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Synthesis and photoelectrocatalytic activity of
In2O3 hollow microspheres via a bio-template
route using yeast templates
Duo Pan,a Shengsong Ge,*a Xiyu Zhang,a Xianmin Mai,*b Shengyao Lic and
Zhanhu Guo *c
Indium oxide (In2O3) hollow microspheres were prepared using yeast as a bio-template with the aid of a
precipitation method. The yeast provided a solid frame for the deposition of In(OH)3 to form the precursor. The resulting In2O3 hollow microspheres were obtained by calcining the precursor at 650 °C. The
samples were characterized by X-ray diﬀraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), N2 adsorption–desorption isotherms and UV–Vis diﬀuse reﬂectance spectroscopy.
The results showed that the diameter of the In2O3 hollow microspheres was about 2.0–3.0 μm and the
spherical shells were composed of In2O3 nanoparticles with a size of ∼20 nm. The BET speciﬁc surface
area of the sample was 19.23 m2 g−1. The photoelectrocatalytic test results showed that the photoelectrocatalytic degradation eﬃciency of methylene blue (MB) using In2O3 hollow microspheres as catalysts
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under visible light irradiation and a certain voltage could reach above 95% after 4 hours, much higher than
that of only photodegradation. The enhanced photoelectrocatalytic activity could be attributed to the
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hydroxyl radicals HO• produced by the light irradiation reaction process which could oxidize the electron
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donors and were beneﬁcial to reducing the recombination of electrons and holes.

1.

Introduction

Dye contaminants are one of the major pollutants that cause
water pollution.1 In the production and use of dyes, about
15% of the dye is lost during the dyeing process and is discharged into the environment as industrial eﬄuent, causing
serious problems to human life.2,3 The development of the
eﬃcient degradation of harmful pollutants approach has
become one of the most active research fields. The traditional
degradable materials not only have low degradation eﬃciency,
but also require high regeneration costs.4
Nowadays, with the development of nanomaterials and
technology, extensive research to explore nano-catalysts for
removing dyes is on the way.5–7 For example, Jung et al. relied
on the fractal structure of dendritic molecules to make nanoTiO2 with functional groups disperse well in water, which has
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improved their photocatalytic eﬃciency.8 Liu et al. synthesized
two-dimensional porous Co3O4 sheets via a facile hydrothermal route and showed that the materials showed high
photocatalytic performance.9 Zhang et al. prepared TiO2/
graphene oxide composite nanomaterials with high carrier
mobility and obvious photocatalytic activity.10
n-Type semiconductive indium oxide (In2O3) nanostructures with a wide band gap (ca. 3.6 eV) have been extensively explored in recent years due to their specific electrochemical and optical properties in optoelectronic devices such
as solar cells,11 gas sensors,12 biosensors13 and photocatalysts.14 In recent years, In2O3 as a photocatalytic material has
attracted tremendous attention. For example, Wu et al. synthesized 3D flower-like porous rh-In2O3 via a hydrothermal
method combined with post-thermal treatments.15 Jiang et al.
successfully adhered well-dispersed In2O3 nanoparticles to the
surface of TiO2 nanoribbons by a simple hydrothermal
method.16 Both of the above-mentioned photocatalysts showed
enhanced photocatalytic eﬃciency.
Up to now, various methods have been employed for the
synthesis of In2O3 nanomaterials, including chemical vapor
deposition,17,18 sol–gel methods,19,20 template methods,21,22
hydrothermal processes,23–26 thermal oxidation,27,28 etc.
Among these, the template method has been favored because
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of its ability to control the morphology of the product and the
favorable synthesis conditions. Moreover, metal oxide hollow
structures have wide potential applications in catalysts, photoelectric devices and so on, based on their properties of low
density, high surface area, thermal insulation, high loading
capacity and relatively stable structure.29,30 However, in order
to obtain nano-In2O3 with a hollow structure, finding a suitable method becomes a concern. Compared with the
traditional template-directed method, the yeast-templating
method provides a green, economical and convenient strategy.
Its unique cell wall structure allows the product not only to
adhere to its surface, but also to form a fixed hollow structure
after calcination.31 In hollow structure synthesis, TiO2,32
ZrO2,33 CeO2 34 and SnO2 35 have been successfully synthesized
with the yeast template, but In2O3 as a photoelectrocatalyst
prepared by the yeast-templating method has not been
reported.
In this paper, In2O3 hollow microspheres were synthesized
via a facile process using yeast as a template. The hydrolysis of
indium nitrate and the deposition of indium hydroxide
occurred on the surface of the yeast in a dilute aqueous solution of NaOH, whose concentration was only 0.08 mol L−1. The
In2O3 hollow microspheres obtained after calcination have
high crystallinity and regular morphology. The photoelectrocatalytic performance of the samples was tested by measuring
the degradation of the MB aqueous solution and showed a
better degradation eﬃciency under a certain intensity of
visible light irradiation (14 V, 15 A, 320–1100 nm),
external electrolyte (Na2SO4, 80 mg L−1) and a suitable bias
voltage (1 V).

Paper

by drying at 60 °C. In2O3 hollow microspheres were obtained
by calcination at 650 °C for 2 h with a slow heating rate of 1 °C
min−1 in a muﬄe furnace. Under the same conditions, In2O3
powders were not obtained unless yeast was used as a
template.

2.3

The compositions and crystal phases of the samples were
determined by XRD patterns with an X-ray diﬀractometer
(XRD, ultima IV, Rigaku, Japan) and with 2θ ranges from 10°
to 80° using Cu Kα radiation (λ = 0.1540 nm). An X-ray photoelectron spectrometer (XPS, K-alpha, Thermo, America) with Al
Kα radiation (1486.6 eV, 12 kV, and 3 mA) was used for X-ray
photoelectron spectroscopy (XPS) measurements; all the
binding energies were referenced to the C 1s peak of the
surface adventitious carbon at 284.8 eV. Fourier transform
infrared spectroscopy (FT-IR) spectra were measured using a
KBr pellet on a Fourier transform infrared spectrometer
(FT-IR, Nicolet 380, Thermo, America). The morphology of the
product was characterized by field-emission scanning electron
microscopy (SEM, SU-70, Hitachi, Japan). Transmission electron microscopy (TEM) was performed using a JEOL
JEM-2100F system at an accelerating voltage of 200 kV. The
specific surface area was calculated by the Brunauer–Emmett–
Teller (BET, Tristar II 3020, Micromeritics, America) method
and the band gap of the product was determined from the
UV-Vis absorption spectrum on a UV-Visible diﬀuse reflectance
spectrophotometer (UV-Vis DRS, UH4150, Hitachi, Japan).

2.4

2. Experimental procedures
2.1

Materials

Yeast was provided by Angel Yeast Co. Ltd (Hubei, China).
Indium nitrate [In(NO3)3·4.5H2O] was obtained from
Sinopharm Chemical Reagent Co. Ltd (AR, Shanghai, China).
NaOH, absolute ethyl alcohol (C2H6O) and methylene blue
(MB) were purchased from Tianjin Bodi Chemical Reagent Co.,
Ltd (AR, Tianjin, China). Distilled water was used throughout
the experiments. All reagents used in these experiments were
of analytical grade and used without further purification.
2.2

Preparation of In2O3 hollow microspheres

The In2O3 hollow microspheres were prepared through a biotemplate method using yeast as the template. In a typical synthesis process, 0.50 g yeast was washed three times with distilled water and ethanol. Then the yeast was dispersed in
20 mL distilled water in a 150 mL conical flask at room temperature and 5 mL of 0.25 mol L−1 aqueous solution of In
(NO3)3·4.5H2O was added under magnetic stirring. After stirring for 1 h, 5 mL of 0.5 mol L−1 aqueous solution of NaOH
was added and stirred for another 1 h. After the solution aged
at room temperature for 12 h, the precipitant was centrifuged
and washed with distilled water and ethanol 3 times, followed

This journal is © The Royal Society of Chemistry 2018

Characterization

Photoelectrocatalytic performance test

The photoelectrocatalytic performance of the samples was
evaluated by the degradation of MB aqueous solution. 13.5 mg
sample (active substance) was coated on foamed nickel to
make the photoelectrode. The specific preparation process is
as follows. First of all, the active substance together with PTFE
and acetylene black in accordance with the mass ratio of
5 : 2.5 : 1 was dispersed ultrasonically in a moderate amount of
anhydrous ethanol for 20 minutes to obtain a paste mixture;
PTFE here created cohesive action in the mixed solution. Then
the paste mixture was evenly coated on one side of the foamed
nickel of 2 × 2 cm2 with a scraper and dried at 60 °C. Finally,
the photoelectrode loaded with the active substance was
obtained by compacting it further with a powder pressing
machine under 4–6 MPa. The as-prepared photoelectrode was
placed in a 50 mL MB aqueous solution (20 mg L−1) and
stirred for 1 hour in the dark. Then, with the aid of the threeelectrode system (the photoelectrode, the saturated calomel
electrode and the platinum electrode used as the working electrode, reference electrode and opposite electrode, respectively)
of the electrochemical workstation, the experiments were
carried out under a certain voltage and simulated sunlight
irradiation (14 V, 15 A, and 320–1100 nm). Finally, the MB
supernatant absorbance was measured by a UH-4150 UV-Vis
spectrophotometer (wavelength was 664 nm).
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3.1

Characterization of the products

The crystallinity and crystalline phases of the as-prepared
In2O3 hollow microspheres before and after calcination were
examined with X-ray diﬀraction (XRD), as shown in Fig. 1.
Before calcination, the sample presents broad diﬀraction
peaks centered around 22.3° with poor crystallinity, which is
attributed to the (200) plane of In(OH)3.15 After controlled calcination, the diﬀraction peaks become pronounced and the
characteristic diﬀraction peaks at 2θ of 21.49°, 30.58°, 35.46°,
37.68°, 41.84°, 45.69°, 51.03°, 55.99°, 59.13°, 60.67°, 62.16°,
63.68°, 75.02° and 76.37° can be assigned to (211), (222), (400),
(411), (332), (431), (440), (611), (541), (622), (631), (444), (800)
and (741) crystal planes of the body-centered cubic In2O3,
respectively (JCPDS 06-0416).36–39 No peaks from other phases
could be detected.
Fig. 2 shows the SEM images of the samples. Fig. 2a shows
that the original morphology of yeast is approximately ellipso-

Fig. 1 XRD pattern of the In2O3 hollow microspheres obtained after (a)
and before (b) calcination.
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idal with diameters ranging from 3.0 to 4.5 μm, and the ellipsoids could be dispersed in solution evenly. From Fig. 2b and
c, we can see that the samples before calcination are similar to
those of original yeast. Obviously, hydrolysis of indium nitrate
occurred on the surface of the yeast and the yeast played the
role of template in the process of preparing the In2O3 hollow
microspheres. The morphology of the In2O3 hollow microspheres after calcination at 650 °C is shown in Fig. 2d and e,
and compared with the yeast templates, its surface of hollow
microspheres became wrinkled and the diameter of the In2O3
hollow microspheres shrunk to 2.0–3.0 μm. This can be attributed to the removal of the templates during heat treatment.
No obvious structural damage occurred after calcination
(Fig. 2d), implying that the hollow microspheres remain stable
during the synthesis. The cracked spheres (Fig. 2e) show the
hollow structure of In2O3 and its shell thickness is estimated
to be about 150 nm. It was found that the surface of these
microspheres is constructed by nanoparticles with a size of
∼20 nm as shown in Fig. 2f.
The microstructures of the In2O3 hollow microspheres were
investigated using transmission electron microscopy (TEM).
The hollow microsphere structure of In2O3 is further proven in
Fig. 3b. The high-resolution transmission electron microscopy
(HRTEM) image of In2O3 hollow microspheres is shown in
Fig. 3c and well-defined lattice planes are observed which indicate the high crystallinity of the samples. The selected area
electron diﬀraction (SAED) pattern of nano-In2O3 with
diﬀerent diameters distinctly exhibits seven diﬀraction rings,
which correspond to the (211), (222), (400), (332), (431), (440)
and (622) planes of body-centered cubic In2O3.39 The SAED
pattern result is very consistent with the XRD pattern.
In order to further demonstrate the chemical state and
elemental valence of the nano-In2O3 sample, XPS analysis of
the catalyst is studied, as shown in Fig. 4. The fully scanned
spectrum (Fig. 4a) showed that the elements In, O and C exist
in In2O3 hollow microspheres. The C element could be
ascribed to the instrument measurement because the binding

Fig. 2 SEM images of (a) yeast templates, the In2O3 hollow microspheres obtained before (b and c) and after (d and e) calcination, and (f ) the
surface of the In2O3 hollow microspheres.
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Nitrogen adsorption–desorption isotherms were carried out
at 77 K and were applied to calculate the specific surface area
using the multipoint BET method. The nitrogen isotherms of
the In2O3 hollow microspheres are shown in Fig. 5. The shape
of the isotherms seems to be nearly of type IV isotherms
according to the IUPAC classification.43,44 The specific surface
area of the In2O3 hollow microspheres determined by the BET
equation is 19.23 m2 g−1, larger than that of the purchased
In2O3 (10.08 m2 g−1).40 Therefore, the higher photocatalytic
performance of In2O3 hollow microspheres may be attributed
to the larger BET surface area, which is beneficial for the
degradation of MB.

Fig. 3 TEM images (a) and (b), HRTEM image (c) and SAED pattern (d)
of In2O3 hollow microspheres.

energy for the C 1s peak at 284.8 eV was used as the reference
for calibration.40 Fig. 4b and c show the high-resolution In 3d
and O 1s XPS spectra of the sample. There are two symmetric
peaks in the In 3d region (Fig. 4b). The peak located at
444.0 eV corresponds to In 3d5/2, while the other one located at
451.6 eV is assigned to In 3d3/2.41 The splitting between In
3d5/2 and In 3d3/2 is 7.6 eV, indicating a normal state of In3+ in
the as-prepared In2O3 hollow microspheres. The wide and
asymmetric peak of the O 1s spectrum can be fitted with two
Gaussian functions at 529.0 and 531.0 eV.42 The In (3d) and
O (1s) peaks indicate that the major constituent phase of the
as-synthesized hollow microspheres is In2O3.

Fig. 4

Fig. 5 N2 adsorption–desorption isotherms of the In2O3 hollow
microsphere.

X-ray photoelectron survey spectra (a) and spectra of (b) In 3d and (c) O 1s of the In2O3 hollow microspheres.

This journal is © The Royal Society of Chemistry 2018
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Formation mechanism analysis

The structure of the chemical bonding formed between In2O3
and yeast was examined by FT-IR, to elucidate the nature of
the interaction during self-assembly between the yeast cells
and nano-In2O3. The FT-IR spectra of the original yeast templates and the In2O3 hollow microspheres obtained before and
after calcination are shown in Fig. 6. The bands at 3370 cm−1
could be ascribed to the O–H stretching vibration.45 The C–H
asymmetric stretching vibration is observed at 2927 cm−1.39
The dominant peaks near 1651 and 1542 cm−1, assigned to
amide I and amide II, respectively, should be regarded as
indicative of the presence of protein in yeast cells (Fig. 6a).46
The broad bands at 1250–800 cm−1 are attributed to C–O–C,
C–O–P and C–OH ring vibrations of carbohydrates.41 However,
after contact with In3+, the spectrum (Fig. 6b) exhibits a clear
shift from 1651, 1542 and 1401 cm−1 to 1655, 1537 and
1388 cm−1, respectively. All of these shifts imply that the
hydroxyl, amino, carboxyl and phosphate groups of yeast have
interacted with In(OH)3 by electrostatic forces, hydrogen bonds
and covalent bonds.47 Fig. 6c shows the FT-IR spectrum of the
samples after calcination. The C–O stretching vibration at
2348 cm−1 may be due to the accumulation of CO2 during calcination of the samples.48 The peaks corresponding to the
yeast disappeared, which could be attributed to the decomposition of yeast at high temperatures. The emerging four main
bands centered at 430, 557, 599 and 1079 cm−1 were observed,
which are characteristic of the cubic In2O3 phase.

Fig. 6 FT-IR spectra of (a) the original yeast templates and the In2O3
hollow microspheres obtained (b) before and (c) after calcination.

Fig. 7

From the observed XRD, SEM and FT-IR results, a possible
pathway for the formation of In2O3 hollow microspheres could
be predicted (Fig. 7). The formation process is divided into
three steps. Firstly, when In(NO3)3 is added to the yeast solution, the oxygen from the functional groups on the cell wall
can bind In3+ through a coordination bond and an electrostatic force so that it can provide an attachment site for the
growth of the precursor (In3+@yeast).49,50 Secondly, In(OH)3 in
the attachment site quickly nucleates, grows and crystallizes
(In(OH)3@yeast) after adding dilute NaOH solution. Finally,
with continuous drying, the yeast dies when it is dried at
60 °C, and diﬀerent types of water (free water and hydration
water) from yeast gradually evaporate and the cell nucleus,
mitochondria and cytoplasm of the yeast adhere to the inner
wall of the cytomembrane. Organics are volatilized and the
In2O3 hollow microspheres are formed at 650 °C.
3.3

Photoelectrocatalytic activity

Fig. 8 shows the UV-Vis diﬀuse reflectance spectrum (DRS) of
the as-prepared samples. As can be seen from Fig. 8, the In2O3
hollow microspheres have an obvious absorption peak at
310 nm and the absorption region extends to the visible region
and the absorption sideband is about 500 nm. Using absorption spectrum data, the band gap energy of the samples can be
calculated using the following eqn (1):51,52
ðAhvÞ2 ¼ Kðhv  Eg Þ

ð1Þ

Fig. 8 UV-Vis diﬀuse reﬂectance spectrum and the corresponding calculated band energy (inset) of In2O3 hollow microspheres.

Schematic illustration of the proposed formation mechanism of In2O3 hollow microspheres.
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where A is the absorption coeﬃcient, hν is the photon energy,
K is a proportionality constant and Eg is the band gap energy
for direct transitions. The normalized graph of (Ahν)2 for the
photon energy of the as-prepared samples is shown in the
inset in Fig. 8. The band gap energy of In2O3 hollow microspheres is about 3.28 eV, which is lower than the conventional
commercially available In2O3 (ca. 3.6 eV). This intrinsic band
gap allows for the materials to be better excited under the
visible light region, thereby enhancing the photocatalytic
performance.53
Fig. 9 shows the eﬀects of diﬀerent conditions on the
photoelectric degradation eﬃciency of MB. As shown in
Fig. 9(a), the MB was hardly degraded in the dark. The degradation eﬃciency was about 80.23% after visible light
irradiation for 4 hours (Fig. 9(b)). Fig. 9(c) represents the
condition of combining the electrolyte solution (Na2SO4, 80
mg L−1) with visible light irradiation, and the degradation
eﬃciency increased to 86.31%. This may be attributed to the
addition of Na2SO4 electrolyte, which can increase the ionic
strength and raise the transition probability of photogenerated
electrons in the reaction solution.54 With the addition of a
bias voltage (0.5 V), the degradation eﬃciency was greatly
increased to 92.5% (Fig. 9(d)). The results show that visible

light, an external electrolyte and an applied voltage could
improve the degradation eﬃciency of MB alone and there was
better degradation eﬃciency when combining the three
conditions.
Due to there being much research on the nano-In2O3 photocatalytic degradation of RhB, in order to better compare with
these similar experiments, work on the degradation of RhB
was also done. Table 1 lists the comparison of the synthetic
method, dosage and photocatalytic activity on various nanoIn2O3 materials. In this work the In2O3 hollow microspheres
were not only prepared by a simple and facile method, but also
could produce a good catalytic eﬀect with a little amount.
Under visible light irradiation, the photogenerated electrons (e−cb) and holes (h+vb) were separated and reached the
surface of the In2O3 hollow microspheres. The holes were then
trapped by hydroxyl groups (OH−ads) on the surface of the
photocatalyst to produce hydroxyl radicals HO• (eqn (2)–(4)).53
HO• could eﬀectively prevent the recombination of electrons
and holes and oxidize electron donors in the MB aqueous
solution to improve the degradation eﬃciency.41,59
hv

In2 O3 ! In2 O3 ðe cb ; hþ vb Þ

ð2Þ

hþ vb þ H2 Oads ! HO• ads þ Hþ

ð3Þ

hþ vb þ OH ads ! HO• ads

ð4Þ

In order to study the eﬀect of diﬀerent bias voltages on the
photoelectrocatalytic degradation rate of MB, the experiment
was carried out under the conditions of 0.5, 1, 1.5 and 2 V
(Na2SO4 electrolyte solution 80 mg L−1; visible light intensity
14 V, 15 A, and 320–1100 nm). The results showed that ln
(C0/C) has a good linear relationship with the reaction time t,
indicating that the degradation process of MB fits well with
pseudo-first-order kinetics, as shown in eqn (5) 60:
lnðC0 =CÞ ¼ kt

Fig. 9 The eﬀect of MB photoelectric degradation eﬃciency under
diﬀerent conditions of (a) darkness, (b) exposure to visible light, (c)
addition of Na2SO4 and (d) addition of a bias voltage.

Table 1

ð5Þ

where C0 is the initial concentration of MB, C is the concentration of MB at the reaction time t, and k is the reaction rate
constant. The reaction rate constant k and its correlation
coeﬃcient R2 under diﬀerent bias voltages are shown in
Table 2.
The suitable bias voltage can increase the photocurrent
changes and improve the movement of electrons,61 but the
degradation rate of MB aqueous solution does not always

Comparison of the photocatalytic activity of several nano-In2O3 photocatalysts

Synthetic method

Morphology, dosage

Dye

Catalytic eﬃciency

Ref.

Nitrogen doping method
Hydrothermal method
Solvothermal method
Mixed solvothermal method
Yeast template combined with
precipitation method

In2O3 nanofibers 0.05 g
In2O3 nanospheres 0.02 g
With diﬀerent shapes 0.04 g
Porous h-In2O3 spheres 0.05 g
In2O3 hollow microspheres 0.0135 g

RhB 10 mg L−1 50 mL
RhB 10 mg L−1 20 mL
RhB 10−5 mol L−1 40 mL
RhB 10−5 M 50 mL
RhB 20 mg L−1 50 mL
MB 20 mg L−1 50 mL

97% after 3 h
About 95% after 5 h
94% after 8 h
95% after 3 h
91.2% after 4 h
92.5% after 4 h

55
56
57
58
This work
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Table 2 The kinetic constant k of MB photoelectrocatalytic degradation aﬀected by diﬀerent bias voltages

Bias voltage/V

k/h−1

R2

Eﬃciency/%

0.5
1
1.5
2

0.012
0.018
0.017
0.014

0.9971
0.9960
0.9982
0.9937

92.50
96.52
95.21
93.48

in Fig. 11. After being reused 4 times, the photoelectric degradation eﬃciency of In2O3 hollow microspheres is slightly
decreased from 95.21% to 87.27%. However, after being
reused 10 times, no obvious changes to the photocatalytic catalyst can be observed.

4.

Conclusions

In summary, In2O3 hollow microspheres were successfully prepared via a bio-template route using yeast as the template with
the aid of a precipitation method. The specific hollow structure makes In2O3 hollow microspheres have high photoelectrocatalytic performance. Under a bias voltage of 1 V, the photoelectrocatalytic degradation eﬃciency of methylene blue (MB)
using In2O3 hollow microspheres as catalysts could reach
above 95% after 4 hours and obeyed pseudo-first-order kinetics, and is much higher than only the photocatalytic degradation eﬃciency (about 86.31%). In addition, the characteristics of having a simple and facile preparation method, being
able to easily be recuperated and having good reusable performance cause In2O3 hollow microspheres to have a high
potential application value in terms of dealing with organic
dyes.

Fig. 10 The kinetic character of MB photoelectrocatalytic degradation
aﬀected by diﬀerent bias voltages.
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increase with the bias voltage (Fig. 10). When the applied bias
voltage is 2 V, k decreases, maybe because the high voltage will
produce a breakdown eﬀect, making the catalyst lose
activity.62,63 It can be seen that the optimum applied bias
voltage for photoelectrocatalytic degradation is 1 V.
In addition to high catalytic activity, the durability of the
In2O3 hollow microsphere catalysts is also studied and shown
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