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ABSTRACT: Inverse opal (IO) films of tin dioxide (SnO2) were
fabricated on polystyrene (PS) beads (diameter = 350 nm (±20
nm) with a spin coating method. To compensate for the large
band gap (Eg = 3.8 eV), a thin TiO2 shell was deposited on the
SnO2−IO films with atomic layer deposition (ALD), which
produced shells with thicknesses of 10−40 nm. The morpho-
logical changes and crystalline properties of the SnO2 and TiO2-
coated SnO2 (herein after referred to as TiO2/SnO2) IO films
were investigated with field-emission scanning electron micros-
copy and X-ray diffraction, respectively. The photoelectrochemical
(PEC) behavior of the samples was tested in a 0.1 M KOH solution under 1 sun illumination (100 mW/cm2 with an AM 1.5
filter). The highest PEC performance was obtained with the TiO2(10 nm)/SnO2 IO films, which produced a photocurrent
density (Jsc) of 4.67 mA/cm2 at 0.5 V (vs NHE) and was sequentially followed by the TiO2(20 nm)/SnO2−IO, TiO2(30 nm)/
SnO2−IO, TiO2 (40 nm)/SnO2−IO and SnO2 IO films. Overall, the thin TiO2 shell covered on the SnO2−IO core enhanced Jsc
by 3 orders of magnitude, which in turn the PEC activity. This is mainly ascribed to the extremely low charge-transfer resistance
(Rct) in the photoelectrode/electrolyte and at the TiO2/SnO2 interface, as well as the contribution of the photoactive TiO2 layer,
which has an Eg of 3.2 eV. Moreover, to improve the electrical conductivity of the core SnO2 IO film, the films were doped with
10 mol % of F. The F− doped films were labeled as the FTO IO film. The Rct of the FTO-IO films decreased because of the
improved electronic conductivity, enhancing the PEC performance of the TiO2(10 nm)/FTO-IO films by approximately 20%.
The core−shell nanowire mesh nanoarchitecture is therefore suggested to provide an insight for designing the peculiar structure
based on the material’s properties and the engineering of their band gap energy for highly efficient PEC performance.
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1. INTRODUCTION

Since the first report on the photoelectrolysis of water by
Fujishima and Honda,1 the application of photoelectrochemical
(PEC) water splitting as a type of solar energy conversion
technique has gained significant interest where chemical fuels
(e. g., O2 and H2 gases) can be generated by the photo-
electrochemical reactions at the photoanode and photocathode
when exposed to sunlight. A significant amount of attention has
been focused in accordance with the international stream to
pursuit the sustainable energy sources for the environmental
benefit.2−7 However, to commercialize the PEC water splitting,
the photoconversion efficiency should be enhanced by at least
10% under the low developing charge.8−10 In this regard, many
diverse approaches and new materials have been recommended,
and the fundamental interfacial phenomenon has also been
studied to decrease the occurrence of side reactions.11−13 Of

these novel approaches and materials, the use of optimal
materials for the given conditions has been regarded as a prime
area where improvements can be made, because there are two
basic conditions that must be met for water splitting reactions
to occur: (1) the energetic band edges are suitable for the H2O
water splitting and (2) the materials are highly stable in
aqueous solutions.14−17 Accordingly, various potential materials
have been surveyed and the first material tested was TiO2

owing to its high photoactivity, low cost, and excellent chemical
stability in aqueous solutions, as evaluated by Fujishima and
Honda. However, the limiting factor for TiO2 is its wide band
gap (∼3.2 eV), allowing the light harvesting only from the UV
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region. Thus, the heterogeneous structure between TiO2 and
other materials with visible-light absorbing ability has been
suggested. Therefore, the development of quantum-dots or
organic dye-sensitized PEC water splitting has resulted in a
significant breakthrough with respect of the photoconversion
efficiency up to 5.7%.18,19 In other respect, many efforts have
also been focused on modulating the microstructure
(morphology, size, crystallinity, facets, etc.) of the photo-
electrodes which affects the charge transport/transfer behaviors
or reaction sites.20−24 Nevetheless, the intrinsic charge
transport properties of TiO2 are still poor, leading to low
conductivity of TiO2 semiconductor. This causes significant
charge recombination and charge trapping to occur during the
charge migration toward the charge-collecting electrode.
Therefore, the introduction of highly conductive photo-
electrodes can be considered as a promising alternative for
enhancing the effective movement of the photogenerated
charge carriers. Both SnO2 and F− doped SnO2 (FTO) exhibit
superior electron mobilities (240 cm2/V·s) of 2−3 orders of
magnitude higher than that of TiO2, and their conduction band
(−4.66 eV) are approximately 300−500 mV lower than that of
TiO2.

25 Moreover, FTO not only has a highly electrical
conductivity with a specific resistivity of 10−3 Ω·cm compared
to that of SnO2, but it also has a high transparency (>80%) in
the visible-light region.26 The type-II alignment between
undoped- and doped-SnO2 and TiO2 may facilitate fast charge
separation/transfer through the formation of core−shell SnO2−
TiO2 or FTO-TiO2 materials. Besides, SnO2 has a small lattice
mismatch with TiO2, leading to good structural compatibility
and stability.27 Although the core−shell structure of the SnO2−
TiO2 (denoted as TiO2/SnO2) is reported to decrease the
exciton recombination, few studies have been reported.28−30 In
general, the performance of core−shell materials is known to be
significantly affected by the properties of the shell such as the
crystallinity and thickness. Despite the importance of the shell
properties, the shell thickness dependent performance of TiO2
shell in the TiO2/SnO2 nanoparticles has not yet been
systematically studied.
Atomic layer deposition (ALD), a thin film deposition

technique based on self-limiting surface reactions by sequential
exposure of the substrate with different gas phase precursors,
has been used to precisely modulate the deposited thickness at
the atomic level. Furthermore, excellent step coverage with the
high-aspect ratio is achieved for 3-dimentional (3D) nano-
structure substrates by the ALD.31,32 By using the ALD for the
formation of the TiO2 shell, the core−shell TiO2−SnO2

nanostructures may be formed uniformly and reproducibly,
and the TiO2 layer thickness can also be precisely controlled by
varying the cycling number of the ALD.
The 3D nanowire mesh-type nanoarchitectures, called

inverse opal (IO) structures, offer several advantages: (1) the
large surface area, (2) favorable charge transport properties, and
(3) photonic crystal effects, that contribute to the absorption of
light. For example, a significantly improved PEC performance
has been reported for 3D IO nanoarchitectures composed of
Mo:BiVO4, which is primarily due to the more effective charge
collection and controllable macro- and meso-porosity.33

In this study, the TiO2 shell layers of different thicknesses
were deposited by the ALD on the surface of SnO2-based 3D
IO nanoarchitecture. Herein, the PEC performance significantly
enhanced by tuning and optimizing the TiO2 shell thickness
owing to the synergistic effects of the superior charge transfer/
transport, a large surface area, and effective photonic crystal
effect. Furthermore, the introduction of the FTO IO instead of
the SnO2 IO further improved the PEC performance owing to
its excellent electrical conductivity. The significantly enhanced
PEC performances of the TiO2/FTO core−shell IO structures
were systematically studied in terms of charge separation,
charge transport kinetics, recombination rate, electrochemical
reaction, photonic crystal effect, and electrical conductivity.

2. EXPERIMENTAL SECTION
2.1. Preparation of the SnO2 IO, FTO IO and TiO2/SnO2 IO

Films. Figure 1 shows a schematic diagram of the simple method used
to prepare the TiO2/SnO2 IO films. In brief, an FTO (Hartford Glass
Corp., sheet resistance ∼15 Ω/sq.) substrate with a size of 1.25 × 1.25
cm2 was prepared and cleaned via ultrasonication by sequentially
immersing the substrate in ethanol, acetone, and distilled water for 20
min each. The substrate was then treated with a H2SO4:H2O2:H2O
(3:1:1, volume ratio) solution for 30 min to improve the hydro-
philicity. An aqueous solution containing 10 wt % of polystyrene (PS)
beads with an average diameter of 350 (±20) nm was prepared via
emulsion polymerization, affording to an arranged face-centered cubic
lattice (ABCABC). One drop of the PS bead solution was spread on
the surface of the FTO substrate and subsequently spin-coated at 900
rpm for 10 s. The template consisting of the spin-coated PS beads was
then dried at 70 °C for 20 min on a hot plate. An absolute-ethanol
solution of tin tetrachloride (SnCl4·5H2O, 30 μL, 0.2 M) was dropped
on the multilayered PS bead template. The SnCl4·5H2O solution
subsequently infiltrated in the PS beads template, and any excess
precursor solution was removed at a fast spin speed. After drying the
sample for a short time, a high-temperature thermal treatment was
performed at 500 °C for 3 h in air (ramping rate of 0.98 °C/min) to
remove the PS beads template. For the FTO IO film on this template,
the precursor solution consisting of 0.2 M SnCl4·5H2O containing 10

Figure 1. Schematic diagram showing the fabrication process for the TiO2/SnO2 IO nanostructures using a PS-bead template.
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mol % of NH4F was prepared, and the same experimental procedures
to fabricate the SnO2 films were followed. Finally, the SnO2 and FTO
IO films were placed in the ALD vacuum chamber to deposit the TiO2
shells (thickness = 10 nm−40 nm). Titanium isopropoxide (Ti-
{OCH(CH3)2}4, UPChem. Korea) and deionized water were used as
the sources of Ti and O, respectively, and the growth temperature was
250 °C. The initial growth rate of TiO2 in ALD chamber is about 0.13
nm/cycles, subsequently increased to about 0.85 nm/cycle when the
film thickness is thicker than 10 nm. The as-deposited thin TiO2 shells
exhibited an amorphous crystalline phase or weak crystallinity, and
therefore, an additional annealing process was performed at 450 °C for
30 min under an air atmosphere to improve the crystallinity.
2.2. Characterizations. The PEC measurements were conducted

in a three-electrode cell under light illumination using a potentiostat
(CHI Instruments, USA). The SnO2 and TiO2/SnO2 IO films were
used as the working electrodes with an active area of 0.2 cm2. A Pt
sheet (area: 10 cm2) and homemade Ag/AgCl electrode with saturated
KCl (sat. Ag/AgCl with 0.11 V vs NHE) were used as the counter and
reference electrodes, respectively. After nitrogen bubbling, an aqueous
electrolyte containing 0.1 M KOH (pH 13.5) was used to remove the
dissolved oxygen gas. The PEC responses were measured using a Xe
lamp (150 W) with a light intensity of 100 mW/cm2 with AM 1.5
filter. The current−voltage (J−V) performances under the chopped
light on/off illumination were measured at a scan rate of 20 mV/s
during the potential sweep. The incident photon-to-current conversion
efficiency (IPCE) was measured in the wavelength range 300−500 nm
at a potential of 0.5 V versus sat. Ag/AgCl electrode using a specially
designed IPCE system for PEC water splitting. A 150 W xenon lamp
was used as the light source for generating the monochromatic beam.
The calibration was performed using an NREL-certified silicon
photodiode.
Moreover, to evaluate the flat-band potential (VFB) and donor

concentration of the SnO2 and FTO IO films, Mott−Schottky plots
(AUTOLAB/PGSTAT, 128N) at a frequency of 1 kHz were measured
using a standard potentiostat equipped with an impedance spectra
analyzer (Nova) in the same electrochemical configuration and
electrolyte under the dark condition. The electrochemical impedance
spectroscopy (EIS) of the SnO2 and TiO2/SnO2 IO films was
measured in the same electrochemical configuration and electrolyte
under 1 sun illumination condition. The frequency was measured in
the range from 0.1 Hz to 10 kHz at an amplitude of ±10 mV. The
thickness and morphology of the SnO2, FTO, and TiO2/SnO2 IO
films were confirmed by field-emission scanning electron microscopy
(FE-SEM, S4800, HITACHI Inc.) operating at 10 kV and 20 mA.
High-resolution transmission electron microscopy (HR-TEM, JSM-
200FXII, JEOL, Japan) was also used to confirm the morphological
and crystalline properties of the SnO2, FTO, and TiO2/SnO2 IO films.
The crystalline properties of the SnO2, FTO, and TiO2/SnO2 IO films

were investigated using a high-power X-ray diffractometer (HP-XRD,
PANalytical, X′Pert PRO) operating at 40 kV and 30 mA.
Furthermore, the transmittance of each sample was assessed using
an ultraviolet−visible (UV−vis) spectrophotometer (LAMBDA-900
UV/VB/IR Spectrometer, PerkinElmer) in the wavelength range 300−
800 nm.

3. RESULTS AND DISCUSSION

Figure 2 shows the top FE-SEM images of (a) PS bead
template, (b) SnO2 IO, (c) TiO2 (10 nm)/TiO2 IO, (d) TiO2
(20 nm)/SnO2 IO, (e) TiO2 (30 nm)/SnO2 IO, and (f) TiO2
(40 nm)/SnO2 IO films. The PS beads, which have an average
diameter of 350 (±20) nm are well ordered in a regular close-
packed sphere arrangement that corresponds to a face-centered
cubic symmetry (ABCABC···). SnO2 IO was visualized to be
well connected between the neighboring pores, indicating that
the spherical pores in the SnO2 IOs are mostly in 3D ordered
hexagonal close-packed array arrangement, preserving the
original face-centered cubic arrangement of the PS beads
templates. Based on the PS beads of 350 nm size, the pore
shrinkage of ∼34% corresponded to a pore size of 230 (±10)
nm, caused by the combination of the shrinkage of the
polystyrene sphere during the thermal treatment for the
template removal and the densification of SnO2 during the
phase transformation from the amorphous to the rutile
phase.34,35 Such shrinkage is similar to the reported values
(25−30%) observed from the structures obtained by the sol−
gel method.36,37 A TiO2 layer with an initially proposed
thickness was uniformly deposited on 3D macroporous SnO2
IO film by the ALD process. The pore diameter steadily
decreased with increasing thickness of TiO2 layer from 10 to 40
nm, and the pore diameter of TiO2(40 nm)/SnO2 IO film
decreased to ∼130 nm, disclosing the distorted pore shape
squashed by the thick TiO2 layer. In contrast, the uniform pore
ordering with the hexagonal shape was maintained for up to 30
nm-thick TiO2-coated SnO2 IO films. However, the wall
thickness was found to be steadily increased by decreasing pore
size with the increased thickness of TiO2 layer. Overall, the
basic skeleton of the IO film was still maintained despite of the
deposited TiO2 layer irrelevant to its thickness. To investigate
the geometric change and morphological modification, the
highly magnified FE-SEM images were recorded, as shown in
Figure 3. From the pore diameter of 230 nm in the SnO2 IO

Figure 2. FE-SEM images of (a) 350 nm sized PS bead template, (b) SnO2 IO, (c) TiO2 (10 nm)/SnO2 IO, (d) TiO2(20 nm)/SnO2 IO, (e)
TiO2(30 nm)/SnO2 IO, and (f) TiO2(40 nm)/SnO2 IO film.
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film, the pore diameter sequentially decreased to 200 nm
(TiO2(10 nm)), 180 nm (TiO2(20 nm)), 160 nm (TiO2(30
nm)), and 130 nm (TiO2(40 nm)). As a whole, the thickness of
the TiO2 layer increased by ∼10 nm. In contrast, the wall
thickness of the IO structure increased from 17 nm (SnO2) to
93 nm (TiO2(40 nm)), and the increasing ratio matched well
with the initially proposed value. Overall, the systematic control
of the TiO2 thickness on the 3D nanowire mesh-type
nanoarchitecture was possible by the ALD process. Moreover,
a representative cross-sectional image of the 3.3 μm-thick
TiO2(40 nm)/SnO2 IO film (Figure 3f) clearly shows that the
TiO2 layer is uniformly deposited on the inner side of the IO
structure. In spite of a partially broken nanowire shells caused
by the volume expansion of the opal template, a high degree of
ordering in the SnO2 IO film is also visible. To further
investigate the core−shell structure, the HR-TEM measure-
ments were performed for the SnO2 IO and TiO2(10 nm)/
SnO2 IO films, as shown in Figure 4. In the low-resolution view
of the SnO2 and TiO2(10 nm)/SnO2 IO films (Figures 4a,d,
respectively), it is noteworthy that the inverse opal structure

was comprised of the nanowire mesh skeleton where the small-
size nanoparticles are tightly interconnected by the sol−gel
process. Compared to the rough surface texture of the SnO2 IO
film, TiO2(10 nm)/SnO2 IO film shows the smoother surface
morphology (Figure 4d), attributed to the recrystallization at
the surface region of the SnO2 IO film and the core−shell
SnO2−TiO2 layer were remarkably distinguished by the
contrast difference, and the conformal coating of TiO2 was
again identified through the entire area of SnO2 IO film.
Besides, a coating of 10 nm-thick TiO2 layer is definitely visible
(Figure 4e). In the high-magnification view on the surface
region of IOs, the interplanar lattice spacing of 0.335 nm in the
HR-TEM of the SnO2 IO film (Figure 4c) with clear lattice
fringes corresponded to the rutile (110) planes of SnO2 crystal
system. In contrast, TiO2(10 nm)/SnO2 IO film exhibits the
rutile SnO2 phase with an interplanar lattice spacing of 0.235
nm from (200) plane, the anatase TiO2 phase corresponding to
the (101) plane with the interplanar lattice spacing of 0.352
nm, and the rutile TiO2 phase with the (110) plane
accompanying with an interplanar lattice spacing of 0.324

Figure 3. High-magnification FE-SEM images of (a) SnO2 IO, (b) TiO2(10 nm)/SnO2 IO, (c) TiO2(20 nm)/SnO2 IO, (d) TiO2(30 nm)/SnO2 IO,
(e) TiO2(40 nm)/SnO2 IO film, and (f) cross-sectional view of TiO2(40 nm)/SnO2 IO film.

Figure 4. HR-TEM images of (a−c) SnO2 IO and (c−e) TiO2(10 nm)/SnO2 IO.
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nm. Furthermore, the TiOx amorphous phase is also partially
observed in the shell region, probably resulting from the
extremely thin film thickness. The rutile TiO2 phase may be
preferentially formed on the rutile SnO2 phase, because the
lattice mismatch between them approached to almost zero.
However, the anatase TiO2 phase was also formed despite of
the significant lattice mismatch between them of >100%.38−40

This is attributed to the high-temperature annealing treatment
at 450 °C for 30 min under air, because the as-grown rutile
TiO2 phase with a very weak crystallinity or amorphous TiOx
phase can be easily transformed to the anatase phase. Taking
into account that the anatase phase has a higher photoactivity
than that of the rutile phase, the preferred formation of the
anatase TiO2 may enhance the PEC activity. The crystalline
structure of the samples in the broad and in-depth range
prepared with different TiO2 thicknesses were characterized by
XRD measurements, as shown in Figure 5. The highly
polycrystalline rutile SnO2 IO film was observed corresponding
to the (110), (101), (200), and (211) planes. In the case of
TiO2(10 nm)/SnO2 IO film, a very weak rutile TiO2 phase is
noticed at an angle of 27.5°, reflecting the presence of the rutile
(110) plane on a basal rutile SnO2 IO film. However, as the
thickness of TiO2 layer increased from 20 to 40 nm, the anatase
TiO2 peak with the (101) plane was dominantly observed
instead of the rutile TiO2 phase because the post-thermal
treatment at high temperature (450 °C) easily transformed the
anatase TiO2 phase at 450 °C, and its intensity abruptly
increased with increasing thickness of the TiO2 layer. In
contrast, even though the structure of SnO2 IO skeleton is
constantly maintained, the rutile SnO2 peak of the (110) plane
smoothly decreased, because of the decreased penetration
depth of the X-ray beam through the TiO2 layer. Furthermore,
the deposition of a TiO2 layer on the SnO2 IO film induced the
modification of the full-width at half-maximum of each curves,
and the calculated average grain sizes of the SnO2 IO film with
the rutile (110) plane, TiO2/SnO2 IO film with the rutile (110)
plane of SnO2, and anatase (101) plane of TiO2 are listed in
Table 1. The pristine SnO2 IO film exhibited an average
crystalline size of 10.5 nm, whereas the crystallite size of SnO2
IOs in TiO2(10 nm)/SnO2 IO film decreased to 8.73 nm. With
increasing thickness of the TiO2 layer, the SnO2 crystallite size
decreased and the TiO2 crystallite size reversely increased. In
fact, a certain stress can be achieved between the SnO2 IO film
with a wall thickness of ∼17 nm and at least 10 nm coating of
the TiO2 layer, depending on the lattice mismatch. In the case
of rutile SnO2 (a = 4.737 Å and c = 3.186 Å) and rutile TiO2 (a
= 4.584 Å and c = 2.953 Å) layers, the lattice mismatch was very
small (3% for a-axis and 7% for c-axis), whereas the

combination of rutile SnO2 and anatase TiO2 (a = 3.784 Å
and c = 9.515 Å) layers induced a large lattice mismatch of 20%
(a-axis) and 198.6% (c-axis). Therefore, with increased
thickness of the TiO2 layer, the preferably formed anatase
TiO2 layer causes the tensile and compressive stress through
the a- and c-axis, decreasing the size of the SnO2 nanocrystals.

41

Despite a small lattice mismatch between the rutile SnO2 and
rutile TiO2 layers, the union between the divergent materials
affected their original thin films’ characteristics, decreasing the
average grain size. In contrast, the average crystallite size of the
TiO2 layer steadily increased by ∼16.7 at 40 nm thickness,
because of the coalescence between the grains in the thin film
during the annealing process. The effects of the grain size on
the PEC water splitting have been reported in literature,42

indicating that the increase in the grain size enhances the
charge transport events, thereby directly contributing to the
enhanced PEC performance. Therefore, the contradictory grain
size between the SnO2 and TiO2 layers may play as a significant
role on the PEC activity.
The optical and photonic band gaps of SnO2 and TiO2/SnO2

IO films by collecting their transmittance using a UV−vis
spectrophotometer were captured, as displayed in Figure 5b. In
the case of the original SnO2 IO film, the transmittance of
>90% was attained in the wavelength range 600−800 nm, and
the electronic band gap (Eg) was estimated to be ∼3.8 eV, as
marked by the dotted line, accompanying the photonic band
gap (PBG) of 2.82 eV from the light trapping at ∼440 nm.
However, the absorption curve near the PBG is not symmetric,
indicating the partial covering of the nonuniform IOs in the
film.43 In the case of the TiO2/SnO2 IO films, the transmittance
steadily decreased in the wavelength region 600−800 nm,
implicating a significant light absorption, reflection, and
scattering. The wavelength of PBG was red-shifted with
increasing thickness of the TiO2 layer, almost approaching to
1.74 eV (TiO2(40 nm)/SnO2 IOs), pointing out that the light
recognizes the mixed properties between SnO2 and TiO2

Figure 5. (a) XRD patterns and (b) UV−vis transmittance spectra of SnO2 IO and TiO2/SnO2 IO films.

Table 1. Average Crystallite Size of SnO2 and TiO2
Nanoparticles Composed of the IO Films and the Optical
Bandgap of SnO2 and TiO2/SnO2 IO Films

crystallite size (nm)

SnO2 (110) TiO2 (101) Eg (eV)

SnO2 11.9 3.8
TiO2(10 nm)/SnO2 8.73 3.44
TiO2(20 nm)/SnO2 8.77 11.0 3.34
TiO2(30 nm)/SnO2 6.62 15.8 3.29
TiO2(40 nm)/SnO2 4.70 16.7 3.24
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materials (not by TiO2 or SnO2 alone), and the TiO2 layer can
strongly affect the total materials’ properties, probably because
of the increased optical thickness (a unit of the repetitive cycle)
of TiO2−SnO2−TiO2 layer.44,45 In the case of the SnO2 IO
film, the nanowire thickness of ∼17 nm is repetitively observed,
whereas the thickness of the nanowires consisting of one SnO2
and two TiO2 layers in the TiO2/SnO2 IO film steadily
increased as the TiO2 thickness increased from 10 to 40 nm,
increasing the thickness of the repetitive units. The increased
optical thickness in the photonic crystal film red shifts the PBG,
finally enhancing the light absorption in the longer wavelength
region. Meanwhile, the intensity of the light absorption in the
vicinity of the photonic band gap significantly decreased with
increasing TiO2 layer thickness, indicating the weakened
photonic crystal effect, because of the abruptly decreased
pore diameter and the damaged regular ordering of the IOs.
The optical bandgaps (Eg) of the TiO2/SnO2 IO films was
calculated from Figure 5b and are listed in Table 1. In
comparison with the optical bandgap (3.8 eV) of the SnO2 IO
film, the Eg of the TiO2/SnO2 IO films decreased gradually with
increasing thickness of the TiO2 layer, reaching the Eg (3.2 eV)
of the anatase TiO2. This confirms that the mixed properties of
SnO2 and TiO2 and the TiO2 layer (versus the thin SnO2 IOs)
significantly affect the interaction of light, contributing
gradually to the total optical band gap with increasing TiO2
thickness. Therefore, the transformation of its optical property
in the core−shell IOs electrode is feasibly dependent on the
combination of materials and the adjustment of the thickness in
each layer. Moreover, the light interacts concurrently with the
mixed materials composed of the core−shell IO film, altering
the photonic crystal effect.
Based on these materials, the PEC performances of the SnO2

IO and TiO2/SnO2 IO films were measured in 0.1 M KOH
solution under AM 1.5 G simulated sunlight illumination, as
shown in Figure 6a,b. The linear-sweep voltammgrams (LSVs)
in Figure 6a show the photoresponse (photocurrent density) in

the range of the scanned potential at a scan rate of 20 mV/s.
The dark current densities were measured for all the samples,
indicating no apparent change. The representative dark current
density acquired for the SnO2 IO film under the dark condition
(Figure 6a) was used to quantitatively estimate the photo-
current densities obtained under the illumination. Upon
sweeping the potential from −1.0 to +1.5 V under the
illumination, the SnO2 IO film shows a significantly low
photoresponse through the entire potential range with an onset
potential of −0.51 V (vs NHE). Furthermore, the increasing
rate (or steepness) of the photocurrent density after the onset
potential is relatively low compared to those of other TiO2/
SnO2 IO films. The SnO2 IO film exhibited abruptly increasing
photocurrent density from 1.0 V (vs NHE), owing to the
tunneling effect by the band bending at the interfacial region
between the SnO2 IO film and electrolyte.46,47 All the TiO2/
SnO2 IO films exhibited similar onset potential of −0.8 V (vs
NHE), indicating that the main photoactive reaction occurs by
the TiO2 shell layer, despite the very thin 10 nm-thick TiO2
layer in the TiO2(10 nm)/SnO2 IO film. Because SnO2
possesses a more positive conduction band edge in the range
∼300−500 mV than that of TiO2, the positive shift in the onset
potential of ∼300 mV confirms the formation of an intrinsic
SnO2 material. After the onset potential, the photocurrent
density increased sharply for all the TiO2/SnO2 IO films, but
the increasing rate gradually decreased as the TiO2 layer
thickness increased >10 nm. This can be attributed to the
material resistance of TiO2 itself. In the positive potential
region showing saturated photocurrent density, the stable
photocurrent was achieved in TiO2(10 nm)/SnO2 IO film,
whereas the TiO2/SnO2 IO film with the thickness >20 nm
shows no saturation of photocurrent, showing continuously
increasing value with the increased potential. It may be
attributed to the hindered charge transport in the TiO2/SnO2
IO films. As compared the photoresponse at the 0.5 V (vs
NHE), TiO2(10 nm)/SnO2 IO film exhibited the highest values

Figure 6. (a) LSV and (b) chopped LSV under full sun on/off cycles of SnO2 IO and TiO2/SnO2 IO films in 0.1 M KOH solution and EIS spectra
of (c) SnO2 IO and (d) TiO2/SnO2 IO films under the solar illumination.
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of 4.67 mA/cm2, subsequently followed by 4.37 mA/cm2

(TiO2(20 nm)/SnO2 IO), 3.57 mA/cm2 (TiO2(30 nm)/
SnO2 IO), 3.2 mA/cm2 (TiO2(40 nm)/SnO2 IO) and 0.42
mA/cm2 (SnO2 IO). Taking into account the significantly low
photocurrent density of the SnO2 IO film, all the samples
covered by the TiO2 layer show the noticeable enhancement of
at least seven times higher, and in particular, the TiO2 (10
nm)/SnO2 IO films show 10 times higher photocurrent density
compared to the SnO2 IO film. To evaluate how fast the
charges are photogenerated or disappear, the chopped J−V
curves were measured under light on/off illumination at an
interval of 5 s, as represented in Figure 6b. The tendency and
quantitative values of the overall photocurrent density with the
scanned potential are identical to those of the LSVs, and it also
shows the abrupt production and extinction of the photo-
generated charge under light on/off illumination, indicating fast
charge transport for all the samples. That is, the composed
medium (e.g., SnO2, TiO2, or the combined TiO2/SnO2) for
the PEC water splitting offers the fast charge transport/transfer
pathways.
To identify the electrochemically kinetic information

happening at the each component and interfacial region in
the PEC water splitting such as the charge transport in the
photoelectrode or charge transfer at the photoelectrode/
electrolyte, the EIS measurements were fulfilled at the
frequency range from 10 kHz to 0.1 Hz at OCV under solar
illumination. All the photogenerated electrons are recaptured
by H+ ions in the electrolyte before being extracted to the
external circuit, and all the holes disappear by reacting with
H2O to produce O2. Figure 6c,d shows the EIS spectra of the
SnO2 IO and TiO2/SnO2 IO films in 0.1 M aqueous KOH
solution. To acquire the exact and quantitative values from each
component, the equivalent circuit described in the inset of
Figure 6c was facilitated for the simulation. The onset point on
the real axis (Rs) at the high-frequency region represents the
internal series resistance caused by the intrinsic components’
resistance and the contact resistance between the photo-
electrode and the substrate, which is ∼255 Ω. The diameter of
the semicircle at the middle and low frequency regions is
related to the interfacial charge transfer resistance (Rct).

48 The
SnO2 IO film exhibited fairly large charge-transfer resistance
(Rct) of ∼23 000 Ω, whereas all the TiO2/SnO2 IO films exhibit
significantly low Rct values of ∼300−400 Ω, indicating that the
photogenerated holes in the SnO2 IO film experience ∼4
orders of magnitude higher bottleneck to reach at the
electrolyte rather than that in the TiO2 film of the TiO2/
SnO2 IO films. Furthermore, considering that the maximum
valence band edge of SnO2 is positioned at −8.46 eV, the high
overpotential can occur to make the holes transfer to the
electrolyte for the water oxidation, leading to the significantly
high Rct. As well, it was well-known that the bulk SnO2 has
revealed several practical limitation due to short lifetime of the
excited-state carrier (10−12 s), poor oxygen evolution reaction
kinetics, and short hole diffusion length (2−4 nm). Therefore,
the pristine SnO2 IO film experienced the large Rct for hole
transfer to electrolyte.49−52 The TiO2/SnO2 IO films (Figure
6d) show the sequential decrease in the Rct values,
corresponding well to the decreased thickness of the TiO2
layer. TiO2 is known to have a higher electrical resistance than
SnO2. The photogenerated electrons are formed mainly in the
TiO2 layer, followed by transferring to the SnO2 core. However,
the charge transporting pathways in the TiO2 layer increased

with increasing TiO2 layer thickness, promptly increasing the
Rct at the interface between the SnO2 and TiO2 layers.
To investigate the enhanced photocurrent density in the

TiO2(10 nm)/SnO2 IO film in more detail, the relationship
between the photoactivity and the wavelength of the light
absorption has to be investigated. Thus, the quantitative
photoresponse as a function of the wavelength of the incident
light was measured and plotted as incident photon-to-current
conversion efficiency (IPCE). In this context, IPCE measure-
ments were performed for the SnO2, TiO2(10 nm)/SnO2, and
TiO2 (40 nm)/SnO2 IO films at 0.5 V vs NHE in the 0.1 M
KOH solution, as shown in Figure 7. The SnO2 IO film showed

the typical photoresponse of SnO2 material, with a maximum
IPCE of 14.7% at 315 nm and an onset potential of 385 nm.
Moreover, the TiO2/SnO2 IO films exhibit two distinct peaks
from the respective SnO2 and TiO2 layers and have similar
overall IPCE patterns. The TiO2(10 nm)/SnO2 IO film showed
the maximum IPCE value of 68.8% at 315 nm with a shoulder
peak caused by the TiO2 layer which has the 40.2% IPCE value
at 350 nm, whereas the TiO2(40 nm)/SnO2 IO film shows the
maximum IPCE value of 48.1% at 315 nm with the IPCE
shoulder peak of 20.0% at 350 nm. The onset wavelengths of
the TiO2/SnO2 IO films have the same wavelength as 420 nm
owing to the light absorption of the TiO2 layer. The IPCE can
be expressed by the following equation:53

λ
=

· J
J

IPCE
1239.8(W nm/A) (mA/cm )

(nm) (mW/cm )

2

light
2

where J is the measured photocurrent density at a specific
wavelength, λ is the wavelength of incident light, and Jlight is the
measured irradiance at a specific wavelength. The Jsc calculated
by the integration of each IPCE spectrum was similar to Jsc at
0.5 V vs NHE in Figure 6. As a whole, the TiO2(10 nm)/SnO2
IO film exhibits the substantially enhanced photoactivity over
the entire UV and near visible region, indicating that the high
photoresponse can be obtained from the SnO2 core, and the
thin TiO2 shell is composed of the IO film. Comprehensively, it
is necessary to investigate the reason for the best PEC
performance of the TiO2(10 nm)/SnO2 IO film relative to
SnO2 as well as the other TiO2/SnO2 IO films. Figure 8 depicts
the simple schematic drawing to illustrate the charge generation
and transfer/transport in the SnO2 or core−shell SnO2−TiO2
nanowire mesh electrode with the band alignment between the

Figure 7. IPCE spectra of SnO2 IO, TiO2(10 nm)/SnO2 IO, and
TiO2(40 nm)/SnO2 IO film in 0.1 M KOH electrolyte.
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TiO2 and SnO2 layer. First, the significantly enhanced Jsc of the
TiO2/SnO2 IO films is owing to the low Rct at the interfacial
region from the TiO2 surface and electrolyte, as compared to
the SnO2 IO film (already confirmed in Figure 6c).
Furthermore, the intrinsic SnO2 IO film possesses a wide Eg
(3.8 eV) for the light absorption, causing the low light
harvesting even in the UV region (Figure 5b). In contrast, the
TiO2(10 nm)/SnO2 IO film exhibited significantly enhanced
light harvesting by the TiO2 shell layer corresponding to the
SnO2 IO film as a skeleton. However, in the case of core−shell
nanowire mesh electrode, the charge transfer can occur at two
sites including the interfacial region between the TiO2 surface
and electrolyte and between the TiO2 shell and SnO2 core
layer. The former was already confirmed by the comparison of
the Rct between SnO2 IO and TiO2/SnO2 IO films (Figure 6c).
The latter can be certified by the changed Rct value with the
increased TiO2 thickness. Figure 6d shows that the Rct gradually
increases with the TiO2 layer thickness, because TiO2 is more
resistive for the electron transport than SnO2, and, the

photogenerated electrons can move from the TiO2 shell to
the SnO2 core in the beneficial band alignment. During this
process, the increase in Rct because of the resistive TiO2 can be
developed with increasing TiO2 layer thickness. Thus, the Rct
steadily increased for all the TiO2/SnO2 IO films. Furthermore,
the decreasing average grain size of the SnO2 IO film with
increasing grain size of the TiO2 IO (Figure 5a) may affect the
charge transport, in which the charges generated in the large
grain-sized nanoparticle can favorably transport to arrive at the
charge collecting electrode. However, the decreased grain size
of the SnO2 core layer strongly suppresses the total charge
transport rate, because most of charges move through the core
SnO2 layer which is fast charge transporting medium. In
contrast, the TiO2 coating may passivate the surface defects or
trap sites of the SnO2 IO film, blocking the charge
recombination reaction at the interface region between the
photoelectrode and electrolyte, contributing to the improved
PEC Activity.54−56 The apparent difference in the specific
surface area between the samples was not found by the dye

Figure 8. Simple schemes explaining the charge transfer events between SnO2 IO and TiO2 layer and its energetic band diagram at the interface
between the SnO2 IO and TiO2 layer.

Figure 9. (a and b) FE-SEM images of the FTO IO nanostructure and (c and d) XRD patterns of the SnO2 and FTO IO films.
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desorption test in 0.1 M NaOH solution after the adsorption of
N719 dye molecules in absolute ethanol (not shown here). The
photonic crystal effect near the PBG in the SnO2 and TiO2/
SnO2 IO films hardly contributed to the improvement of the
PEC performance, as confirmed by the IPCE spectra (Figure
7). Therefore, from this observation, the major enhancing
factors of the TiO2/SnO2 IO films are the low Rct and the
increased light harvesting by the photoactive TiO2 layer in the
medium of highly conductive SnO2 core.
To further enhance the PEC activity of the core−shell IO

nanowire mesh electrode, the FTO IO films were employed by
following the same experimental procedure except for the
composition of the precursor solution composed of the 0.2 M
SnCl4·5H2O containing NH4F as a fluorine source (Sn:F = 9:1
mol %). Figure 9a,b show the top FE-SEM images of FTO IO
structure well arranged in the hexagonal-closed packing. The
pore diameter and wall thickness of the FTO IO film are about
∼240 nm (±12 nm) and 21 nm (±3 nm), respectively. The
FTO IO structure is almost identical to the pristine SnO2 IO
structure. To investigate the crystalline properties of SnO2 and
FTO IO films, the XRD measurements were performed, as
shown in Figure 9c,d. Both the samples exhibit the typical
polycrystalline rutile SnO2 phase corresponding to the (110),
(101), (200), (211), (220), (310), (301), (112), (202), and
(321) planes with a high crystallinity. From the Scherrer’s
equation, the average crystallite size of both the samples was
measured using the (110) peak, which are 11.9 and 6.7 nm for
the SnO2 and FTO IO films, respectively. Moreover, the (110)
peaks are red-shifted from 26.52° (SnO2 IOs) to 26.58° (FTO
IOs), as presented in the Figure 9d, indicating that the F− ions
with a small ionic radius (1.17 Å) occupy substitutional sites of
the O2 with a large ionic radius (1.22 Å). This indicates that the
inserted F− ions in the SnO2 precursor solution hinder the
grain growth of the FTO during the sol−gel process.57

Furthermore, the quantitative atomic percent of F content is
about 1.6%, disclosing the extremely small amount, compared

to the added weight percent of NH4F from X-ray photoelectron
spectroscopy, not shown here.
The effect of the F− doping was also investigated

electrochemically by the Mott−Schottky plots (M−S plots).
Although the band bending is negligible for the nanoparticles
with very small size below <6 nm, the band bending may be
present in the nanoparticles with sizes >10 nm.58,59 The
nanocrystalline size of the SnO2 and FTO IO films were in the
range of ∼10 nm, enabling them to form the space charge
region. The Mott−Schottky plots involve the capacitance (C)
of the space charge region as a function of the electrode
potential. Thus, these provide the information on the carrier
densities by the gradient dV/d(1/C2) of the M−S plots and the
flat band potential (Efb) by extrapolating the linear curve part to
the y axis (1/C2) = 0

εε
=

⎡
⎣⎢

⎤
⎦⎥N

e
V
C

2 d
d(1/ )d

0 0
2

where e0 is the electronic charge, ε is the dielectric constant
(170) of SnO2, ε0 is the permittivity of the vacuum, Nd is the
donor density, and V is the applied voltage. Figure 10a shows
the M−S curves of the SnO2 and FTO IO films in 0.1 M KOH
solution (pH 13) under the dark condition. The positive slope
indicates that both the samples have n-type conductivity. From
the magnitude of the slope, the calculated electron densities of
the SnO2 IO and FTO IO films were 2.35 × 1019 and 3.79 ×
1019 cm−3, respectively.60,61 The FTO IO film showed ∼60%
higher donor densities than that of the SnO2 IO film owing to
the F− doping and the presence of oxygen vacancies.
Furthermore, the Efb of the SnO2 and FTO IO films were
∼0.19 and 0.41 V vs NHE, respectively. The Efb of the SnO2
nanoparticles in 0.1 M Na2SO4 electrolyte was reported to be
approximately ∼0.32 V versus sat. Ag/AgCl electrode. The
agreeable result was achieved in this IO system by the voltage
conversion between different reference electrode scales as well

Figure 10. (a) Mott−Schottky plot in the dark condition, (b) EIS spectra under 1 sun condition (100 mW/cm2 with AM 1.5) of the SnO2 IO and
FTO IO films, (c) LSV and (d) chopped LSV under 1 sun on/off cycles of the SnO2 IO and FTO IO films in 0.1 M KOH solution.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b05914
ACS Appl. Mater. Interfaces 2015, 7, 20292−20303

20300

http://dx.doi.org/10.1021/acsami.5b05914


as the potential shift by 59 mV/pH.62 Compared to the Efb of
the SnO2 IO film, the positive movement of the FTO IO film
may be caused by the formation of lower quasi-Fermi level by
the F− doping. Moreover, the EIS spectra of the SnO2 and FTO
IO films were measured under the same experimental condition
as the previous ones, as shown in Figure 6. To fit the EIS
spectra quantitatively, the equivalent circuit added in the inset
of Figure 10b was used. With the same Rs value (250 Ω), the
Rct (18200 Ω) of the FTO IO film abruptly decreased relative
to that (23 000 Ω) of the SnO2 IO film. The Rct is mainly
controlled by the transfer of the photogenerated holes between
the photoelectrode and electrolyte, indicating that the material
properties of the FTO IO film significantly facilitated the hole
transfer to the electrolyte.
To compare the photoelectrochemical behavior of the SnO2

and FTO IO films and the TiO2(10 nm)- deposited SnO2 and
FTO IO films, the LSVs of the pristine SnO2, FTO, TiO2 (10
nm)/SnO2 and TiO2(10 nm)/FTO IO films under the 1 sun
illumination and the LSV of SnO2 IO film measured under the
dark condition were shown in Figure 10c. The dark currents of
the other samples were the same as that of the SnO2 IO. The
SnO2 and FTO IO films exhibited only weak photoresponses
(0.37 and 0.44 mA/cm2 at 0.5 V, respectively). The FTO IO
film showed slightly higher Jsc than that of the SnO2 IO film,
owing to the improved electrical conductivity of the FTO IO
film and the beneficial charge transfer between FTO IO and the
electrolyte as already confirmed in Figure 10a. The TiO2 (10
nm)/SnO2 and TiO2(10 nm)/FTO IO films exhibited highly
enhanced Jsc values in the entire potential region. In particular,
the TiO2(10 nm)/FTO IO film exhibited the significantly
enhanced photoactivity of 5.46 mA/cm2 at 0.5 V (vs NHE)
compared to that (4.67 mA/cm2 at 0.5 V vs NHE) of TiO2(10
nm)/SnO2 IO film. Approximately 17% enhancement was
achieved by using the FTO IO film owing to the highly
conductive pathway through the FTO core layer as identified
by Figure 10a. Besides, Figure 10d shows fast charge generation
and decay process in the FTO IO film when measured using
the chopped on/off illumination. Overall, the F− doping in the
SnO2 IO film improved the photoelectrochemical response up
to ∼20% in the entire potential range. In particular, the
TiO2(10 nm)/FTO IO film exhibited the best Jsc value of 5.46
mA/cm2, indicating the structural feasibility of the core−shell
nanowire mesh electrode to obtain the high PEC performance
and the modification of materials functionality based on their
bandgap values.

4. CONCLUSIONS
Core−shell IO films, which are also called as core−shell
nanowire mesh nanoarchitectures, were fabricated by either
SnO2 or FTO as the core and TiO2 as the shell via a spin-
coating method. The thickness of the TiO2 layer was varied
from 10 to 40 nm with ALD, and this layer functioned as the
active photoresponse layer. When using a SnO2 IO core, the
TiO2 (10 nm)/SnO2 IO film exhibited the highest photo-
response of 4.67 mA/cm2 at 0.5 V vs NHE, which was
sequentially followed by the TiO2(20 nm)/SnO2 IO, TiO2(30
nm)/SnO2 IO, TiO2(40 nm)/SnO2 IO, and SnO2 IO films.
The main contributor to the high photoresponse is the
tremendously low Rct at the interface between the photo-
electrode and electrolyte, as well as between the TiO2 and SnO2
layers, and the high light-harvesting efficiency offered by the
photoactive TiO2 shell and highly conductive SnO2 core.
Furthermore, the doping of the SnO2 core layer with F

increased the electrical conductivity in the core layer and
decreased Rct at the interface between the photoelectrode and
electrolyte. Thus, the PEC response was significantly enhanced
to 5.46 mA/cm2 (vs NHE), which is an increase of
approximately 20% compared to that of the TiO2(10 nm)/
SnO2 IO film. These results suggest that the PEC performance
can be dramatically improved by up to 3 orders of magnitude
by introducing a thin TiO2 shell to the 3D SnO2 based IO
nanoarchitecture. Thus, core−shell IO films may increase the
PEC performance in terms of the functional structure and
unification of the component materials via bandgap engineer-
ing.
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