photoelectrochemical Characterization. The PEC experi-
ments were performed in a Teflon reactor equipped with a quartz
window for frontal illumination (see Figure S1 of the Supporting
Information). All the tests were carried out in a three-electrode
configuration using the ZnO, ZnO@TiO2, or TiO2 materials as the
working electrodes for the water-photoelectrolysis reaction, a platinum
wire as the counter electrode, and Ag/AgCl (KCl 3 M) as the
reference electrode, in 0.1 M NaOH aqueous electrolyte (pH = 12.7).
The measurements were recorded using a multichannel VSP
potentiostat/galvanostat produced by BioLogic, with EC-Lab software,
version 10.1x, for data acquisition. Current−voltage (I−V) character-
istic curves and photoactivity tests were recorded by means of linear
sweep voltammetry (LSV) at a scan rate of 10 mV·s−1, when a
constant open circuit voltage was achieved, varying the applied
potential from −0.7 to 0.7 V versus Ag/AgCl, in the dark and under
AM 1.5G sunlight illumination (450 W Xe lamp by Newport with an
AM 1.5 filter and a water filter model 6123NS), with a power density
of 100 mW/cm2. The irradiance was measured by means of a Delta
Ohm Photoradiometer model HD2102.1. Chrono-amperometric (I−
t) tests were carried out to examine the photoresponse of the ZnO,
ZnO@TiO2, and TiO2 structures over time, at −0.1 and +0.2 V versus
Ag/AgCl under continuous on−off light cycles with the same
illumination condition used for the LSV.

The measured potentials versus the Ag/AgCl reference electrode
were converted to the RHE scale via the Nernst eq 1:

= + + °E E E0.059pHRHE Ag/AgCl Ag/AgCl (1)

where ERHE is the converted potential versus RHE, EAg/AgCl is the
experimental potential measured against the Ag/AgCl reference
electrode, and EoAg/AgCl is the standard potential of Ag/AgCl (KCl 3
M) at 25 °C (i.e., 0.210 V).
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Incident photon-to-electron conversion efficiency (IPCE) spectra
were recorded using a Newport Xe lamp (150 W) coupled to a
monochromator (Cornerstone 130 by Newport), by varying the
wavelength of the incident light from 300 to 550 nm (step size: 10
nm), at an applied potential of −0.1 V versus Ag/AgCl. In this case,
the electrode illuminated area was 1 cm2, and the light power density
was about 1 mW/cm−2 (measured at 390 nm).
Electrochemical impedance spectroscopy (EIS) curves were

recorded using the same potentiostat described above, in the dark
and under simulated solar light, from 0.1 Hz to 1 MHz, with an
alternating current (AC) amplitude of 25 mV, at an applied potential
of −0.1 V versus Ag/AgCl. The EIS measurements for the Mott−
Schottky plots were performed at frequencies of 10, 7.5, and 5 kHz
with an AC amplitude of 20 mV, varying the potential from −0.8 to
0.7 V versus Ag/AgCl, with a scan step of 0.1 V.

3. RESULTS AND DISCUSSION
3.1. Study of the Different Annealing Atmospheres

(Air Versus N2). 3.1.1. Morphology and Structure. Vertically
oriented ZnO NWs, about 1.5−2 μm long and 100−150 nm
wide, were obtained by means of hydrothermal synthesis on the
FTO substrates. Top view FESEM images of the samples that
were thermally treated in air (Z-air-A) and N2 (Z-N2-A) are
reported in Figure 2a,c, respectively. No significant morpho-

logical differences can be observed between these samples. The
FESEM images of the core−shell ZnO@TiO2 structures
annealed in the air (ZT-air-A) and N2 (ZT-N2-A) atmospheres
are reported in Figure 2b,d, respectively. In both cases, it can be
observed that after 10 min of impregnation of the ZnO NWs in
the titania sol, a quite uniform covering of the NWs was
obtained, with a slight increase in the titania shell thickness
close to the top of the NWs. In addition, the STEM and TEM
images reported in Figure 3 highlight the TiO2 shell with a
variable thickness (between 20 and 50 nm) uniformly covering
the ZnO NWs surface, after both the air and N2 atmosphere
treatments. The STEM image and the relative EDS maps in
Figure 3a correspond to the ZT-air-A sample. A detail of the
interface between the monocrystalline ZnO core and the
polycrystalline TiO2 shell, of the same sample, is shown in the
HRTEM image and the fast Fourier transform (FFT) insets in
Figure 3b. The TEM and HRTEM images in Figure 3c,d,e, also
show the presence of a polycrystalline and randomly oriented
layer of TiO2 (see the FFT in the insets of Figure 3d) on a

monocrystalline (002)-oriented ZnO structure for the ZT-N2-A
sample. As a first consideration, there is no evidence, from the
FESEM and TEM analyses, of any substantial morphological
difference between the two different core−shell samples. The
TiO2 layer seems to adhere very well to the ZnO surface and to
create a continuous shell structure. This result was attributed to
the high control on the nucleation of the titania on the ZnO
surface. In fact, it has been reported that the hydrolysis and
condensation rates of titanium isopropoxide (i.e., the titania
precursor used in this work) in butyl alcohol solutions are faster
than the same reactions when other titanium alkoxides (e.g.,
tetrabutyl titanate) are used.22 However, such reactions take
place in a more controlled way if acetylacetone is added as the
chelating agent.33 Hence, since the TTIP is dissolved in a butyl
alcohol/acetylacetone solution, the hydrolysis and condensa-
tion steps can only occur after the gradual addition of water.
This leads to the direct polymerization of the Ti−O−Ti
networks on the surface of the ZnO material, which results in
the controlled nucleation of small titania nanoparticles. As a
consequence, the final thickness of the crystalline TiO2 shell,
which is observed after the annealing step, depends on the
impregnation time of the ZnO NWs in the TiO2 sol (such a
correlation is discussed in the aforementioned published
paper29).
The X-ray diffraction (XRD) patterns of pristine ZnO NWs

(Z-air-A sample, dashed red line in Figure 4a, and the Z-N2-A
sample, dashed blue line in Figure 4b) show the peaks related
to the wurtzitic crystalline phase of ZnO and highlight a
preferential orientation of ZnO NWs along the (002)
crystalline axis. Some differences between the two annealing
atmospheres of the core−shell samples were found. In the case
of the thermal treatment in air (ZT-air-A sample, straight red
line in Figure 4a), the completely hidden signal of TiO2 was
attributed to the small size of the formed crystals.35 This result
is in agreement with the TEM images, in which the FFT had
pointed out the presence of TiO2 crystals (Figure 3b). The
existence of TiO2 in the ZT-air-A sample has also been
confirmed by the EDS analysis (reported in Figure 3a and in
the Supporting Information, Figure S2), which shows the
presence of both Zn and Ti elements. As far as the thermal
treatment in the N2 atmosphere (ZT-N2-A sample, straight blue
line in Figure 4b) is concerned, a small peak at 25.3°,
corresponding to the (101) plane of the anatase phase of
crystalline TiO2, is clearly visible. Such a result is in agreement
with the HRTEM characterization of the sample shown in
Figure 3e, which indicates some TiO2 crystals ranging from 4 to
10 nm. An amorphous contribution was also observed in the
XRD pattern in the 15°−35° range, where an increase in the
background signal was observed, which was more pronounced
than the sample annealed in air.
On the basis of this analysis, it can be argued that the

different annealing conditions influence the crystallization and
growth processes of the TiO2 nanoparticles and, as a
consequence, the interconnection and carrier transport
among the titania particles. All these features can affect the
final performance of the core−shell structure in the PEC cell, as
will be discussed hereafter.

3.1.2. XPS Surface Analysis. An XPS analysis was performed
on the pristine ZnO NWs samples and on the ZnO@TiO2
core−shell nanostructures, to confirm the presence of the TiO2
shell and to understand whether some nitrogen doping was
present on the N2-treated samples. The survey spectra (Figure
S3, Supporting Information) confirmed the successful titania

Figure 2. FESEM images (top view) of the ZnO NWs and core−shell
ZnO@TiO2 nanostructures. Samples annealed in air at 450 °C: (a) Z-
air-A, (b) ZT-air-A. Samples thermally treated in N2 at 450 °C: (c) Z-
N2-A, (d) ZT-N2-A. The scale bars are all set to 500 nm.
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deposition on the ZnO NWs. Regarding the role of the N2
treatment, the N 1s peak related to the surface nitrogen atoms
was detected in the survey spectra of both the Z-N2-A and the
ZT-N2-A samples (Supporting Information, Figure S3c,d) at a
binding energy of around 400 eV. The presence of such a peak
was also confirmed in the high-resolution spectra of the same
samples (Figure 4c), which showed a broad peak between 395.5
and 402.5 eV in both cases. The N 1s peak of oxinitride (O−
Zn−N) in N-doped ZnO15 is usually found between the typical
binding energies of zinc nitride (396−397 eV).36 However, the
N 1s peak of the Z-N2-A sample was centered at around 399
eV. On the other hand, in the case of N-doped TiO2, a peak
should be present at ∼396 eV,37 but this was not observed in
the examined core−shell samples. A N 1s peak centered at
∼400 eV, is usually present in nitrogen-treated TiO2 samples
and is attributed to either interstitial N atoms or chemisorbed
N2 molecules at the TiO2 surface.

37,38 Therefore, it is possible
to conclude that, in the present samples, the N atoms were
most probably chemisorbed on the surface of either the ZnO
NWs or TiO2 shell, or introduced into the crystalline structure,
thus creating some interstitial defects in both the Z-N2-A and
ZT-N2-A samples.
A detailed deconvolution study on the high-resolution O 1s

peaks was also performed for all the studied samples, treated
either in air or in nitrogen atmospheres (see Figure S4 and
Table S2 in the Supporting Information). The samples treated
in nitrogen (Z-N2-A and ZT-N2-A) evidenced an increment in
the highest energy binding shoulder of the O 1s peak (at about
532 eV), which in the literature has been associated with
hydroxyl groups that are strongly bound to surface defects in
both ZnO39 and TiO2.

40 This evidence confirms the previous
hypothesis of a high concentration of oxygen vacancies or
defects in the nitrogen-treated samples.
3.1.3. Optical Properties. UV−vis spectroscopy, both in

transmittance and total reflectance modes (specular and
diffuse), was performed to point out the influence on the
optical properties of the TiO2 deposition on the ZnO NWs.

The absorbance, obtained as A = 1 − R − T (where A is the
absorbance, T is the transmittance, and R is the total
reflectance), is reported in Figure 5a as a function of the
wavelength in the region between 350 and 800 nm. The effect
of the TiO2 layer, for both the air and N2 treatment conditions,
is to increase the light absorption, compared to the pristine
ZnO NWs, especially in the visible region.
The successful covering of the ZnO NWs and the role of the

TiO2 shell were also confirmed by the total reflectance and the
Kubelka−Munk spectra reported in Figure 5b,c, respectively, as
a function of wavelength in the UV range. An enhanced
reflectance of the core−shell samples with respect to the
pristine ZnO NWs is evident in these plots, which show lower
values of the Kubelka−Munk function, F(R), this function
being F(R) = (1 − R)2/2R = k/s, where k is the molar
absorption coefficient and s is the scattering coefficient. These
results can be attributed to different contributions. First,
differences in the morphology and size of the two semi-
conductor nanostructures might have played a role. In fact,
ZnO NWs have a high surface-to-volume ratio, and thus an
enhanced scattering in the UV region should be expected for
the core−shell samples. The core−shell structures, in fact, show
an increase in both the surface roughness and surface area, due
to the titania nanoparticles that constitute the shell.41 In
addition, the TiO2 film covering the ZnO NWs can induce
constructive interference effects between the rays reflected from
the different interfaces, thus increasing the total reflectance.
Finally, in the UV region, F(R) is generally higher for
nanostructured films made of ZnO than for similar films
made of TiO2.
The optical band gap (Eg) of the samples was calculated

using the Tauc’s method42 from the F(R) spectra. According to
this method, the plot of [F(R)hv]n against hv shows a linear
region just above the optical absorption edge, where n = 2 is
used for the direct allowed transition, n = 1/2 for the indirect
allowed transition, and hv is the photon energy (eV). Both the
experimental results and theoretical calculations suggest that

Figure 3. STEM with EDS maps (a) and TEM images (b−d) of the core−shell ZnO@TiO2 heterostructures annealed in both air, ZT-air-A (a, b),
and in N2, ZT-N2-A (c, d). The FFT of the ZnO cores and the TiO2 shells are shown in the insets of (b, d), respectively. (e) HRTEM on the TiO2
shell of the ZT-N2-A sample.
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the ZnO and TiO2 nanoparticles have a direct forbidden
gap.24,42−44 Hence, in the Tauc plot shown in Figure 5d, n = 2
was employed, which clearly yields a satisfactory linearity for
both the ZnO NWs and ZnO@TiO2 core−shell samples. The
resulting Eg values are reported in Table 1. In this context, a

small but expected reduction in the band gap in both core−
shell samples can be observed with respect to the pristine ZnO
NWs.
The reduction in the band gap and the increased visible light

absorption on the core−shell ZnO@TiO2 materials can be
attributed to different factors. The first factor is due to the
combined effect of the Eg of ZnO (∼3.3 eV) and the relatively
lower Eg of anatase TiO2 (∼3.2 eV), which results in the
narrowing of the overall band gap on the ZnO@TiO2
heterostructure.24 In addition, the increase in the surface area,
which was attributed to the deposition of the TiO2 nano-
particles on the ZnO NWs surface, leads to surface states within
the gap that effectively reduce the band gap, as previously
reported.41,45

As far as the N2-treated samples are concerned, both the Z-
N2-A and ZT-N2-A materials show a higher absorption of the
UV and visible light than the air-annealed samples (see Figure
5a). Such a result corresponds to the slightly lower values of the
band gap observed for these samples in Table 1, thus indicating
the formation of an allowed energy level within the band
gap.28,38 In agreement with the XPS analysis, these impurity
levels could be attributed to the creation of oxygen vacancies
during the thermal treatment, which produce intrinsic defects
in both the ZnO NWs and TiO2 nanoparticles in the shell. This
in turn can affect the PEC performance of the material in two
opposite ways. First, electron−hole pairs produced at the
photoelectrode−electrolyte interface under light illumination
can recombine in the defect centers, thereby reducing the
generated current.46 On the other hand, these defects, which
act as light harvesters in the longest wavelength region (as
observed in the absorbance spectra in Figure 5a), could work as
active centers for the water-splitting reaction.26 However, in the
present work (see Figure 1), only the high-energy photons
corresponding to wavelengths lower than 400 nm are able to
activate the photocatalytic reaction. Thus, the first effect
prevails over the second one, as it is the reason for the worse
PEC behavior of the nitrogen-treated materials than the ones
annealed in air, which will be shown in the following sections.

3.1.4. Photoelectrochemical Properties. To gain informa-
tion about the carrier density and the flat-band potential at the
semiconductor−electrolyte interface, EIS measurements have
been performed on the different ZnO NWs and ZnO@TiO2
core−shell nanostructures.14 The flat-band potential is one of
the most important parameters for semiconductor electrodes
because it determines the band edge positions at the
semiconductor−electrolyte interface and thus fixes the energies
of the conduction band electrons and valence band holes that
react with the electrolyte solution.47 The flat-band potential was
determined, for all the samples, from the extrapolation of the x-
axis intercepts in the Mott−Schottky plots (1/C2 versus V) at
various frequencies. The plots at 7.5 kHz are reported in the
Supporting Information (Figure S5) as a representative
example, since the measurements performed at other
frequencies lead to similar results. The curves are in agreement
with the expected behavior of an n-type semiconductor: a linear
increase in the capacitance (C) can be observed as the applied
bias potentials (V) increase, until a plateau value is reached.48

Moreover, the differences between all the samples can be
appreciated. As shown in Table 1, the flat-band potential is
shifted toward more negative values for both core−shell
structures, and the samples subjected to annealing in air are
characterized by the lowest flat-band potentials. On the basis of
these results, a preliminary conclusion can be made: to have an

Figure 4. X-ray diffraction patterns of the ZnO NWs and ZnO@TiO2
core−shell nanostructures: (a) samples annealed in air, and (b)
samples annealed in nitrogen. The spectrum of the FTO substrate is
also reported for an easy comparison (black curve); the asterisks (*)
refer to the related diffraction peaks. (c) The XPS high-resolution
spectra of the N 1s signal of the Z-N2-A (dotted blue line) and ZT-N2-
A (straight blue line) samples. The straight black lines in (c) represent
the average smoothing of the curves.
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efficient photocatalyst, characterized by as much negative flat-
band potential as possible, the best solution is to coat the ZnO
NWs with TiO2 and perform the annealing process in air.
To evaluate the donor density of the different nanostruc-

tures, the Mott−Schottky plots were fitted in the linear region
and eq 2 was exploited.47

ε ε
=

· · ·
− −⎜ ⎟⎛
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⎠C e N

E E
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1 2
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2

0 d
FB
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where CSC is the capacitance of the space charge region, ε0 is
the permittivity of the free space, ε is the dielectric constant of
the semiconductor (10 for ZnO, 19 for the core−shell samples,
calculated as a weighted volume value between the ε of both
ZnO and TiO2), Nd is the donor density, e is the electron
charge value, E is the applied potential, EFB is the flat-band
potential, and kT/e is the temperature-dependent correction
term (25 mV at room temperature).
The values obtained from the linear fitting process (reported

in Table 1) are comparable with those usually observed for
ZnO NWs (in the 1017−1018 cm−3 range).49 The donor density
of the ZnO NWs (Z-air-A) and core−shell sample (ZT-air-A)

treated in air are lower than the respective nitrogen annealed
samples (Z-N2-A and ZT-N2-A). This result had been expected
because of the previous discussion on the band gap of the N2

treated samples, and it confirms that a thermal treatment in an
O2-poor atmosphere could lead to an increase in oxygen
vacancies in the nanowire structure, which act as donor
species.50 On the other hand, the core−shell samples exhibit
lower donor density values than the pristine ZnO samples.
From the discussion above, it follows that the use of core−shell
nanostructures could pave the way to the fabrication of highly
efficient PEC devices for the water-splitting reaction. In fact,
the lower donor density of the core−shell samples could lead to
higher charge carrier mobility, thus allowing a larger flowing
current than the bare ZnO NWs samples.52

3.1.5. Photoelectrochemical Activity for the Water-
Splitting Reaction. The PEC activity of the ZnO NWs and
the ZnO@TiO2 heterostructures was evaluated in a 0.1 M
NaOH solution (pH = 12.7), using the prepared electrodes as
photoanodes for the water-photoelectrolysis reaction. This
electrolyte was chosen to evaluate also the stability of the core−
shell materials in comparison with the pristine ZnO NWs, since

Figure 5. UV−vis spectra of the pristine ZnO NWs (dashed-dotted curves) and the ZnO@TiO2 core−shell nanostructures (straight curves) treated
in either air or N2 atmospheres: (a) absorbance, (b) total reflectance, (c) Kubelka−Munk function, and (d) Tauc plot for the band gap calculation.

Table 1. Properties of Pristine the ZnO and Core-Shell ZnO@TiO2 Samples

sample
band gap
(Eg, eV)

flat band
(EFB, V vs RHE)

donor densitya

(Nd, cm
−3)

maximum STH efficiencyb

(ηMAX, %)
potential at ηMAX

b

(EηMAX, V vs RHE)

Z-air-A 3.28 −0.03 1.26e18 0.027 0.94
ZT-air-A 3.25 −0.66 3.75e17 0.039 0.88
Z-N2-A 3.27 0.23 1.80e18 0.019 0.99
ZT-N2-A 3.22 −0.08 6.98e17 0.031 0.89

aThese donor density values were calculated from the EIS measurements at the 7.5 kHz frequency. bData obtained from Figures 6c,d.
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the latter are less chemically stable in basic or acidic solutions
under light illumination.9

Figure 6a,b reports the I−V curves of the pristine ZnO NWs
and the ZnO@TiO2 heterostructures annealed in air and in N2,
respectively, in the dark and under simulated AM 1.5G solar
light. Even though the UV light only contributes 4% to the total
sunlight spectra, the core−shell samples showed higher
photocurrent values and a negative shift of the onset potential
for the water-splitting reaction under illumination than the
pristine ZnO NWs annealed in the same conditions. As far as
the first point is concerned, the increased photocurrents should
be attributed to two main causes: (1) enhanced light absorption
in the UV region, in accordance with the results of the optical
measurements; (2) improved electron−hole separation effi-
ciency (which represents one of the main outcomes of the
usage of core−shell nanostructures), which was investigated
through EIS measurements (see below). As far as the shift of
the onset potential is concerned, this finding can be explained

by considering the previous discussion on the flat-band
potentials of the ZnO@TiO2 core−shell heterostructures (see
Table 1 and Section 3.1.4). In fact, both the ZnO NWs and the
ZnO@TiO2 core−shells behave as n-type semiconductors, and
a depletion layer exists for positive potentials of the flat band;
that is, the band edges curve upward at the semiconductor−
electrolyte interface as shown in Figure 1. Thus, upon
irradiation in such a space-charged region, the photogenerated
electrons exploit the high e− mobility within the 1D ZnO
nanostructure while moving toward the FTO substrate (Figure
1a). The high-energy holes remaining in the valence band (VB)
move toward the interface with the electrolyte and oxidize the
water. In particular there is a synergic photogeneration and
separation of the charge carriers between the TiO2 shell and in
the ZnO core, in the ZnO@TiO2 (see Figure 1b). Similarly, a
more negative EFB value causes a larger driving force for the
electrons, thus implying a shift in the conduction band (CB)
edge toward higher energies and an increase in the total current

Figure 6. (a, b) I−V curves measured in the dark (continuous line) and under simulated solar light (AM 1.5G, 100 mW/cm2) (discrete points), (c,
d) solar-to-hydrogen efficiency, and (e, f) chrono-amperometry measurements, over continuous on-off light cycles at 0.85 V vs RHE, of the pristine
ZnO NWs and ZnO@TiO2 heterostructures annealed in both air and N2 atmospheres.
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flowing into the material. Hence, the lower flat-band potential
of the ZnO@TiO2 core−shells, coupled with the higher
absorption of the UV light, results in higher photocurrents
being obtained at lower potentials.
The solar-to-hydrogen (STH) efficiency (η) of each sample

under sunlight was calculated from the I−V data according to
eq 3:50

η = −J E I(1.23 )/RHE light (3)

where ERHE is the applied bias versus RHE, J is the
photocurrent density at the measured bias voltage, and Ilight is
the irradiance intensity (equal to 100 mW/cm−2 for AM 1.5G).
As expected, the η curves follow the previously found trend,

that is, the materials treated in air show higher efficiency values
(Figure 6c) than those annealed in the N2 atmosphere (Figure
6d). The maximum of the STH efficiency curves (ηMAX,
reported in Table 1) increases in the following order: Z-N2-A <
ZT-N2-A < Z-air-A < ZT-air-A. In addition, a left-shift on the
STH efficiency peak to lower potential values for both the
core−shell heterostructures is evident (see Table 1 and Figure
6c,d). These results are in good agreement with the left-shift
observed in the flat-band potential and the onset of the water-
oxidation reaction of the ZnO@TiO2 core−shells, with respect
to the pristine ZnO NWs (annealed under the same
conditions), and imply that a lower potential is required for
the core−shell samples than for ZnO NWs to obtain the
maximum efficiency.
In addition, Figure 6e,f shows the I−t curves of all the ZnO

and ZnO@TiO2 samples biased at −0.1 V versus Ag/AgCl
(0.85 V vs RHE), that is a potential around which the ηMAX, was
obtained for all the materials. In general, a good photocurrent
stability was observed for all the samples under numerous on-
off light cycles for a period of 40 min. Stability was also
examined at a higher potential (1.2 V vs RHE) for a longer time
(90 min), after which no losses in current density were
observed (see Supporting Information, Figure S6). Here in
particular, the ZT-air-A sample reached a photocurrent density
of 0.19 mA/cm2 (35% higher than the photocurrent observed
for the ZT-N2-A sample).
The observed photocurrent densities and ηMAX are in-line

with and, in some cases, even better than the literature values
obtained for both pure and doped ZnO NWs and 1D TiO2−
ZnO nanostructures, tested for the water-photoelectrolysis
reaction under AM 1.5G simulated sunlight. For instance, Hsu
and Chen51 reported photocurrent densities below 50 μA/cm2

at 1.23 VRHE for ZnO and Al-doped ZnO (AZO) nanorod
arrays about 1 μm-long, as well as ηMAX of 0.01% and 0.02% (at
a bias of about 1.4 VRHE) for ZnO and AZO nanorod arrays
modified with a pretreatment in H2; Yang et al.15 reported
photocurrent densities of about 0.025 and 0.25 mA/cm2 at 1.23
VRHE under neutral pH with ZnO NWs and N-doped ZnO
NWs, respectively; Ji et al.10 obtained less than 0.13 mA/cm2 at
1.23 VRHE using rutile TiO2 nanorods both with and without a
shell of ZnO nanoparticles. Apart from these considerations, it
is worth noting that the present core−shell samples exhibit
higher photocurrent densities than those reported in literature
when a similar Cl-doped ZnO NWs covered with a TiO2 shell

25

was used. In fact, Fan et al.25 reported photocurrents lower than
1 μA/cm2 at 1 VAg/AgCl, which have been attributed to the
compactness and low surface area of the TiO2 shell. Therefore,
one of the advantages of the synthesis procedure here
employed regards the high surface area of the TiO2 shell,
which contributes positively by increasing the number of

reactive sites at the photocatalyst surface, with a resulting
improved performance of our ZnO@TiO2 material.
IPCE measurements were performed to study the photo-

active wavelength regime for the ZnO and ZnO@TiO2
nanostructures. Figure 7a reports the spectra related to the

samples treated in air. In general, the IPCE curves are able to
reproduce the shape of the absorption and total reflectance
spectra of both the ZnO and ZnO@TiO2 materials in the UV
region quite well (see Figure 5a−c for a comparison). The ZT-
air-A sample shows lower IPCE values than the pristine ZnO
NWs at lower wavelengths than 350 nm, probably because of
the higher scattering of the UV light in this region, which limits
the light absorption in the ZnO core. However, in agreement
with the absorption spectra shown in Figure 5a, higher IPCE
values can be observed for the core−shell in the 350−400 nm
range, this being the reason for the higher total photocurrent
exhibited by the core−shell nanostructures under the solar
spectrum than the pristine ZnO NWs.
Lower IPCE values were measured for the samples annealed

in N2 than for the sample annealed in air (data not shown), in
accordance with the I−V characterization. The lower STH
efficiencies and IPCE values related to the N2-annealed samples
can be attributed to the interstitial defects and oxygen vacancies
of either the ZnO or the titania shell, in the ZnO NWs and
ZnO@TiO2 samples, respectively. In both cases, such impurity
levels act as electron−hole recombination centers, and this
effect is considered to be predominant, despite the slightly

Figure 7. (a) IPCE spectra of the pristine ZnO NWs and ZnO@TiO2
heterostructures annealed in air, at an applied potential of 0.85 V vs
RHE. (b) Modulus and phase Bode plots of EIS measurements on the
Z-air-A and ZT-air-A samples.
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higher visible light absorption (and lower band gap) of the N2-
treated samples. In addition, the contribution of the amorphous
part in the N2-annealed samples (as mentioned for the XRD
analysis) probably reduces the carrier mobility in the ZnO
NWs, thus leading to a consequent lower PEC performance of
these photoelectrodes than the air-treated ones.
The increased PEC performance of the core−shell structures,

compared to that of the pristine ZnO NWs, can be attributed
not only to the high surface area of the TiO2 shell, the lower
flat-band potential and the improved UV−vis absorption of the
core−shell sample (as discussed above), but also to the
improved photoelectron collection mechanism, which includes
photoelectron injection and charge transport. The photo-
electron injection is mainly due to the charge-transfer across the
photoanode−electrolyte interface. As previously mentioned, it
can be supposed that the TiO2 acts as a chemical passivation
layer on the ZnO surface; in addition, the better interaction of
TiO2 with common electrolyte solutions is beneficial for
photoelectron injection. Both effects can reduce the charge
recombination rate in the core−shell samples compared to the
pristine ZnO NWs annealed in the same conditions. To
confirm this hypothesis, EIS measurements were performed on
the different samples. The Bode plots of modulus and phase of
the structures annealed in air are reported in Figure 7b as an
example. As can clearly be observed, the low-frequency phase
peak (in the 1−1000 Hz range, associated with the charge
recombination)52 of the core−shell ZT-air-A sample is shifted
toward lower values than the pristine ZnO NWs, which means
a longer charge lifetime. On the other hand, the frequency of
the other peak (above 1 kHz, associated with the transport
properties inside the material),53 related to the TiO2-covered
ZnO, is higher than that of the pristine NWs. This implies a
slightly lower charge transport time, with beneficial effects on
the collection efficiency and, as a consequence, on the
photocurrent density values.
Finally, to investigate the ability of the TiO2 shell layer to

protect the ZnO NWs core from photocorrosion, all the
samples were systematically tested for about 5 h in the NaOH
electrolyte solution, and after this operational period, the
morphology and appearance of the materials were checked. The
FESEM images and a photograph of the pristine ZnO NWs and
of the core−shell samples after the PEC tests are reported in
Figure 8 and in the Supporting Information, Figure S7. A
remarkable degradation of the uncovered ZnO material can

easily be observed at both the macro- and nanoscopic levels. In
particular several holes were formed on the ZnO surface for
both the ZnO NWs samples treated either in air or in the N2
atmospheres, and some material was sufficiently corroded to
detach from the FTO surface (see Supporting Information,
Figure S7). Some damage is also evident in the core−shell
structure treated in N2 (ZT-N2-A), in a region where the top of
the ZnO NWs is covered less by the TiO2 (Figure 8d). In
addition, unlike the core−shell sample treated in air, it can be
seen that a modification of the ZT-N2-A structure has also
extended to the titania layer, where some flakes appear on the
surface (Figure 8e,f).

3.2. Influence of the ZnO NW Preannealing on the
Core−Shell Properties and Performance. 3.2.1. Structural
and Optical Properties. Owing to the degradation of the ZnO
material during the PEC tests and to the positive effect of the
thermal treatment in air, it was decided to perform a
pretreatment by annealing the pristine ZnO NWs (at 450 °C
for 30 min in air) before impregnation in the titania sol, thus
synthesizing the ZT-air-B sample. It was expected that this
preliminary thermal treatment on the ZnO would consolidate
the crystalline structure, and also induce a change in the wetting
properties of its surface and consequently in the resulting
characteristics of the TiO2 shell. It was previously reported54

that pristine ZnO nanowires, after a hydrothermal synthesis,
exhibited a pronounced hydrophilic behavior, due to the
presence of hydroxyl groups bound to zinc atoms (≡Zn−OH)
on the surface. The thermal treatment at 450 °C should have
condensed the hydroxyl groups, led to oxylane groups (≡Zn−
O−Zn≡), desorbed the resulting water molecules, and finally
turned the surface properties from hydrophilic to hydrophobic.
This would have favored the wetting behavior of the titania
precursor solution in 1-butanol on the hydrophobic ZnO
surface (see the Experimental Section).
The structural, morphological, and optical characterization of

the ZT-air-B sample is reported in Figure 9. FESEM and BF-
TEM images (Figure 9a,b), as well as the EDS maps in Figure
9c (of the region highlighted in Figure 9b), clearly show a
uniform coverage of the TiO2 shell on the ZnO NWs. In
addition, it is worth noting the presence of the (101) reflection
of the anatase phase in the X-ray diffraction pattern (Figure
9d), together with the peaks related to the wurtzite phase of the
ZnO. As a consequence, by comparing the XRD pattern of this
sample with that of ZT-air-A sample, it can be noted that the

Figure 8. FESEM images (top views) of the bare ZnO NWs and core−shell ZnO@TiO2 nanostructures after the PEC measurements: samples
annealed in air (a) Z-air-A, (b, c) ZT-air-A, and in nitrogen (d) Z-N2-A, (e, f) ZT-N2-A. The scale bars are all set to 500 nm, except for (c, f) where
the scale bars are set to 100 nm; (c, f) show a higher magnification of the white squares shown in (b, e).
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pretreatment had a positive effect on promoting the
crystallization of TiO2. The presence of a polycrystalline,
randomly oriented layer of TiO2 on a monocrystalline ZnO
structure was also confirmed for this sample (see FFT in the
insets of Figure 9b). Moreover, as shown in Figure 9e,f, the
absorbance of the UV light of the ZT-air-B sample increased

compared to the ZT-air-A sample, while they exhibited a similar
band gap, thus demonstrating an even less defective structure in
the ZT-air-B sample, due to the higher crystallinity obtained in
both the ZnO core and the TiO2 shell. It is possible to
speculate that the increased crystallinity and the large size of the
titania crystallites are due to the hydrophobic behavior of the

Figure 9. (a) FESEM and (b) BF-TEM images of the ZnO@TiO2 core−shell sample ZT-Air-B. The diffraction pattern is shown in the inset of (b).
(c) EDS maps of the region highlighted in (b). (d) XRD, (e) UV−vis spectrum and (f) Tauc plot for the band gap calculation of the ZT-air-B
sample compared with the ZT-air-A sample.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501379m | ACS Appl. Mater. Interfaces 2014, 6, 12153−1216712163



ZnO surface, obtained after the pretreatment at 450 °C, which
improved the nucleation and growth of the anatase crystals
during the impregnation step.
3.2.2. Photoelectrochemical Performance and Compar-

ison with a TiO2 Film. The results of the PEC tests performed
on the core−shell ZT-air-B sample are reported in Figure 10,
where they are compared with the results obtained for the
core−shell ZT-air-A sample, prepared without ZnO preanneal-
ing. As expected, the improved crystalline quality of the
preannealed ZnO NWs in the core−shell ZT-air-B structure
has led to higher photocurrent values than those of the ZT-air-
A sample. For instance, the ZT-air-B sample produces a
photocurrent of 0.40 mA/cm2 at 1.23 V versus RHE, about
twice the photocurrent obtained from the ZT-air-A sample,
which generates 0.21 mA/cm2 at the same potential.
In addition, PEC measurements were performed on a TiO2

film, with an equivalent thickness to the height of the ZnO
NWs (about 2 μm), which was constituted by policrystalline
anatase nanoparticles (NPs) of about 9 nm in size.29 It is worth
noting the superior activity of both of the ZnO@TiO2 core−
shell samples (ZT-air-A and ZT-air-B), which show 15 and 24
times higher photocurrents, respectively, at 1.23 V versus RHE
than the TiO2 NPs film. Moreover, the ηMAX of the ZT-air-B
sample is 0.075% (at 0.85 V vs RHE), this being 2.2 times
higher than that of the ZT-air-A sample, while the TiO2 NPs
film exhibits a ηMAX of 0.015% (at 0.28 V vs RHE), and thus is 5
times lower than the best one of the core−shell materials.
These results are confirmed by the IPCE spectra presented in

Figure 10b, where the curve of the ZT-air-B photoanode
surpasses those of both the ZT-air-A and TiO2 NPs samples at
wavelengths higher than 360 nm. In fact, even though the TiO2

NPs sample evidenced a maximum IPCE of about 50% at 320
nm, the lower quantum yield (below 10%) at higher
wavelengths than 360 nm (at which the AM 1.5G solar
spectrum starts to contribute) is the main reason for the
reduced performance of this TiO2 film under sunlight
illumination.
Finally, the chrono-amperometric curves at 0.85 and 1.2 V

versus RHE of both the core−shell samples and of the TiO2

film (reported in Figure 10c and in the Supporting Information,
Figure S6) show an optimal repeatability and stability of the
photocurrent along numerous on-off light cycles. Moreover, in
accordance with the previous results, the ZT-air-B sample
reports up to 2.2 and 24 times higher current densities than the
ones measured for the electrodes with the ZT-air-A core−shell
and with the TiO2 NPs, respectively.
In addition, the morphology of the core−shell structure of

the ZT-air-B sample after the electrochemical tests (reported in
Figure S8 in the Supporting Information) shows almost no
alteration or damage to either the ZnO or the TiO2 materials
(see Figure 9a for a comparison with the same sample before
the operation in PEC), thus confirming its stability for
prolonged use as water-oxidation photocatalyst.
These PEC results confirm that the thermal pretreatment of

the ZnO nanostructures is effective in enhancing the crystalline
quality of the material, and therefore the pretreatment probably

Figure 10. Photoelectrochemical tests of the ZnO@TiO2 core−shell photoanodes made without (ZT-air-A) and with (ZT-air-B) preannealing of the
ZnO NWs before the TiO2 impregnation, in comparison with a TiO2 NPs film of equivalent thickness. (a) I−V curves in the dark and under
simulated sunlight (AM 1.5G, 100 mW/cm2). (b) IPCE, (c) chrono-amperometry curves over on-off light cycles, and (d) Nyquist plots at an applied
potential of −0.1 V vs Ag/AgCl (0.85 V vs RHE).
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improves the electron transport inside the 1D nanostructure. In
addition, the high hydrophobicity of the ZnO NWs after the
preannealing likely favors the interconnection between the
ZnO NWs and the TiO2 crystallites, thus further improving the
electronic transport and separation of the carriers at the ZnO−
TiO2 interface and reducing the carrier recombination. The
improvement in both these properties was assessed through
impedance spectroscopy analysis. The Nyquist plots of the ZT-
air-A and ZT-air-B samples are reported in Figure 10d. As is
clearly evident, both arcs related to the charge transport (i.e., on
the left), and to the charge recombination (i.e., on the right) in
the Nyquist plot are smaller for the preannealed sample, thus
implying a faster electronic transport inside the nanostructures
as well as a more efficient charge separation.
It is worth noting that the reported activity of the core−shell

ZT-air-B sample is in-line with recent results on pure and N-
doped rutile TiO2 NWs (∼1.6 μm).37 In addition, in some
cases it has overcome the performance of low band gap
semiconductor thin films prepared by means of wet chemical
techniques,55 such as Fe2O3, WO3/Fe2O3, SrTiO3, BiVO4,

56

and WO3/BiVO4.
57 In most of the latter cases, the reduced

performance is due to the planar morphology, low surface area,
and high charge carrier recombination that prevails toward the
high visible light absorption of the material, which causes low
IPCE values (below 10%).
Nonetheless, the photocurrents obtained with the core−shell

sample are still lower than those recently obtained through a
combination of 1D nanostructuration, doping, cocatalysis, and
sensitization with low band gap semiconductors (i.e., CdS and
CdSe). For instance, a photocurrent of 1.6 mA/cm2 has been
obtained for a WO3/BiVO4 nanorod by Su et. al,57 due to the
high surface area and better charge transport within the 1D
nanostructure, which has a maximum IPCE of 12% and an
action spectra until 500 nm. Still higher values (about 2.4 mA/
cm2 at 1.23 VRHE) have been obtained with Mo-doped BiVO4,
thanks to the 4-fold increase in the IPCE (almost constant at
40% for λ < 460 nm) compared to nondoped BiVO4 films, due
to the reduced charge-transfer resistance.56 Cobalt has been
also used by Hoang et al.37 to cocatalyze N-doped TiO2 NWs,
and an increase has been obtained in both the IPCE (up to 20%
from 420 to 470 nm) and the photocurrent (0.8 mA/cm2 at 1.7
VRHE). Cobalt treatment has been found to play a dual role:
first, the passivation of surface states, thus increasing holes
lifetime, and second, the formation of a Co-based water-
oxidation catalyst layer. Moreover, the low band gaps of CdSe
and CdS (about 2.4 eV) have been suggested to be responsible
for an increase in the visible light absorption and IPCE
spectrum to 650 nm. Ji et al.10 have deposited CdSe in both
TiO2 NWs and TiO2 NWs@ZnO heterojunctions, and up to
0.7 and 1.7 mA/cm2 were obtained, respectively. Hsu et. al51

used CdS as a sensitizer in H2-treated AZO nanorods, and their
photocurrent was increased to about 4 mA/cm2 and 4% of
ηMAX.
This analysis suggests that further improvement in the PEC

performance of the ZnO@TiO2 core−shell materials could be
obtained by exploiting one or more of the previous listed
approaches, such as by synthesizing hybrid structures with low
band gap semiconductors or by codoping/cocatalyzing, to
achieve the standards expected for commercial implications.

4. CONCLUSIONS
A fast sol−gel synthesis procedure adopted to obtain ZnO@
TiO2 core−shell nanostructures for application as photoanodes

for the PEC water-splitting reaction has been reported in this
work. After the growth of ZnO nanowires by means of the
hydrothermal route on FTO substrates, the titania shell was
deposited, upon impregnation in a sol, after which high
coverage levels of the ZnO NWs surface were obtained after
only 10 min of immersion. The presence of acetylacetone in the
titania precursor solution induces a slowing down of the
hydrolysis rate and thus led to a controlled deposition of the
titania shell.
The role of the gas atmosphere during the annealing step has

been studied in depth. An anatase crystalline structure of the
TiO2 layer on wurtzite ZnO NWs was obtained after a thermal
treatment either in air or in a nitrogen atmosphere. Both the air
and N2-treated core−shell ZnO@TiO2 nanostructures pro-
duced enhancements of the photocurrent of about 28% and
40% as well as of the maximum STH efficiency of 44% and
63%, respectively, in comparison to the pristine ZnO NWs
treated in the same atmosphere. However, it was noted that the
thermal treatment in air was more beneficial to the PEC
performances than the annealing in nitrogen.
A further enhancement of the photocurrent was obtained

with 2.2 times higher values for the air-annealed core−shell
sample by preannealing the ZnO NWs before the TiO2
deposition (ZT-air-B sample). Such a process leads to the
consolidation of the ZnO crystals, their greater wettability being
experienced by the titania precursor solution, and a better
interconnection at the ZnO−TiO2 interphase. Moreover, this
latter core−shell exhibited 24 times higher photocurrents at
1.23 V versus RHE than a TiO2 NPs film of equivalent
thickness. Finally, a lower degradation of the ZnO NWs in the
core−shell structures was observed thanks to the presence of
the TiO2 protective shell. This degradation was further reduced
by the prethermal treatment of ZnO NWs prior to the titania
deposition. The thus-optimized synthesis procedure and
thermal treatments lead to a core−shell material that has
enhanced photocatalytic properties for the water-oxidation
reaction compared to bare ZnO NWs, TiO2 NPs film, to similar
Cl-doped ZnONWs@TiO2, and to other planar thin films of
visible light-absorbing materials55 (e.g., Fe2O3, WO3/Fe2O3,
SrTiO3, BiVO4,

56 and WO3/BiVO4
57).

It can therefore be concluded that the anatase titania shell on
ZnO NWs plays a double role. First, it protects the ZnO NWs
structure, and long-term lifetimes of the core−shell photo-
anodes for the water-splitting reaction are thus obtained.
Second, the TiO2 shell treated in air increases the PEC
performances, favors charge separation and reduces the charge
recombination. The thermal treatment in the nitrogen
atmosphere instead produces a higher number of defects in
both crystalline structures, which reduces the PEC perform-
ances in comparison with the air-annealed photoanodes.
In conclusion, the efficient application of the ZnO@TiO2

core−shell photoanodes opens important perspectives, not only
in the water-splitting application field, but more in general for
other photocatalytic applications (e.g., photovoltaic cells and
degradation of organic substances), due to their chemical
stability and easiness of preparation. Their high specific surface
area and improved light-scattering ability can also be exploited
for coupling to either low band-gap semiconductors (i.e., CdSe
or CdS, among others) or cocatalysts, to further increase their
IPCE and action spectrum in the visible wavelengths, and
consequently achieve the efficiency required for commercial
applications.
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