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In,O3 micro-cubes were fabricated via chemical bath deposition (CDB) on an indium tin oxide (ITO)

5 substrate, over which highly textured Bi,WOg¢ nanopillars were grown via a diffusion-and-aggregation
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Introduction

Photoelectrochemical (PEC) cells are widely used for hydrogen
production via solar water splitting. In order to improve the
performance of PEC cells, various semiconductor-based pho-
toelectrodes™* have been developed with high activities in the
visible light spectrum. Bi-based compounds, which are photo-
active in the visible light range, have been widely used because
they are chemically stable and non-toxic.** Bi is a p-block metal
with d'° electronic configuration; hence, the Bi 6s orbital can
hybridize with O 2p levels to form a hybrid valance band that
enhances the mobility of photogenerated carriers and increases
the photocatalytic activity of the material.> Among various Bi
oxides, Bi,WOs has recently attracted attention for the relatively
narrow bandgap (2.6-2.8 eV) and unique layered Aurivillius
oxide structure,® which efficiently uses visible light for photo-
catalysis. However, the actual utilization of this material is
limited because of the propensity for recombination of charge
carriers in devices made with it.”

Various approaches have been attempted to overcome the
problem of carrier recombination, such as doping,” porous
films,® and bilayer structures.® In particular, the use of hetero-
junction structures can promote the separation of electrons and
holes and the absorption of photons, while further reducing the
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the heterojunction bilayer films for solar water splitting.

width of the bandgap. Heterojunction bilayer films using
Bi,WO¢ with Bi,03,” TiO,,"* WO3,"* and ZnWO, (ref. 12) have
been studied for use in the photodegradation of organic dyes
and pollutants. However, to the best of our knowledge, the use
of these bilayer films for solar water splitting has not yet been
studied.

In,0; is also an important p-block d'® metal oxide,* suitable
for photocatalysis and water splitting.** In,O; has a bandgap
value of E, ~ 3.5 €V and has been used in solar cells, photo-
voltaics, optoelectronic devices, liquid crystal displays, and gas
sensors.”® Recently, some studies regarding the nanostructure
of In,0; reported that the bandgap of the material could be
lowered to 2.8 eV,'*"” which widens the absorption range of
visible light for maximal water splitting and photocatalysis.

However, the water splitting performance of pure In,0; is
not very competitive, yielding a photocurrent density below
1 mA cm™? in most cases. For this reason, the heterojunction
structure with additional layers of other metal oxides has been
commonly studied.'®” There are two major advantages
accompanying the introduction of the heterojunction bilayer
structure. First, the heterojunction can widen the light
absorption range by tuning the bandgap of the base material.
Second, charge carrier recombination can be reduced by tuning
the alignment of the bands. These synergetic effects can
enhance the water splitting performance and hence the pho-
toconversion efficiency.? Liu et al.* fabricated a bilayer film of
In,03/Bi,WOg using electrospinning, but the application of the
film was limited to the photodegradation of methyl-orange dye.

Herein, we demonstrate the fabrication of In,O; micro-cubes
via chemical bath deposition (CBD) on an indium tin oxide
(ITO) substrate. Highly textured Bi,WOs nano-pillars were
grown on the surfaces of the In,O; micro-cubes, creating an
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In,03/Bi,WO, heterojunction film. The process parameters
were optimized to yield a heterojunction film with the best
performance for water splitting.

Experimental methods

Precursors

Indium(u) nitrate (In(NO3);, 98%, Sigma-Aldrich), urea (NH,-
CONH,;, 99%, Samchun Chemical), bismuth(m) nitrate penta-
hydrate (BiN;Oq-5H,0, =98%, Sigma-Aldrich), and tungsten(vi)
ethoxide (C1,H3006W, 99.8%, 5% w/v in ethanol, Alfa Aesar),
were used as precursors. Deionized (DI) water and propylene
glycol (PG, C3HgO,, 99.0%, Duksan Chemical) were used as
solvents for the deposition of In,O; and Bi,WOs films, respec-
tively. All chemicals were used without further purification.

Deposition of In,03

The In,O; films were formed by chemical bath deposition
(CBD). Fifty mL of solution was prepared by mixing aqueous
solutions of 0.05 M In(NOj3); and 0.15 M urea in equal volumes.
This solution was placed in a falcon tube; ITO-coated glass of
size 2.5 x 2.5 cm” was immersed in this tube and the tube was
sealed. Thereafter, the tube was kept in a water bath maintained
at 80 °C. Prior to the deposition of the films, the ITO-coated
glass substrates were cleaned by ultrasonication in an ethanol
bath and then dried. A schematic of the CBD process is shown
in Fig. 1. The deposition of In,O; films was performed for
different deposition times as listed in Table 1. The films were
air-annealed at 450 °C for 30 min to obtain crystallized and
impurity-free In,O; films.

Deposition of Bi,WOg

The Bi,WOs films were formed by electrostatic spray deposition
(ESD). The spray solution was prepared by mixing 0.1 M BiN;-
0,-5H,0 in PG and adding an amount of C;,H3,0sW necessary
to maintain a 2:1 Bi: W ratio. The solution was stirred at
a room temperature of 25 °C and appeared to be transparent
with no precipitation for one week. The solution was further
atomized by electrical forces to deposit the Bi,WOg films. A
schematic of ESD is shown in Fig. 1; the operating conditions
used for the deposition of the films are presented in Table 1.
The other details of ESD were reported in earlier papers.”>* The
bilayers were formed by electro-spraying the Bi,WOs films for
20, 40, 60, 80, 100, and 120 min (henceforth Bi20, Bi40, Bi60,

Fabrication of In,0; Fabrication of Bi,W

Precursor

X
Applied voltage

“120°C
Electrospray
deposition

Chemical bath

Annealing

Annealing

deposition(CBD)

Fig. 1 Schematics of CBD and ESD used for deposition of In,Oz and
Bi,WOQOsg, respectively.
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Table 1 Operating conditions for CBD and ESD
Conditions

Parameters CBD ESD
Substrate ITO In,0; films

on ITO
Nozzle to substrate — 4.5
distance [cm]
Bath temperature [°C] 80 —
Substrate — 120
temperature [°C]
Flow rate [pl h™'] — 40
Deposition time 8, 12, 24, 36 [h] 20, 40, 60, 80,

100, 120 [min]
Annealing temperature [°C] 450 500
Annealing time [min] 30 10

Bi80, Bi100, and Bi120) on CBD In,0; films synthesized for
different times of 8, 12, 24, and 36 h (henceforth In8, In12, In24,
and In36).

The surface morphologies of the fabricated films were
investigated using scanning electron microscopy (SEM, S-5000,
Hitachi, Ltd). The crystalline structures of the films were char-
acterized by X-ray diffraction (XRD, Rigaku Japan, D/MAX-2500,
with Cu Ko X-rays). X-ray photoelectron spectroscopy (XPS,
PHI5600, Physical Electronics) measurements were carried out
to evaluate the chemical states of the films.

Photoelectrochemical measurements

Photocurrent measurements were performed under backside
illumination and in a single-cell setup with a three-electrode
configuration. In the setup, the bilayer film of the 0.5 x
0.5 cm? irradiated area was the working negative electrode
(anode), Ag/AgCl was the reference electrode, and Pt wire was
the counter positive electrode (cathode). All electrodes were
positioned near each other; the distances between them were
maintained for all measurements. The electrolyte was a solution
of 1 M KOH. Artificial sunlight from a Xe arc lamp (Newport,
Oriel Instruments, USA) was used to illuminate the photo-
electrode at a light intensity of 100 mW cm™>. An AM 1.5 filter
was used to provide light with an intensity equivalent to one
sun.

Results and discussion

The X-ray diffraction spectra of pristine In,O;, Bi,WOs, and
a bilayer of In,0;/Bi,WO, are presented in Fig. 2. The XRD
pattern in Fig. 2(a) clearly corresponds to the cubic In,O; crystal
structure. The diffraction peaks appearing at 21.52, 30.61,
35.59, 51.08, and 60.5° correspond to the (221), (222), (400),
(440), and (622) planes, respectively, in good agreement with the
JCPDS file 06-0416 for cubic In,0;. The strong diffraction peaks
in Fig. 2(b) at 26 = 28.36, 32.84, 47.10, and 57.12° correlate to
the orthorhombic crystal planes of Bi,WOg; the pattern matches
well with the JCPDS file 39-0256. Fig. 2(c) of the bilayer film
clearly shows that the In,03/Bi,WO; heterostructure is well-

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 X-ray diffraction patterns of (a) pristine In,Os, (b) pristine
BizWOg, and (c) In203/Bi2W06 bilayer.

integrated, reflecting phases of both orthorhombic Bi,WO¢ and
cubic In,O;. No peaks corresponding to traces of metal
compounds mixed with Bi, In, and O are detected in the XRD
patterns. Thus, the spectrum confirms that the In,03/Bi,WOs
heterostructure is composed of separate phases of Bi,WO¢ and
In,0;. The ITO substrate peaks overlap with the peaks of In,0;.

The SEM images of pristine In,O; films deposited by CBD
shows the cubic morphology of the material, as seen in Fig. 3(a)
and (d). Pillar-like structures (Fig. 3(b)) are observed in the
cross-sectional image of the pristine Bi,WOs film deposited by
ESD, whereas the surface image of the same material (Fig. 3(e))
has a porous appearance, as the pillar spacing is large.**** Such
pillar formation is unique to ESD fabrication, because of the
simultaneous diffusive, thermophoretic, and electrophoretic
transport of ESD particles. As the film grows, the electrostatic
forces parallel to the substrate attract particles to the tips of
pillars and repel particles in the valleys between pillars. Similar
results were also observed in an earlier examination of BiVO,
films fabricated by ESD.** Thus, it is clear that pillar formation
by ESD is uniquely characteristic of Bi-based oxides. The cross-
sectional SEM image of the bilayer film shows that the surface is
composed of many uniform structures of pillars on cubes
(Fig. 3(c)), similar to the pristine films. The surface-view SEM
image shows the Bi,WOs pillars coated over different cubes of
In,0;. The image also shows an empty area resulting from
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repulsion between Bi,WOg pillars, which excluded Bi,WOq
particles from filling the empty area, as mentioned above. This
unique cube and pillar morphology allows light absorption
deep in the In,0; film and increases both the surface area and
charge separation.

The chemical states of constituent elements for the bilayer,
investigated by XPS, are presented in Fig. 4. The XPS survey
spectrum of the bilayer film, presented in ESI Fig. S1,T confirms
the coexistence of In,0; and Bi,WOg in the obtained sample.
The binding energies for Bi 4f,,, and Bi 4f;/,, shown in Fig. 4(a),
are 159.1 and 164.4 eV, attributed to Bi** and Bi*". The peaks
centered at 35.4 and 37.54 eV (Fig. 4(b)) are assigned to W 4f;,
and W 4f,, respectively.?® The presence of In** is confirmed by
the peaks at 444.6 and 452.2 eV, corresponding to the 3ds/, and
3d, spin orbits of In shown in Fig. 4(c), which confirms the
formation of In,03.>° The peak located at 530.2 eV is assigned to
O 1s in Fig. 4(d).

The photocurrent value obtained in the bilayer electrode is
positive, indicating the formation of an n-type photoanode.
Thus, the generated photocurrent correlates directly to the
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Fig. 4 XPS (a) Bi 4f, (b) W 4f, (c) Si 2p, and (d) C 1s spectra for bilayer
In24-Bi80.

Fig. 3 Cross-sectional and surface SEM images of (a and d) pristine In,Os, (b and e) pristine Bi,WOsg, (c and f) bilayer In24-Bi80.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Current-voltage curve of 24 h-coated In,Osz layered with
various Bi,WOg thicknesses.

oxygen evolution. To investigate the influence of individual layer
thicknesses on the photocurrent generated by In,03/Bi,WOq
heterojunction films, linear scan voltammograms were recor-
ded of the different samples. Fig. 5 shows a plot of photocurrent
density versus the applied potential for various Bi,WOs thick-
nesses coated on 24 h CBD-coated In,O;. The samples were
illuminated with one sun (100 mW cm ™ ?) intensity of light. The
plot clearly reveals that the photocurrent increases as the
Bi,WO, deposition time increases, reaching a maximum at 80
min and thereafter decreases for further increases in coating
time. The value of photocurrent density (PCD) measured for the
maximum case of In24-Bi80 is 1.03 mA cm ™2, which is almost
double than that of pristine In,0; and 20 times greater than that
of pristine Bi,WOg, as shown in ESI Fig. S2.f The higher
photocurrent density of the In24-Bi80 film relative to those of
the pristine materials results from the lower-energy bandgap of
the bilayer film, which increases the light absorption. In addi-
tion, the formation of the In,0;/Bi,WOs heterojunction
increases the effective electron/hole separation. However,
further increase in Bi,WOs spray time above 80 min lowers the
photocurrent generated from the bilayer. The increased height
of the Bi,WOs pillars increases the transport length of the
charge carriers. The electric field also decreases in the bulk and
the interface of the bilayers with increasing pillar length, which
leads to the recombination of charge carriers. Thus, for higher
Bi,WO, deposition times of 100 or 120 min, the photocurrent
falls to 0.8 mA cm™ > and 0.6 mA cm 2, respectively. The onset
potential for all bilayer films is observed to be —0.1 V, which is
much lower than that of pristine Bi,WOs (shown in ESI
Fig. S21). The inset image shows the photocurrent at 0.7 V (vs.
Ag/AgCl) for different Bi,WO, spray times.

The photocurrent density (PCD) of bilayer films with variation
in the thickness of the In,O; base layer is shown in Fig. 6. In all
cases, the Bi,WO, was sprayed for 80 min. The PCD value is
observed to increase from 8 h to 24 h of In,0O; deposition. The
maximum PCD achieved is 1.03 mA cm > from the In24-Bi80
bilayer film. However, further increase in the In,O; thickness
results in a decrease in the PCD. This decrease results from the
recombination process, which becomes dominant after the
optimal thickness is exceeded. Thus, films deposited for 36 h have
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Fig. 6 Photocurrent density curve of bilayer with 80 min deposited
Bi,WOg on varied thicknesses of In,Os.

higher thicknesses, which increase the transport path lengths of
the photogenerated charge carriers; simultaneously, the applied
electric field becomes weak in the bulk material, driving the
recombination of electron/hole pairs and reducing the PCD.

As shown, the bilayer films exhibit higher photocurrents as
compared to the pristine materials. In the pristine films, In,0;
and Bi,WOs are limited in light absorption capacity; addition-
ally, photogenerated hole/electron pairs recombine quickly.
However, in the bilayer films, better results are observed
because of the relative energy band positions of the component
semiconductor materials. The bandgap energy values of the
pristine Bi,WO¢ and In,O; films were extrapolated from the
Tauc plot, which yielded 2.7 and 2.5 eV, respectively.””*® The
bandgap energy of the In24-Bi80 bilayer film was 2.4 eV, which
is in agreement with the value reported by Liu et al*' This
reduced bandgap is favorable to absorb the increased range of
the light spectrum. Note that the conduction band (E.,) and
valance band (E};) edge positions can be determined by using
the empirical formula such as, E¢, = Eyp, — Egand By, =X — 4.5 +
0.5E;, where X is the absolute electronegativity, 4.5 eV is the
energy of free electrons on a hydrogen scale.”**° As shown in
Fig. 7, under the illuminated condition both oxides absorb light
to generate electron/hole pairs in the different layers. The
conduction band edge potential of In,O; is more negative than
that of Bi,WO¢, which forbids the direct transport of photo-
generated electrons from Bi,WOs to In,O;. Meanwhile, the
valance band maximum of In,0; is close to the conduction
band minimum of Bi,WOg; thus, the photogenerated holes in
In,0; and electrons in Bi,WOg are recombined. Hence, all holes

Potentiostat

1 In,0;
4] |

] Bi,WO, + —
- 0 Ah,@ H*/H, hvll ]

1 Vi
2 e [ [ loo H P
2 / !
> 27 £ 0, Reference
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Fig. 7 Mechanism of charge separation in bilayer film.
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Fig.8 Photocurrent stability curve of bilayer film at a potential of 0.2 V
(vs. Ag/AgCl).

generated in Bi,WO, are used for water oxidation, while the
electrons in In,0; are transferred to the counter electrode.
In,0;/Bi,WOq bilayer films such as those synthesized in this
study may provide improved energetics for the reduction of
electrons on the counter electrode. Thus, the overall electron/
hole separation efficiency is enhanced. Introducing the heter-
ojunction film structure also decreases the onset potential of
the photocurrent and increases the degree of charge separation.
A similar mechanism is observed in the case of BiVO, deposited
on an n-type Si substrate.** Thus, the deposited n/n hetero-
junction bilayer film shows enhancement in photocurrents at
the optimized film layer thicknesses.

The stability of the In24-Bi80 bilayer film was tested using
the chronoamperometry technique where the photocurrent was
measured at a potential of 0.2 V (vs. Ag/AgCl). In Fig. 8, the
photocurrent value of 0.5 mA ecm ™ remains constant for 60 min
under one-sun illumination of 100 mW c¢m™>. This constant
photocurrent value confirms the photostability of the bilayer
film. This result is also consistent with the photocurrent ob-
tained using the linear voltammetry scan for the In24-Bi80 film
shown in Fig. 6. This consistent and stable photocurrent
confirms that Bi,WO, nanopillars on top remains intact with
the In,O; layer below even after 1 h light illumination.

Conclusions

In,03/Bi,WO, bilayer films were prepared successfully by
utilizing CBD and ESD methods. The deposited films showed
unique pillar-coated cubic morphologies with increased surface
area. The XRD and XPS spectra confirmed the presence of the
individual component phases in the heterojunction film; no
other intermetallic phases were observed. The optimized thick-
ness of both films was reflected in the highest photocurrent of
1.03 mA cm ™ at 0.7 V. The mechanism described for n/n bilayer
heterojunction films clarifies the reason that better electron/hole
separation occurs in films that are narrow in the pristine state.
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