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Pure and Cu-doped hierarchical flower-like In, 03 microspheres constructed from numerous nanosheets
have been successfully synthesized via a facile and efficient solvothermal route combined with the subse-
quent thermal treatment. Various techniques, including X-ray powder diffraction (XRD), field emission
scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and high-resolution
transmission electron microscopy (HRTEM) were employed to acquire the crystalline and morphological
information of the as-obtained samples. XRD measurement results apparently revealed that the lattice
constants of doped products were slightly smaller than that of the pure products owing to Cu incorpora-
tion. Gas sensing performances of the sensor devices fabricated from undoped and Cu-doped In,03; were
Hierarchical structures systematically investigated. It was demonstrated that the Cu-doping significantly improved the response
Gas sensor to NO,. For example, sensors based on Cu-doped In,05 (1.0 mol%) give a response of about 1800-400 ppb
NO, NO,, which was about 14.5 times higher than sensors based on primary In, 03 microstructures. The excel-
lent and enhanced NO, sensing performances of Cu-doped In, 03 were associated to its novel hierarchical
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structure and the incorporation of Cu ions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen dioxide (NO;), mainly produced in thermal power
plant, pulp mill and vehicle, has become one of the major causes
of photochemical smog, acid rain, ground-level ozone, all of which
are quite harmful to our living environment. Besides, NO, is corro-
sive and physiological irritating, long-term inhalation would cause
lung disease and RTI (respiratory tract infection), which have haz-
ardous effect on our health. Consequently, it has become extremely
significant and meaningful for the effective detection of NO,. Due
to the fascinating characteristics of easy manufacture, low power
consumption and low cost, as well as wide detection range [1-5],
gas sensor stands out from numerous detection techniques and has
become a dominant approach to detect harmful gases [6-11]. It
is widely acknowledged that the basic working principles of the
gas sensors based on semiconductor oxides like SnO,, ZnO, In,03,
WO3; and a-Fe,05 is the conspicuous resistance change which
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caused by reactions between the tested gases and sensing materials
via the adsorption and desorption process. Hence, the composi-
tion, crystal size, surface morphology, and microstructures of oxide
semiconductors play crucial roles in determining their sensing
performances [5,12]. Recently, three-dimensional (3D) hierarchi-
cal microstructures assembled by nanoscaled building blocks have
been attracting more and more attention as these special architec-
tures were supposed to not only combine the merits of primary
subunits, but also will show unique behaviors different from those
of the nanosized subunits [13,14]. In this regard, rational design of
sensing materials with novel hierarchical architectures will be of
great importance for the construction of high performance sensor
devices.

Indium oxide (In,03), as a well-known n-type semiconductor
material with a wide band gap (direct band gap around 3.6eV),
has been widely investigated in the vast array of useful applica-
tions [15-19]. Up to now, numerous literatures have reported that
In,03 could be utilized as a promising candidate for the effective
detection of NO,, O3, C;H50H, and so on [20-24]. Despite excit-
ing achievements have been accomplished, the developments of
higher response, lower detection limit and marked selective gas
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sensors based on In, 03 microstructures are all still highly desirable
and challenging to attain. During the past decade years, a variety
of strategies including transition metal ions doping, heterostruc-
ture construction and catalyst adding were employed to get sensing
performances further improved. Among them, element doping has
been considered to be a simple and feasible approach to enhance
the sensing properties [25-28]. Hence, efficiently combination of
novel architecture of sensing material and metal ions doping will
be of especially advantageous for constructing high performances
sensor devices.

In this paper, pure and Cu-doped hierarchical flower-like In;03
microspheres assembled by a large scale of closely interconnected
nanosheets as primary building blocks were synthesized via a sim-
ple one-step solvothermal method and the subsequent annealing
process. Moreover, a comparative gas sensing study between the
pure and Cu-doped In, 03 hierarchical architectures was performed
to demonstrate the superior gas sensing properties of the hier-
archical Cu-doped In, 03 flower-like microspheres. Corresponding
results clearly manifested that 1.0 mol% Cu-doped In;03 micro-
spheres presented much higher response (about 14.5 times higher
than that of pure In,03 at the presence of 400 ppb NO,), faster
response-recovery speed and better selectivity to NO, at a rela-
tively low operation temperature (60°C). Moreover, the sensors
based on 1.0mol% Cu-doped sample show an obvious response
(about 11.8) to NO; even the concentration was as low as 25 ppb.

2. Experimental
2.1. Preparation of materials

All of the chemical reagents involved in the experiment
were analytical grade and purchased from Sinopharm Chemical
Reagent Co. Ltd. and used as received without further purifica-
tion, InCl3-4H,0 and Cu(NO3);-3H,0 were used as indium and
copper sources, respectively. In a typical synthesis process, 0.13 g
(0.45 mmol) of InCl3-4H, 0, appropriate amount of Cu(NOs ),-3H,0,
1.00 gof ureaand 0.26 g of sodium dodecyl sulfate (SDS) were added
to 40 mL mixture of ethanol and water (1:3, v/v) under vigorous stir-
ring. After stirring for 40 min, the homogeneous and transparent
solution was transferred into a Teflon-lined stainless-steel auto-
clave, sealed tightly, and maintained at 160°C for 3 h. After the
autoclave was cooled to room temperature naturally, the precip-
itates were washed with deionized water and absolute ethanol
for several times using centrifuge, and then dried at 80°C. Finally,
the dried precipitates were annealed at 500°C for 2h under air
atmosphere with a heating rate of 2 °C/min to obtain the pure and
Cu-doped flower-like In, 03 microspheres.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku
TTRIIl X-ray diffractometer with Cu Kol radiation (A =1.5406A)
in the 260 range of 20°-70°. Field emission scanning electron
microscopy (FESEM) images were obtained using a JEOL J[SM-7500F
microscope with an acceleration voltage of 15kV. Transmission
electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) images, as well as selected-area electron
diffraction (SAED) patterns were obtained on a JEOL JEM-3010
transmission electron microscope with an acceleration voltage of
200kV.

2.3. Fabrication and measurement of gas sensor
Gas sensors were fabricated as follows: the as-prepared prod-

ucts were mixed with the deionized water in order to make a
paste, subsequently, the paste was coated onto the outside of an

alumina tube (4 mm in length, 1.2 mm in external diameter, and
0.8 mm in internal diameter, attached with a pair of gold electrodes
which were connected with a pair of Pt wires) by a small brush
to form a thick film. The Ni—Cr alloy coil was inserted into the
alumina tube served as a heater, allowing us to control the oper-
ating temperature of the sensor by adjusting the heating current
and the detailed fabrication process has been described in our pre-
vious literature [7]. The measurement was processed by a static
process: the sensor was placed into a chamber filled with fresh
air at the beginning, then a given amount of the tested gas was
injected into another closed chamber by utilizing a micro-syringe
and the sensor was put into the chamber for the measurement of
the sensing performances. When the response reached a constant
value, the sensor was put back into the first chamber which was
full of fresh air and began to recover. The response of the sensor
was defined as S=Rg/R, for oxidizing gas or Ra/Rg for reducing
gas. Here, R; and Rg are the resistances of the sensor in the air
and the target gas, respectively. The response and recovery times
are defined as the time taken by the sensor to achieve 90% of the
total resistance change in the case of adsorption and desorption,
respectively.

3. Results and discussion
3.1. Structural and morphological characteristics

The morphologies and microstructures of the undoped and Cu-
doped In,03 were characterized by FESEM. A low-magnification
FESEM image exhibited in Fig. 1a clearly revealed that the as-
obtained pure In,03 were composed of numerous flower-like
microspheres with average size of around 3 wm. In addition, it
could be apparently identified that these novel hierarchical archi-
tectures were built up from abundant irregular-shaped nanosheets
with a thickness of about 70 nm and the neighboring nanosheets
were loosely interconnected result in the obvious open spaces
exist between them, as presented in the inset of Fig. 1a. In order
to observe the internal structure clearly, FESEM images of some
broken flower-like microspheres were also taken and presented
in Fig.A.1a and b, supplementary materials. The detailed mor-
phology information of the nanosheets were achieved from the
enlarged FESEM image shown in Fig. 1b, which indicated that
these nanosheets were constructed from large amounts of densely
packed nanorods with diameters about 10 nm. The typical FESEM
images of the Cu-doped In,03 flowers with different doping con-
centration (1.0 mol% and 3.0 mol%) are shown in Fig. 1c and d. It
can be found that with the increase in the Cu doping amount, the
integrity and the homogeneity were destroyed gradually by com-
paring the morphologies before and after doping, especially for the
3.0 mol% doped products.

Transmission electron microscopy (TEM), high resolution TEM
(HRTEM) observations and the corresponding selected area elec-
tron diffraction (SAED) analysis were performed to provide
more-detailed insight into the morphological and crystalline infor-
mation of the as-prepared products. TEM images of an individual
undoped and 1.0 mol% Cu-doped In,O3 microsphere (shown in
Fig. 2a and d, respectively) further confirmed the hierarchical
flower-like microsphere structure of the obtained samples, both
the size and shape are in good conformity with those of the FESEM
observations. The HRTEM images depicted in Fig. 2¢ and f expose
clear lattice fringes, and the lattice fringes spacing was observed
to be 0.294nm and 0.292 nm, respectively. Both of them are in
good agreement with the (2 2 2) planes of the cubic In, 05 structure.
The circular characteristics existed in the SAED patterns (Fig. 2b
and e) clearly identified that the pure and Cu-doped samples are
polycrystalline structures in nature.
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Fig. 1. A panoramic and an enlarge FESEM images of the as-synthesized In,03; nanostructure with different Cu doping amount (a) 0.00 mol%, (c) 1.0 mol%, and (d) 3.0 mol%.

And a high-magnification FESEM images of the as-synthesized undoped In,03 structure.

X-ray powder diffraction (XRD) analysis was carried out to
investigate the crystal phases of the as-synthesized samples con-
structed by plenty of hierarchical flower-like microstructures. And
the XRD patterns are shown in Fig. 3a. In terms of the pure prod-
ucts, it can be seen from the XRD pattern that all the diffraction
peaks could be very well indexed to the cubic structure of In,03
according to JCPDS card No. 06-416, with lattice parameters of
a=10.118 A. No diffraction peaks from any other impurities were
observed, indicating the high purity of the products. High intensity
of the diffraction peaks in the XRD pattern suggests that the sam-
ple is of high crystallinity. Likewise, with respect to the products
of different Cu doping amounts, there are also no other crystalline
phase or obvious peaks of impurities had been detected, implying
that Cu ions would incorporate into the lattice of In,03 without
significantly destroying the cubic structure of indium oxide rather
than generating crystalline phases of copper oxides. In order to
investigate the effect of Cu doping on the phase structures of the
flower-like In,O3 microspheres, the (22 2) and (400) diffraction
peaks were magnified to monitor the difference between them
(Fig. 3b). It was obvious that the peaks of the Cu-doped products
were slightly shifted to higher 20 values as compare with those of
pure In, 03, The result verified that the incorporation of Cu ions led
to the decreasing of lattice spacing which can be ascribed to the
fact that ionic radium of Cu?* (0.73 A) is smaller than that of In3*
(0.80 A). On the basis of the above XRD analysis, it can be concluded
that Cu ions systematically entered the crystal lattice of flower-
like In, O3 hierarchical structures without deteriorating the original
crystal structure.

Moreover, as to further investigate the influence of the doped
Cu ions, the lattice constants of pure and Cu-doped In,03 were
evaluated according to the Bragg’s law

nA = 2dsinf (1)

In Eq. (1), n is the order of diffraction (usually n=1), A is the X-ray
wavelength, and d is the spacing between planes of given Miller

indices h, k,and L. In the cubic structure of In, O3, the plane spacing is
related to the lattice constant a, and Miller indices by the following
equation
1 h? + k2 + I2
= (2)

(hkl) 2
d; a

So, for the (2 2 2) orientation, the lattice constant a can be calculated
by

V3A

" sinf

3)

It can be calculated that the lattice constant a was 10.167 A,
10.133A, 10.126 A for undoped, 1 mol%, 3 mol% Cu-doped prod-
ucts, respectively. And the decrease in the lattice constant could
be expected due to the mismatch in ionic radius.

3.2. Gas-sensing properties

In view of their peculiar structures, the as-fabricated pure and
Cu-doped In,03 samples were evaluated as sensing materials for
chemical gas sensors. Moreover, as to demonstrate the effect of
material structure on sensing properties, 1.0 mol% Cu-doped In,03
nanoparticles (which were further verified by the FESEM images
presented in Fig.A.2, supplementary materials) were prepared by
grinding the corresponding flower-like In,03 microspheres, and
nanoparticles based gas sensors were also fabricated to test its
sensing properties. It is well known that the gas response is
greatly influenced by the operating temperature since the adsorp-
tion/desorption processes at equilibrium and the competition for
chemisorptions between the tested gases and atmospheric oxy-
gen O, for the same active surface sites are all regulated by the
temperature [25]. Therefore, the responses to 400 ppb NO,, for sen-
sors based on pure, 1, 1 (NP: nanoparticles) and 3 mol% Cu-doped
In, 03 products were tested as a function of temperature. It can be
found from Fig. 4a that the responses of all these gas sensors varied
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Fig. 2. (a) TEM, (b) SAED pattern and (c) HRTEM images of as-synthesized undoped In,03; nanostructure. (d) TEM, (e) SAED pattern and (f) HRTEM images of as-synthesized

1.0 mol% Cu-doped In, 03 nanostructure.

dramatically with operating temperatures and the response val-
ues decreased with the increasing of temperature. In addition, it
is obvious that gas responses of Cu-doped In,05 are all improved
compared with the pure one, and sensors based on the 1.0 mol%
Cu-doped samples performs the best. Hence, the response time
and recovery time of the sensor based on the 1.0 mol% Cu-doped
sample at different temperature were calculated to determine
the optimum operating temperature. The result was presented in
Fig. 4b and the result showed that both the response time and
recovery time decreased when the temperature increased. The
activity of both the sensing material and the gas molecules would be
higher as the temperature rises gives the explanatory of this trend.
But meanwhile, the increase of the temperature would also lead
to low diffusion depth, which was the reason why the response
decreased [12]. Note that when the temperature increased from
60°C to 80°C, although the response decreased a lot, the response
time and recovery time did not decrease that much as the tem-
perature increased from 40°C to 60°C. Accordingly, the optimum
temperature for these gas sensors was chosen to be 60 °C, which
would be applied in all the investigations hereinafter. Besides,
response transients to 400 ppb NO, at 60°C of the sensors using

undoped and 1.0 mol% Cu-doped samples were measured and
presented in Fig. 4c to investigate their response-recovery char-
acteristics. It is fairly straightforward that the response time and
recovery time of the sensor based on the 1.0 mol% Cu-doped sample
were much shorter than that of the sensor based on the pure In;03
sample. When calculated by the definitions, the response time and
recovery time were about 25 min and 24 min for sensor based on
pure In,O3 sample, while they were about 10 min and 4 min for
sensor based on 1.0 mol% Cu-doped sample.

Fig. 5 reveals the relationships between sensing response and
NO, concentration when the as-fabricated three gas sensors were
exposed to NO, in the concentration range of 25-400 ppb at 60°C.
Apparently, all the sensors’ response increased with NO, concen-
tration, and Cu-doped In, 03 with doping amount of 1.0 mol% pales
others by showing higher gas response at the same NO, con-
centration. The responses to 25, 50, 100, 200, 300, and 400 ppb
NO, of sensors based on pure In,03 sample were about 1.0, 1.2,
7.8, 25.7, 68.6, and 124.1, while the responses were 11.8, 32.4,
114.0, 259.6, 1053.9, and 1800.1 for sensors based on the 1.0 mol%
Cu-doped In,03 flower-like microspheres, 3.9, 9.7, 44.4, 193.7,
4248, and 914.8 for sensors based on 1.0 mol% Cu-doped In;03
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Fig. 3. (a) XRD pattern of samples with different Cu doping amount. (b) Comparison
of (222) and (4 00) peaks from XRD patterns.

nanoparticles, and 1.4, 4.0, 20.7, 171,334.6, and 1042.6 for the
sensor based on the 3.0 mol% Cu-doped In,03 sample. It can be cal-
culated that the response to 400 ppb NO, at 60°C of the 1.0 mol%
Cu-doped In,03 sample was 14.5 times higher than that of the
sensor based on pure In, O3 sample. Besides, it is noteworthy that
the sensor based on 1.0 mol% Cu-doped In,03 hierarchical flowers
show an obvious response (about 11.8) to NO, even the concen-
tration was as low as 25 ppb, while the response of sensor based
on pure In,03 to 50 ppb NO, was only about 1.2, which indicated
that the sensor had a low detection limit. Besides, when com-
pared the performance of sensors based on 1.0 mol% Cu-doped
In,03 nanoparticles with these based on the 1.0 mol% Cu-doped
In,03 nanoflowers, it can be found that the sensing properties has
degraded by more than half. The higher responses of the nanoflow-
ers sample are due to its hierarchical structure which can provide a
larger surface-to-volume ratio and better surface permeability that
can greatly facilitate the gas diffusion and mass transport in sensing
material [13].

From the perspective of practical application, selectivity is
another important parameter for a gas sensor. Consequently,
selectivity of the gas sensors fabricated from pure and 1.0 mol% Cu-
doped products were evaluated by exposing sensors to different
tested gases at the optimum temperature of 60 °C. The correspond-
ing test data were summarized and displayed in Fig. 6 in the form
of bar chart. It can be seen clearly that the response values changed
little for the majority of tested gases (such as HCHO, CH30H,
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Fig.4. (a) Response versus operation temperature of sensors based on undoped and
Cu-doped In, 03 sample with different doping amount to 400 ppb NO, (NP: nanopar-
ticles). (b) The correlation of the response/recovery times to 400 ppb NO, with the
operation temperature for sensors based on 1.0 mol% Cu-doped In,03; sample. (c)
Response transient of sensors based on undoped and 1.0 mol% Cu-doped flower-like
In, 05 microspheres to 400 ppb NO, at the optimum operation temperature (60 °C).

C,H50H, and CO) before and after Cu doping process, while a rela-
tively dramatic enhancement in O3, Cl; and NO, sensing properties
can be acquired. Moreover, it should be noticed that 1.0 mol% Cu-
doped In, 05 flower-like structures exhibit much higher response to
400 ppb NO, than all the residual test gases, which were even tested
at a higher concentration. All the measurement results unambigu-
ously proved that the 1.0 mol% Cu-doped In,03 shows superior
selectivity to NO,.

Considering that the low operation temperature (60 °C) which
means low power consumption, the sensors fabricated from the
1.0 mol% Cu-doped products with features of high response, low
detection limit and good selectivity shed light on new promising
candidates for the practical application in atmospheric pollution
monitoring.
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Table 1

Comparison of gas-sensing characteristics of sensing material in present work and those reported in the literatures.
Material NO, concentration Temperature Response Response time Recovery time Reference
Ordered mesoporous Fe-doped In, 053 1ppm 150°C 71 5min 3 min [30]
Porous In, 03 50 ppm 250°C 164 5s 14s [31]
Root slice-like In, 03 microspheres 20 ppm 250°C ~36 5s 20s [32]
Zn-doped flower-like In, 03 50 ppm 300°C 821.7 2s 6s [33]
WOs thin films 10 ppm 150°C ~57 14 min 8 min [34]
DBSA doped PPy—WO; 5ppm 38°C 11 6 min 18 min [35]
In, 03 flower-like microspheres 400 ppb 60°C 1241 25min 24 min Present work
Cu—In, 03 flower-like microspheres 400 ppb 60°C 1800 10min 4 min Present work
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Fig. 5. Response of sensors based on undoped, 1.0 mol%, 1.0 mol% (NP: nanoparti-

cles) and 3.0 mol% Cu-doped In, 03 nanostructure versus NO, concentrations at the
optimum operation temperature (60 °C).
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Fig. 6. Response of sensors based on undoped and 1.0 mol% Cu-doped flower-like
In, 03 microspheres to different test gases when the operation temperature is 60°C.

A comparison between the sensing performances of the sen-
sor presented in this paper and literature reports is summarized in
Table 1. As can be seen from the table, the sensor presented in our
work exhibits better sensing performance than those reported in
the literatures [29-34].

For sensors based on semiconductor oxide like In,03, the most
widely accept sensing mechanism when the target gas is NO, can be
stated as follow. The electrical conductivity of In,0j5 is attributed
to electron transfer between In%* and In3*, the formation of the
In?* occurring through oxygen deficiency (Eq. (1)). Anion vacan-
cies Vo* and mainly partially reduced cations In2* are the surface
basic sites (Sp)s for NO, chemisorption. And the formation of the
chemisorption bond continued on the charge transfer from active
sites (Sp)s into an orbital of NO, causes a reduction in the strength
of the N—O bonds that makes easier the decomposition of the NO,

molecules. Therefore, NO, molecules were reduced into NO or N,
molecules and the electronics of the In,O3 sensing materials were
captured which led to the increase of the resistance of the sen-
sor. The sensing mechanism could be summarized according to the
following equations [35,36].

1
2
NO, g5 +In** — (In*" — NO, 145) — (In*" — 0,;) + NOgas (5)

3

In;03 — In3* InZ*03_, V5, + 502 (4)

)= (Vo —0_;.) + NOgas (6)

ads

NOg gas + V5 — (Vo — NOj

When Cu ions were doped into the flower-like In,0O3 micro-
spheres, some In3* were substituted by Cu?*, and this substitution
will be compensated by the generation of either holes or indium
interstitials. The generated holes will recombine with the electrons
which are the major carriers of In,03. And the electrons near the
opposite charge of the indium vacancies will be restricted. In all
these two cases, the electron concentration in the conduction band
of the In,03 sensing materials will be decreased which will lead
to the decrease of the conductivity of the sensing materials. In the
actual test, the R, of the sensor based on the undoped, 1.0 mol%
Cu-doped and 1.0 mol% Cu-doped In,03 hierarchical nano struc-
ture were about 200 €2, 4 k€2 and 150 k€2, respectively. So the test
results agree well with the theoretical analysis. When the electron
concentration of the conductivity band of the sensing materials
decreased, the resistance change Rg/Ra, that is, the response of the
sensor will be higher when the same amount of electrons taken
by the NO, molecules. Besides, copper oxide-supported catalysts
have been reported to show activity for NOy abatement with dif-
ferent reducing agents [37,38]. So it is an acceptable speculation
that the cupric ions being doped into the In,03 may have the func-
tion to promote the reaction described in Eqgs. (2)-(4), which will
lead to a higher response and shorter response time. But when the
doping amount is too high, 3.0 mol%, for example, the hierarchical
nanostructure will be destroyed and its sensing properties will be
degraded due to the aggregation of the nanoparticles which will
led to low sensing material utilization and low diffusion efficiency
[12]. Therefore, sensors based on 3.0 mol% Cu-doped In,03 sample
did not performance as well as these based on 1.0 mol% Cu-doped
In, 03 sample, but still much better than these based on pure In,03
hierarchical flowers.

4. Conclusion

In summary, a facile and efficient solvothermal strategy com-
bined with the following calcinations process for the synthesis
of hierarchical undoped and Cu-doped In,03 microstructures has
been developed. FESEM and TEM observations unambiguously
demonstrated that the flower-like microspheres were built from
numerous nanosheets which were constructed from large quan-
tity of nanorods. When evaluated as sensing materials for gas
sensors, the as-prepared 1.0mol% Cu-doped In,03 hierarchical
flowers manifest an impressive NO, sensing performance with
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high response, excellent selectivity, and low detection limit at a
low operating temperature. It is supposed that outstanding NO,
sensing properties of the hierarchical Cu-doped In,03 sample was
attributed to the synergistic effects of its hierarchical nanostruc-
ture, the decreased carrier concentration and the possible catalysis
action of Cu ions.
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