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ABSTRACT

In,03-sensitized ZnO nanowire (NW) array film with improving visible light activity was synthesized on
F-doped SnO, (FTO) glass substrate by a facile two-step process. The films, ZnO NW arrays and In;0s-
sensitized ZnO NW arrays, were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM) and UV-vis diffuse reflectance spectroscopy. For the films severed as the photoanodes in a three-
electrode system, the photo-electrochemical behaviors were investigated and the photocatalytic activity
was evaluated by the oxidation of glucose under visible light irradiation. The results show that the ZnO
NW arrays are highly ZnO (00 2) orientated with a diameter of 100 nm and a length of 3 wm, and In,03
nanoparticles grow and form a shell film on the wall of the ZnO NW array in the In,03-sensitized ZnO
NW array film. This composite structure shows a red shift from ultraviolet (A =385nm) to the visible-
light region (A =450 nm) in the maximum optical response. The incorporation of In,03 into the ZnO NW
array film remarkably promotes the photogenerated carrier separation and increases the utilization of
photogenerated carriers in photocatalytic reactions, resulting in the higher photocatalytic activity under

visible light.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since Fujishima and Honda discovered the photocatalytic split-
ting of water on a TiO, electrode under ultraviolet light in 1972 [1],
semiconductor photocatalysts such as TiO; and ZnO have attracted
tremendous attention from scientists and engineers [2,3]. In partic-
ular, zinc oxide (ZnO) [4] with a direct band gap of 3.2 eV films has
been considered as one of the promising materials in the fields of
hydrogen generation [5] and photocatalytic degradation for organic
pollutants [6-8] under UV light irradiation.

Recently, many investigations have focused on preparing pho-
tocatalysts which can be activated by visible light [9] since there is
much more energy produced by the sunlight in the visible lights
region compared to the UV region [10]. One of the approaches
to improve visible photocatalytic activity is to introduce the com-
posite system by incorporating a narrow band gap semiconductor
serving as the sensitizer to absorb visible light [11]. The narrow
band gap semiconductors alone usually exhibit poor photocatalytic
activity due to the recombination of photogenerated electron-hole
pairs though it exhibits excellent response to visible light [12]. By
introducing the composite system, it has demonstrated a high effi-
ciency photocatalyst working under visible light [13] because it can
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compensate for the disadvantages of the individual component [5],
and induce a synergistic effect, such as an efficient charge sepa-
ration and improvement of photo stability. Several systems have
been reported, e.g., ZnO/CdS [14], TiO,/PbS [15], TiO,/CdTe [16],
and BiOCl/Bi; 03 [17], and proven to be efficient in photocatalysis.

Among a variety of semiconductor sensitizers, indium oxide
(InpO3) with a band gap of 2.8eV and a higher conduction band
than that of ZnO [18,19] can be one of the ideal sensitizers used for
ZnO because of the ideal position of its conduction and valence band
edges [19]. Furthermore, an oxide shell can suppress the carrier’s
recombination by introducing an energy barrier and subsequently
facilitate its separation [20]. And ZnO/In;03 heteronanostructures
nanoparticles have been proven a good performance in charge sep-
aration efficiency and photocatalytic activity [21,22].

However, up to date, there has been no report on the synthe-
sis and photo-electrochemical behaviors of In,03-sensitized ZnO
nanowire (NW) array films. It is well-known that ZnO [4] NW
film has demonstrated outstanding performance in the fields such
as in dye sensitized solar cells [23,24] and photocatalytic degra-
dation [25]. In contrast to common nanoparticle powders, this
1-dimension structure possesses larger surface areas [26], avail-
ability of low temperature synthesis, and potential for controlling
the morphology through simple processing from solution [27], and
higher charge-collection efficiencies [28]. The combination of In, O3
with ZnO NW could effectively overcome the narrow absorption
range, and increase the charge separation efficiency [19], which
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Fig. 1. Schematic showing the fabricating of In,O3-sensitized ZnO NW array film on FTO.

makes it a promising structure for the enhancement of the visible
light assisted photo-electrochemical behaviors.

In this work, In,03-sensitized ZnO NW array films were synthe-
sized by incorporating the In,O3 onto the ZnO NW array film via
dip-coating method using indium (III) chloride hydrate as the pre-
cursor. The effects of In,03 on characteristics of the ZnO NW array
films were investigated by comparing the photo-electrochemical
behaviors of the ZnO NW array and In, Os-sensitized ZnO NW array
electrodes in the three-electrode system.

2. Experiment
2.1. Material synthesis

All chemicals were used in the as-received condition without
any further purification. The synthesis of the In,03-sensitized ZnO
NW array film was carried out by a two-step process: synthesis
of ZnO NW arrays and sol-gel deposition of In,03. The schematic
fabricating of In, O3-sensitized ZnO NW array film is shown in Fig. 1
and the following is the details.

Step I: Synthesis of ZnO NW films. A typical procedure for syn-
thesizing the ZnO NW films is carried out as in the literature [29].
Firstly, a seed layer was deposited on the conductive F-doped SnO,
(FTO) glass by sol-gel method using the zinc acetate dihydrate
(Zn(Ac),-2H,0, 0.5molL-1) as the precursor and then the sub-
strates coated with ZnO seed layer were calcined at 500°C for
1h. The precursor aqueous solution for the growth of ZnO NW
was prepared in advance by mixing the hexamethylenetetramine
(HMT, 0.025 mol L-1) and Zn(Ac),-2H,0 (0.025 molL-!) in deion-
ized water, and stirring for 20 min at 0°C. Then the FTO substrates
with ZnO seed layer were immersed into this solution immedi-
ately and sealed in a flask in an oven at 95°C for 7h. Then the
films were rinsed in deionized water thoroughly and subsequently
heated at 500°C for 1 h. The film obtained in this step was marked
as ZNW

Step II: Depositing of In,O3 on ZnO nanowire array films. The pre-
cursor solution for the deposition of In, O3 was prepared as follows:
0.01 mol of indium (IIT) chloride hydrate (InCl3-5H,0) was mixed
with 2 ml acetylacetone in 50 ml ethanol for 30 min, and then 1.5 ml
ammonium hydroxide solution (25%) was added to form In(OH)s.
Then the as-prepared sol was deposited onto the obtained ZnO NW
by dip-coating process, and subsequently the films were heated at
500°C for 1 h. The amount of the incorporated In, O3 was controlled
by the number of the cycles of dip-coating process, and the films
obtained in this step with 5 and 10 times of dip-coating process
were marked as ZNWI-5 and ZNWI-10, respectively. In order to
clarify the effect of ZnO NW in the system, In,03 coated FTO elec-
trodes without ZnO NW were prepared by comparable condition

of ZNWI-5 and ZNWI-10, which were marked as In-5 and In-10,
respectively

2.2. Material characterization

The X-ray diffraction (XRD) experiments were carried out
with a PANalytical XRD measurement, using Cu K, radia-
tion (A=1.540598A). The diffraction pattern was scanned in
steps of 0.0170° (20) between 20° and 80°. The morpholo-
gies were characterized using a field-emission electron scanning
microscopy (FESEM: Hitachi S-4300, Japan) equipped with an
energy-dispersive X-ray analyzer (EDX: EDAX Genesis-60, Amer-
ica). AUV-vis spectrophotometer (U-3010) was employed to obtain
the diffuse reflectance spectra of the samples.

2.3. Characterization of photo-electrochemical and
photocatalytic activity

In order to investigate the photoelectrochemical behaviors of
the films, photocurrent (i), linear sweep voltammetry(LSV) and
electrochemical impedance spectroscopy (EIS) were employed
and all performed in the three-electrode system which was
made of quartz cells linked with CHIG60A electrochemical station
(CH Instruments, USA) in 100ml aqueous solution (contain-
ing 0.1molL-! NaySO4+0.4mmolL-! K4Fe(CN)g+0.4mmolL~!
K3Fe(CN)g)[30,31]. The In;03-sensitized ZnO NW arrays films, a
Pt electrode, and a saturation calomel electrode served as working
electrode, counter electrode and reference electrode, respectively.
The working electrode surface area exposed to electrolyte was con-
fined by an electrode holder with an opening area of 5 mm?2.

The photocatalytic activity was evaluated through the photo-
electrochemical oxidation of glucose by using the films as the
photoanodes in the three electrode system. A 100 ml aqueous solu-
tion containing 0.1 mol L-! NaNO3; was employed as a supporting
electrolyte and the concentrations of glucose were adjusted in situ
by carefully injecting the calculated amount of glucose solution into
the reaction media.

All the photo-electrochemical tests were implemented under
the illumination of a 300 W xenon lamp (with a visible band pass
filter glass, 390-770 nm) at room temperature.

3. Result and discussion
3.1. Morphologies and structures
Fig. 2 gives XRD patterns of the FTO, ZnO NW and In;0s3-

sensitized ZnO NW arrays obtained. From Fig. 2, it is observed that
(002) peak of ZnO is the strongest among all the peaks, showing
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Fig. 2. XRD patterns of FTO, ZnO and In;03-sensitized ZnO NW arrays.

that the ZnO nanowire arrays is preferentially oriented along the c-
axis direction, and the peak of In,03 (2 2 2) emerges after 10 cycles
of dip-coating in indium (III) sol-gel.

In order to observe the surface morphology of the film, the sur-
face and section morphologies of the FESEM images of the ZnO
and In,03-sensitized ZnO NW arrays are shown in Fig. 3. The mor-
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phology of the In;03-sensitized ZnO NW could be controlled by
experimental parameters such as the number of the cycles of dip-
coating process of In, 03 sol (see in Section 2).

It can be observed that the ZnO film (Fig. 3a) is consisted of bare
ZnO nanowire arrays with smooth walls (Fig. 3d and g) and a diam-
eter of 100 nm, and the hexagon can be obviously found at the top of
ZnO nanowire (Fig. 3d insert), which indicates a preferentially ori-
entation along the c-axis direction. The cross-section image shows
that the nanowire array is about 3 pwm long (Fig. 3a insert). From
the images, we could notice that the wall of the ZNWI-5 (Fig. 3e
and h) is coarser than that of ZNW (Fig. 3d and g), and it also shows
that the element of indium (In) emerges in the energy-dispersive
X-ray (EDX) analysis (Fig. 3i), which indicates that In,03 nanopar-
ticles have grown and eventually coalesced to form a shell film on
the wall of the ZnO nanowire array (Fig. 3e and h) after dip-coating
process. While the morphology of ZnO nanowire arrays is still com-
pletely maintained, indicating that the excellent properties of ZnO
nanowire do not change before and after In, 03 loading (Fig. 3b and
e). However, ZnO nanowire arrays are almost covered by the In,03
and the morphology is deteriorated when more In, 05 are deposited
on the films (Fig. 3c and f).

3.2. UV-vis reflectivity spectra

It is important to study the optical absorption of the In;03-
sensitized ZnO NW array film because the UV-vis absorption edge
is relevant to the energy band of semiconductor catalyst. And the
diffuse reflectance spectrum of the ZnO and In,03-sensitized ZnO
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Fig. 3. FESEM images of ZnO and In,03-sensitized ZnO NW arrays: (a, d, and g) ZNW; (b, e, and h) ZNWI-5; (c and f) ZNWI-10 and EDX analysis of ZNWI-5 (i).
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Fig. 4. UV-vis diffuse reflectance spectrum of the ZnO and In,0s-sensitized ZnO
NW array films.

NW array films in the wavelength region between 350 and 600 nm
is shown in Fig. 4.

It can be seen from Fig. 4 that the ZnO nanowire array film shows
an absorption edge at 385 nm which is in accordance with that of
bulk ZnO. When the film incorporated with In,03, the absorption
edge moves towards larger wavelength at 450 nm shown in the
absorption spectrum, which is accordance with the absorption edge
of In;03. The red shift indicates that the film incorporated with
In,03 has an effective absorption of visible light, resulting in an
activity for visible light in the In,03-sensitized ZnO NW film.

3.3. The characterization of photo-electrochemical behaviors and
photocatalytic activity

When semi-conductive materials are illuminated with light,
the photoelectrons would be excited from the valance band to
the conducting band and then transient photocurrent (iyy,) is gen-
erated. There is a linear relationship between the value of the
transient photocurrent and the conductance value which indi-
cates the number of free current carriers in the semiconductor.
And it is well established that LSV can be used to investigate the
redox performance of semi-conductive films [32]. The photocur-
rent increased linearly with the applied potential could represent
the photocatalytic oxidation of semi-conductive films by photo-
holes at the interface [33]. Electrochemical method is usually used
to characterize charge separation of the films [34,35]. The sepa-
ration efficiency of the photogenerated electron-hole pairs and
charge transfer resistance are always evaluated by EIS plots. The
charge-transfer rate constant (kc¢c ) can be calculated from EIS Bode
graph (Kcere = @max) [35]. And a larger curvature radius in Nyquist
usually denotes a larger charge transfer resistance and a lower
separation efficiency of the photogenerated electron-hole pairs
[34].

Herein, ipp, LSV and EIS were chosen to estimate the photo-
generated carriers’ separation performance of the films serving as
photoanodes in the three-electrode system under visible illumina-
tion.

3.3.1. Photo-electrochemical behaviors

Fig. 5 shows iy, of In;03, ZnO and InyO3-sensitized ZnO
NW array films measured under visible illumination in the
electrolyte  (containing 0.1molL-!  Na,SO,4+0.4mmolL-!
K4Fe(CN)s +0.4mmolL~! K3Fe(CN)g) at the constant potential
bias of 0.5V. The ip, of InyO3-sensitized ZnO NW array film
is remarkably enhanced compared with that of ZnO nanowire
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Fig. 5. Photocurrent of ZnO and In,0s-sensitized ZnO NW array films under visible
illumination: (a) ZNW; (b) ZNWI-5; (¢) ZNWI-10; (d) In-5; (e) In-10. Testing solution:
0.1 mol L' Na;S04 +0.4 mmol L' K4Fe(CN)g +0.4 mmol L~ K3Fe(CN)g.

array film (Fig. 5a) or In,03 films (Fig. 5d and e) under visible
illumination. It indicates that there are a larger number of free
photogenerated carriers in ZNWI-5 (Fig. 5b) than that in ZnO
nanowire array film (Fig. 5a) or In,03 films (Fig. 5d and e) under
visible illumination. However, it also shows that when more In,05
nanoparticles are deposited on the ZnO nanowire arrays, there is a
decrease of iy, under visible illumination (Fig. 5¢), which indicates
that more amount of incorporated In, 03 particles deteriorates the
photo-electrochemical property of the films.

LSV voltammograms of ZnO and In;03-sensitized ZnO NW
array films measured in dark and under visible illumination
in the electrolyte (containing 0.1 molL~! Na,SO,4+0.4 mmolL!
K4Fe(CN)g +0.4 mmol L~ K3Fe(CN)g) at a scan rate of 5mV/s from
1Vto —1Vare shownin Fig. 6. It is clearly seen that the anodic pho-
tocurrent of In,03-sensitized ZnO NW array film (Fig. 6b) is much
higher than that of ZnO nanowire array film (Fig. 6a) under visible
illumination which reveals that there are a larger number of free
photogenerated carriers in In,03-sensitized ZnO NW array films
[34]. Here the anodic photocurrent represents photocatalytic oxi-
dation of water by photoholes in films which explicates that there
are more photoholes in In,03-sensitized ZnO NW array films [34].
Furthermore, both the ZnO NW and In, O3-sensitized ZnO NW array
film show a sharp increase at the catholic currents with the increase
of the negative potential, and they exhibit negative photo-potential
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Fig. 6. LSV Plots of the ZnO and In;0s-sensitized ZnO NW array films
under visible illumination: (a) ZNW; (b) ZNWI-5. Testing solution: 0.1 molL-!
Na,S04 +0.4 mmol L-! K4Fe(CN)s +0.4 mmol L-! K3Fe(CN)g.
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Table 1
Parameters obtained by fitting the impedance spectra of ZnO and In;03-sensitized
ZnO NW films.

Electrodes Retr (€2) Ketr = Wmax (s71)
ZNW 47400 141
ZNWI-5 19083 3.23
ZNWI-10 34455 1.41

under visible illumination by comparing with the situation in dark
(Fig. 6), indicating an n-type semiconductor behavior [30,31].

Fig. 7 presents the EIS spectra (Bode and Nyquist) of the
ZnO and In,0s3-sensitized ZnO NW array electrodes under
visible illumination in the electrolyte (containing 0.1 molL-!
Na;S04+0.4mmolL-1 K4Fe(CN)g+0.4mmolL-! K3Fe(CN)g).The
frequencies for EIS measurement were set from 10° to 0.01Hz.
The parameters of the charge transfer rate constant (kcgc) and
charge transport resistance (Rc) obtained by fitting the impen-
dence spectra [35] are shown in Table 1. As shown in Fig. 7, the
circular radius and calculated R¢¢ of ZNWI-5 electrode are dramat-
ically smaller than that of ZNW arrays electrode, indicating that the
ZNWI-5 electrode has lower charge transport resistance than the
ZnO NW arrays electrode. Moreover, the result of calculated ket in
Table 1 obtained by EIS Bode shows that ZNWI-5 has a larger charge
transfer rate constant (3.23 s~ ) compared with ZnONW (1.41s~1),
which mean higher separation efficiency of the photoelectrons and
photoholes in ZNWI-5. It could be explained that the recombina-
tion of photogenerated electron-hole pairs is effectively inhibited
by the incorporation of In, 03, resulting in better charge separation
in the films. Thus, the photocurrents of ZNWI nanowire array films
are also evidently improved under visible light (Fig. 5).

Furthermore, Fig. 7 also shows that the circular radius of ZNWI-
10 electrode (Fig. 7c) is larger than that of ZNWI-5 electrode, which
means a higher charge transport resistance in ZNWI-10, which may
be responsible for the reduce of the photocurrent in this film (Fig. 5).

3.3.2. Photoelectrochemical oxidation of glucose

To evaluate the effect of incorporated In,O3 on the photo-
electrocatalytic activity of the ZnO nanowire arrays, we studied the
photo-electrochemical oxidation of glucose by using the films as
the photoanodes in the three electrode system which was made of
quartz cells linked with CHI660A electrochemical station.

Photoelectrochemical oxidation of glucose is considered to be an
effective method to evaluate the photo-catalytic activity of semi-
conductor film, and the principle and calculation have been well
illustrated in Zhang’s work [2,36] and our previous research [37].
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illumination. Supporting electrolyte: 0.1 mol L' NaNOs.

And, the photocurrent obtained in the organic compounds oxi-
dation directly represents the photo-electrocatalytic activity and
effectiveness of oxidation process. The photocurrent coming from
the oxidation of organic species (inet) can be calculated by sub-
tracting photocurrent coming from the oxidation of water (ip)3) in
electrolyte without organic compounds from the overall photocur-
rent measured in the experiment (i) in electrolyte with organic
compounds according Eq. (1). For given experimental conditions,
inet can be used torepresent the oxidation rate of the organic species
and therefore the photoelectrocatalytic efficiency of the electrode.

Inet = iph - iblank (1

The photo-electrochemical oxidation of glucose on ZNW and
ZNWI-5 electrodes were investigated at the constant potential bias
of 0.8 V. And the functions of the ine; Vs glucose concentration for
ZNW and ZNWI-5 nanowire array films under visible illumination
are shown in Fig. 8.

The results show that, for both tested electrodes, the ipe
increased with the increasing glucose concentration. What is more,
the ZNWI-5 electrode possessed higher ine¢ value under visible illu-
mination (Fig. 8b), compared with the ZNW electrode. This suggests
that the photoelectrocatalytic reaction of glucose on the surface
of ZNWI-5 electrode is faster than that on the surface of ZNW
electrode. In other words, the ZNWI-5 electrode has a higher pho-
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toelectrocatalytic activity for glucose than ZnO nanowire electrode
under visible illumination (Fig. 8), which is consistent with the
aforementioned results obtained from ip,, LSV and EIS measure-
ment (Figs. 5-7).

3.4. Mechanism discussion

Fig. 9 shows the supposed schematic mechanism of the
enhancement of photo-electrochemical behaviors of In,03-
sensitized ZnO NW array film. The Iny03 has a 2.8 eV [38] band
gap with a conducting band at —0.62 (E vs NEH) and valance band
at 2.18 (E vs NEH), while ZnO has a 3.2 eV band gap with a conduct-
ing band at —0.31 (E vs NEH) and valance band at 2.89 (E vs NEH)
[39].

When In;03 is illuminated by visible light, the photoelectrons
would be excited from the valance band to the conducting band
and then transient photocurrent is generated. However, in most
instances, the valence band holes and conduction band electrons
simply recombine liberating heat or light, a process known as
recombination, which is responsible for the low photon conver-
sion efficiency [11,40] (Fig. 5d and e). Thus, the inhibition of
the recombination and enhancement of separation efficiency of
photogenerated electron-hole pairs are quite important for the
improvement of the photo-electrochemical behaviors [21].

We suppose that the enhancement of the photo-electrochemical
property of the In,O3-sensitized ZnO nanowire array film may
be contributed by the coupling effects of ZnO NW arrays and
In,03 shells as a kind of heterostructure [14,19]. On one hand,
the incorporation of In,O3 introduces a certain amount of visible
light-sensitive nanoparticles coating on the wall of ZnO nanowire
arrays. Once visible light excitation occurs, the In,O3 coating
itself effectively absorbs light and produces photoelectrons and
then the photoelectrons are injected to the lower ZnO conducting
band [14,22], leaving photoholes on the surfaces to participate the
photo-electrochemical reaction. And thus, the rate of hole-electron
recombination in In, 03 is suppressed, which effectively improves
the carrier separation efficiency. The photogenerated holes transfer
to the surface of In, 03 rather than undergoing bulk recombination,
and then would be effectively scavenged by the water or glucose,
and as a result it enhances the photo-electrochemical behaviors
directly. In the mean time, thanks to the high electron mobility
and the geometry of the vertical-aligned ZnO nanowire arrays,
the injected electrons are effectively collected due to the remark-
ably reduce of the electrons transport distance in the photo-anode,
which promotes the photo-electrochemical behaviors indirectly.
Therefore, the incorporation of In,03 highly enhances the photo-
electrochemical behaviors of In, O3-sensitized ZnO NW array films

(Figs.5-7), and the photogenerated holes have more opportunity to
participate in the photoelectrocatalytic oxidation reaction (Fig. 8).
Thus, we suppose that the coupling effect between the structures
and electronic configurations of ZnO and In,03 is mainly respon-
sible for the high photoelectrocatalytic activity of In,O3-sensitized
ZnO NW array films.

Besides, as larger amount of incorporated In,O3 nanoparti-
cles increase the thickness of the In,O3 shell (Fig. 3c and f) and
introduce a larger number of grain boundaries, and thus, the pho-
togenerated electrons in In,O3 have to transfer a longer distance
to the ZnO NW arrays, resulting the increase of the charge transfer
resistance (Fig. 7c) and lower carrier separation efficiency. Hence,
the larger amount of incorporated In,0O3 does not improve the
photo-electrochemical behaviors of films, but instead, decrease the
photo-electrochemical properties (Figs. 5c and 7¢).

4. Conclusion

In summary, In,03-sensitized ZnO nanowire array film has been
successfully synthesized on FTO glasses by a facile two-step pro-
cess. XRD and SEM results show that In,O3; nanoparticles grow
and form a shell film on the wall of the ZnO nanowire array in the
In,03-sensitized ZnO NW array film. Optical spectra indicates that
In,03-sensitized ZnO NW array film shows effective absorption of
visible light with an absorption edge at 450 nm. And the results
of the photo-electrochemical behavior characterization under vis-
ible light show that the i,,, and carrier separation efficiency are
remarkably improved in the In,03-sensitized ZnO NW array films
compared with that of ZnO nanowire array films. Besides, the
In,03-sensitized ZnO NW electrode possesses higher inet values in
the photo-electrochemical oxidation of glucose than that of ZnO
nanowire array films which indicates a remarkable enhancement
of photoelectrocatalytic activity for glucose in the In,03-sensitized
ZnO NW array films under visible illumination. Furthermore, the
mechanism for this enhancement is proposed, and it may be con-
tributed by the coupling effects of ZnO NW arrays and In, O3 shells,
resulting the improved photo-electrochemical behavior and pho-
tocatalytic activity under visible illumination.
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