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Cdin,Q4 hollow spheres were synthesized by a self-template method. Cadmium nitrate (Cd(NO3), - 4H,0) and indium
nitrate (In(NOj)3-4.5H,0) were used as raw materials. XRD and SEM were employed to characterize the structures
and morphologies of as-grown samples. The effects of Cd/In ratios on the compositions, morphologies, and
photocatalytic activities have been systematically investigated. A self-template growth mechanism of CdIn,O, hollow
spheres was proposed. And pure phase of CdIn,O, can be obtained with Cd/In ratio of 1.3:2 annealing at 800 °C
according to our experiments. The sample with the Cd/In ratio of 1.4:2 exhibited the highest photocatalytic efficiency,
and more than 80% of Methylene Blue molecules can be decomposed in 180 min.

Introduction

CdIn,0Oy, is a well-known n-type semiconductor, which has
been extensively studied as a gas sensor material.'~” The gas
sensors fabricated based on CdIn,O4 have been proven to
show a quick response and fast recovery to specific chemicals,
such as Cl,,® ethanol gas, etc., which was even better than the
popular In,O5 and SnO, sensors.” However, there are still
some problems in the synthesis of CdIn,O, materials. Some
impurity phases could easily appear, such as CdO and In,O3
phases, and it is very difficult to get a pure phase of CdIn,O4
materials.'® Yang et al. reported that mixed phases of In,O3,
CdO, and CdIn,O4 can be finally obtained, when they
prepared CdIn,O4 using a direct current (DC) reactive
magnetron sputtering method.!' And some other authors
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also reported the similar results.'? So investigations on the
synthesis of pure phase CdIn,Oy is of great importance.
Recently, hollow spheres have attracted much attention
due to its superior properties, such as large specific surface
areas, less agglomerated configurations, efficient photocata-
Iytic activities, technological applications including drug
delivery and potential applications in electronics, optics,
photonics, etc."*~'® Up to now, two main processes, includ-
ing template-directed synthesis and emulsion synthesis, are
employed to synthesize the materials with hollow structure.
And many materials of hollow sphere structure have been
synthesized and investigated by the two kinds of processes,
such as Ni;_Pt, hollow spheres,'” CdS hollow spherical
particles,”® CdSe and TiO, hollow spheres,”** necklacelike
hollow carbon nanospheres,** Indium hollow spheres,** and
CaWO, hollow rnicrospheres,25 etc. However, there is no
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report on fabricating CdIn,O4 hollow spherical nanostruc-
tures by self-assembly template method.

In this work, we synthesized pure phase CdIn,O,4 nano-
materials with hollow spherical morphologies by the self-
assembly template method. The effects of the Cd/In ratios
and annealing temperatures on the compositions and mor-
phologies of CdIn,O,4 composites were systematically inves-
tigated. A plausible growth mechanism of CdIn,O,4 hollow
spheres was proposed. And, the photocatalytic activities of
the samples were also investigated.

Experimental Details

CdIn,O4 nanocomposites were synthesized by a self-
template method in the experiments. Cadmium nitrate
(Cd(NO3),-4H,0), indium nitrate (In(NOs);3-4.5H,0), and
critic acid of analytical reagent (AR) grade were employed as
raw materials. And, the detailed experimental processes are as
follows. First, Cd(NO3),-3H,0 and In(NO3);3-4.5H,0 with
different Cd/In molar ratios (i.e., 1:2, 1.1:2, 1.2:2, 1.3:2, and
1.4:2, respectively.) were dissolved into distilled water to form
aclear solution. A proper amount of critic acid with the molar
ratio of [Cd + In]/critic acid = 1:2 corresponding to the
different Cd/In ratios in the starting materials were put into
the above solution to get a sol solution. Then, the sol solution
with pH value of ~1 was aged for 2 h before dried in an oven
at 120 °C. The breadlike products were collected and ground
to powders. Second, the powders were initially kept at 400 °C
for 3 h to remove the organicreagents, and then kept at 800 °C
for 3 h to accomplish the growth process. The oven was
naturally cooled down to room temperature, and the samples
were finally obtained.

In order to compare the catalytic properties of as-synthe-
sized samples with the others, we prepared CdIn,Oy4(with
starting Cd/In ratio of 1.3:2) through a chemical coprecipita-
tion method previously reported by Chu et al.?® as follows:
First, Cd(NO3),-3H,0 and In(NOs)3-4.5H,0 with a Cd/In
ratio of 1.3:2 were dissolved into distilled water to form a clear
solution. Then, NaOH solution, the coprecipitation agent,
was added dropwise into the mixed solution until pH value
reached 7—8. The precipitates were washed, filtered, dried,
and ground before annealed at 800 °C.

The structures and morphologies of our samples were
characterized by X-ray diffraction (XRD; Bruker AXS D8
advance powder X-ray diffractometer) and scanning electron
microscopy (SEM; Hitachi S4800), respectively. Energy-dis-
persive spectroscopy (EDS) was employed to determine the
final (after annealing) stoichiometry of Cd/In ratios in the
samples. The Brunauer—Emmett—Teller (BET) surface
areas were measured using a Builder 4200 instrument at liquid
nitrogen temperature. And the pH value was determined by a
PHSJ-3F pH detector.

The visible-light photocatalytic activities of as-synthesized
samples were evaluated by the degradation of Methylene Blue
(MB) aqueous solutions. This is recognized as one of the most
standard methods for the evaluation of the catalytic activ-
ity.?” In a typical photocatalytic experiment, 150 mg as-
prepared samples were suspended in 50 mL MB aqueous
solution with the initial concentration of 20 mg L™ in the
glass beakers. The pH value of the suspension was 5.7
determined by a PHSJ-3F pH detector. The suspension was
kept in dark with continuously stirring for 3 h to get an
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Figure 1. XRD patterns of the standard CdO, In,0;, CdIn,Oy, and the
as-prepared samples with different Cd/In ratios annealing at 800 °C (Cd/
In ratios were adopted at (a) 1:2, (b) 1.1:2,(c) 1.2:2,(d) 1.3:2, and (e) 1.4:2)
as well as the sample with starting Cd/In ratio of 1.3:2 prepared by a
chemical coprecipitation method (f).

adsorption—desorption equilibrium prior to irradiation. A
300 W Xe arc lamp (PLS-SXE300, Beijing Trusttech Co.
Ltd.) with a 420 nm cutoff filter was used as the light source.
And, 5 mL of aqueous suspension was collected every 30 min
during the experiment. The photocatalytic efficiencies of our
samples were evaluated by monitoring the dye decolorization
at the maximum absorption around A = 663 nm as a function
of irradiation time in the separated MB solution with a
UV—vis spectrophotometer (Shimadzu UV-2550).

Results and Discussions

Figure 1 shows the XRD patterns of the as-prepared
samples with different Cd/In molar ratios (i.e., 1:2, 1.1:2,
1.2:2, 1.3:2, and 1.4:2, respectively.) annealed at 800 °C. For
comparison, standard CdO, In,Os, and CdIn,O, patterns
and the sample with a starting Cd/In ratio of 1.3:2 prepared
by a chemical coprecipitation method are also presented. As
shown in this figure, all the samples showed mixed phases of
CdO, In,0;, and CdIn,0y, except for the sample with the
starting Cd/In ratio of 1.3:2 (see Figure 1d and f). When, the
Cd/In ratio is 1.3:2, CdIn,0Oy is the only phase detected and
no other phases can be traced, such as CdO, In,0;, etc. Chu
et al. had reported that pure phase of CdIn,O,4 can only be
obtained when [Cd*"] is higher or [In®'] is lower than
chemical stoichiometry in the starting materials.”® This is
totally consistent with our results.

SEM images of the samples with different Cd/In molar
ratios were shown in Figure 2. The morphologies varied a lot
from each other depending on the Cd/In molar ratios in the
starting materials. When the ratio of Cd/In was stoichio-
metric (i.e., Cd/In = 1:2), the sample showed beanpod or
peanutlike morphologies composed of very crystalline nano-
particles with sizes of about 100—150 nm, which can be
clearly seen in Figure 2a. With the increase of the Cd/In molar
ratios, the nanoparticles grew up and coupled together.
Quadrangle or trigonal brackets were formed when the Cd/
Inwas 1.1:2, and hollow structure was observed when the Cd/
Inratiois 1.2:2 (Figure 2b and ¢). And, the numbers and sizes
of hollow spheres increased constantly with the increase of
Cd/In ratios. When the Cd/In ratio was 1.3:2 in the starting
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Figure 2. SEM images of the synthesized samples with different Cd/In
ratios (Cd/In ratios: a = 1:2,b = 1.1:2,¢c = 1.2:2,d = 1.3:2,e = 1.4:2)
and the sample with starting Cd/In ratio of 1.3:2 prepared by a chemical
coprecipitation method (f).

Table 1. Actual Cd/In Ratios of As-Synthesized Samples

starting Cd/In ratio 1:2 1.1:2 1.2:2 1.3:2 1.4:2

actual Cd/In ratio 0.15:22  0.83:22 0.84:2 1.02:2 1.15:2

materials, only the hollow microspheres were observed
(Figure 2d). And, according to the XRD pattern in
Figure 1d, the hollow spheres are composed of pure phase
CdIn,0Oy. The average diameter of the spheres is about 200 nm.
The hollow spheres became larger and more integrated when
the starting Cd/In ratio was 1.4:2. For comparison, Figure 2f
presents the sample with starting Cd/In ratio of 1.3:2 prepared
by chemical coprecipitation method. The sample, without any
trace of hollow spheres, is composed of agglomerated parti-
cles. And, the average diameter of the particles could be
estimated from Figure 2f to be about 250 nm.

The actual Cd/In ratios of the as-synthesized samples are
listed in Table 1. As we can see, the actual Cd/In ratios in the
products increased with the Cd/In ratios in the starting
materials. The actual Cd/In ratios for the samples with the
starting Cd/In ratios of 1:2, 1.1:2, 1.2:2, 1.3:2, and 1.4:2 are
0.15:2,0.83:2,0.84:2, 1.02:2, and 1.15:2, respectively. We can
find that Cd may partly evaporate away when annealing at
high temperature. Combine with the black powders of CdO
on the lid of the crucible, we proposed that the hollow spheres
could be formed by gaseous reactions in the experiments. The
actual Cd/In ratio of 1.02:2 for initial Cd/In ratio of 1.3:2 was
consistent with the XRD pattern showing the pure CdIn,O4
phase. The BET surface areas were measured thorough a
Builder 4200 instrument at liquid nitrogen temperature. The
BET surface areas for the samples with the starting Cd/In
ratios of 1:2 and 1.3:2 are 13.78 and 22.06 m?/g, respectively.
The results showed that hollow sphere structures could
effectively increase the BET surface areas. And in other
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Figure 3. SEM images of the synthesized samples with Cd/In ratio of
1.3:2 annealing at (a) 400, (b) 600, (c) 800 °C for 3 h.
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Figure 4. XRD patterns of the standard CdO, In,O3, CdIn,Oy, and the
synthesized samples with Cd/In ratios of 1.3:2 annealing at (a) 400, (b)
600, and (c) 800 °C.

words, the contact areas of catalytic reactions may be
increased, which may further enhance the catalytic efficiency.

In order to investigate the growth mechanism of the
CdIn,O4 hollow spheres, the sample with Cd/In ratio of
1.3:2 was annealed at 400, 600, and 800 °C. SEM images and
XRD patterns of the synthesized samples with Cd/In ratios
of 1.3:2 annealed at different temperatures are shown in
Figures 3 and 4, respectively. Figure 3a shows the SEM of the
sample with Cd/In ratio of 1.3:2 annealed at 400 °C for 3 h.
The sample showed a monodispersed spherical structure of
about 60 nm agglomerated from some smaller nanoparticles,
mainly composed of CdO and In,0O; according to the XRD
pattern shown in Figure 4a. The size of these nanospheres
grew up as the annealing temperature increased. The dia-
meter of the spheres is about 1 um for the sample calcined at
600 °C. CdIn,O,4 hollow spheres with mean sizes of 1.5 um
were formed by annealing the precalcined samples at 800 °C
for 3 h.

A plausible growth mechanism of CdIn,O,4 hollow sphere
composites can be elucidated according to the XRD and
SEM analysis above, and the schematic illustration is shown
in Figure 5. CdO and In,05 nanoparticles were first formed
and coupled together to form nanospheres when the samples



Article
[ ]
ol —
400 =C 600 “C
QO mo @ co @® canos ®ca @

Figure 5. Schematic illustration of the growth mechanism of CdIn,O4
composite hollow spheres.

precalcined at 400 °C. The spheres behaved as templates in
the following process of heat treatment, which played the
same role as the rodlike Ga,Os in the preparation of Ni-
Ga,0, hollow rods.”® More and more nanoparticles agglom-
erated on to the spheres with the increase of annealing
temperature. And at the same time, the spheres and their
constituent nanoparticles grew larger. Only small parts of
CdO and In,O5 nanoparticles reacted with each other and
transformed to CdIn,O4 phase when annealing at 600 °C.
Most of the particles remained CdO and In,O; phase
(Figure 4 b), which may be due to the low annealing
temperature. While the temperature increased to 800 °C,
we found some black powders of CdO on the cover of the
crucible in our experiments, which is probably formed by the
evaporation of CdO. In,O; nanobelts, by the evaporation of
In,O5 powders, were synthesized when the temperature is as
high as 1400 °C.*’ Hao et al. also reported that In,O,
nanowires were seldom formed when the temperatures were
below 1350 °C, owing to its excessively low vapor pressure.*
Meanwhile, CdO nanobelts can be synthesized by evaporat-
ing CdO powders at a comparatively lower temperature of
about 1000 °C.* And, there is no Cd or other species that can
be observed during the synthetic procedures. This indicates
that the vapor pressure of CdO is higher than that of In,O4
and CdO is the dominant gaseous species in our experiments.
Therefore, we think the inorganic reaction occurred as

CdO(g) + In203(s) - CdIn204(s)

When CdO evaporated with the increase of annealing tem-
perature, there is a CdO rich atmosphere in the crucible. On
one hand, gaseous CdO reacted with In,O5 on the surface of
the sphere to form CdIn,O4 on the other hand, In,Oj
diffused outward to continue the reaction with CdO. In this
way, CdIn,O4 hollow spheres were finally formed. This
process is similar to the self-transformation process of the
metastable aggregated particles.®'*

We learned from the reflectance spectrum that the samples
could absorb visible light. Therefore, we investigated the
catalytic activities of the samples under visible light. The
photocatalytic activities of the series of our samples were
evaluated by the bleaching of MB dye under the irradiation of
visible light (4 > 420 nm). Figure 6 presents the photocata-
lytic activities of the synthesized samples. As we can see in this
figure, the photocatalytic activities varied for the samples
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Figure 6. Concentration changes of MB as a function of irradiation time
with CdO, In,O3, and the samples with different Cd/In ratios in the
starting materials as well as CdIn,O, prepared by a chemical coprecipita-
tion method (CCM).

with different Cd/In ratios in the starting materials. The
photocatalytic activity increased with the increase of Cd/In
ratios. The sample with Cd/In ratio of 1.4:2 showed the
highest photocatalytic activity, and more than 80% of MB
molecules were decomposed in 180 min. With the starting
Cd/In ratios of 1:2, 1.1:2, 1.2:2, 1.3:2, and 1.5:2, the fractions
of the decomposed MB molecules in 180 min were 51%,
57%, 65%, 73%, and 43%, respectively. For pure CdO and
In,O5 synthesized under identical conditions, 60% and 25%
MB molecules were decomposed in 180 min, respectively.
Comparing to CdO, the lower photocatalytic activities for
Cd/In ratios of 1:2 and 1.1:2 may be mainly due to the
existence of In,O; and less CdIn,O4 hollow spheres. The
higher photocatalytic activity of the sample with initial Cd/In
ratio of 1.4:2 can be ascribed to the increase of CdIn,O4
hollow spheres. This may due to the unusual hierarchically
nanoporous structure in hollow sample, which allows more
effective transport for the reactant molecules to get to the
active sites on the hollow shell.'>**** In order to compare the
catalytic properties of as-synthesized samples with the others,
data of CdIn,O4 prepared through a chemical coprecipita-
tion method were also presented in Figure 6. For this sample,
62% of MB molecules were decomposed in 180 min. This can
further prove our views that the higher catalytic properties of
our samples with starting Cd/In ratio of 1.3:2 and 1.4:2 can be
ascribed to the hollow spheres.

Conclusions

CdIn,O,4 hollow spheres have been synthesized by the self-
template method. The effects of Cd/In ratios on morpholo-
gies and visible-light photocatalytic activities have been
systematically investigated. A pure phase of CdIn,O4 hollow
spheres was obtained when the initial Cd/In ratio was 1.3/2.
A plausible growth mechanism of CdIn,O,4 hollow spheres
depending on annealing temperatures was also proposed.
Our results also showed that photocatalytic activity increased
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with the increase of Cd/In ratios. The sample with an initial
Cd/In ratio of 1.4:2 showed the highest photocatalytic
efficiency in our experiments, and more than 80% MB
molecules were decomposed under visible-light irradiation
for 3 h.
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