
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


  

 

 

Microstructures and Cl2-sensing performances of Zn-doped In2O3 hollow spheres  
25x11mm (600 x 600 DPI)  

 

 

Page 1 of 8 CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



CrystEngComm 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

PAPER
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 
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Zn-doped In2O3 hollow spheres have been prepared by a facile chemical route under an even low temperature of 80 °C without any 
surfactant and template. Its morphological feature was characterized as self-assembled hollow spheres with a diameter of 200-300 nm, 
and it was observed that the amount of Zn-doped significantly affects the overall morphology. Furthermore, the analysis of N2 10 

adsorption/desorption tests showed that the Zn-doped In2O3 hollow spheres (the molar ratio of In/Zn is 9:1) adsorbed the largest amount 
of N2 and had the biggest specific surface area (26.4 m2/g), which contributed to the improvement of the gas sensing characteristics. 
Finally, gas sensing characteristics of the obtained products were studied. The results demonstrated that the sensors based on Zn-doped 
In2O3 structures exhibited a higher response to Cl2 than those without Zn and the In/Zn = 9:1 (molar ratio) sample showed the highest 
response. The sensor based on Zn-doped In2O3 hollow spheres (the molar ratio of In/Zn is 9:1) exhibited the highest response of 94.7 ± 15 

8.6 for 5 ppm Cl2. The high response, quick response-recovery behaviour and excellent stability imply good potential for practical 
applications. The formation mechanism and gas sensing mechanism were studied. 
 
 

Introduction 20 

 Gas sensors have been used for industrial process controls, for 
the detection of toxic environmental pollutants, in human health, 
and for the prevention of hazardous gas leaks, which comes from 
the manufacturing processes [1-4]. Indium oxide (In2O3), as an n-
type semiconductor with a direct band gap of 3.55-3.75 eV [5], 25 

has been used extensively for gas sensing of NH3 [6], H2 [7], CO 
[8, 9], C2H5OH [10, 11], O3 [12], etc. Cl2 is one of air pollutant 
and the detection of dilute Cl2 gas in exhaust would prevent the 
production of toxic compounds such as dioxin. However, the Cl2 
gas sensing properties of In2O3 have rarely been investigated so 30 

far. 
 Up to now, various morphologies of In2O3 have been 
fabricated, including nanofibers [13], nanotubes [14, 15], 
nanosheets [16], nanorods [17, 18], nanoflowers [19, 20], 
nanotowers [21], and so on. In addition to the current 35 

investigations on the above nanomaterials, hollow spheres, as 
typical three-dimensional curved structures with inner cavities, 
are of much importance because of their unique properties of low 
density, high specific surface area, and good permeation, and 
their potential applications in various areas [22, 23]. So far, 40 

hollow spheres of many materials have been fabricated through 
various methods, including template assisted synthesis, direct 
evacuations with Ostwald ripening, and the Kirkendall effect. 
Template-assisted synthesis is usually adopted for the preparation 
of hollow spheres [24]. However, the high cost, low yield, and 45 

complexity that accompany the introduction of templates have 
limited the practical application of these approaches. Therefore, it 

is still a major challenge to develop a facile and template-free 
route for the mass preparation of inorganic hollow structures. 
 Herein, we report a facile chemical route for the preparation of 50 

Zn-doped In2O3 hollow spheres with an appropriate Zn-doped 
amount. The obtained materials were characterized by the X-ray 
powder diffraction (XRD), the scanning electron microscopy 
(SEM), the transmission electron microscopy (TEM), the 
inductively coupled plasma mass spectrometry (ICP-MS), and the 55 

N2 adsorption/desorption. The gas sensing properties of the 
resulting materials have also been investigated in detail. The 
introduction of a small quantity of Zn in the reaction system was 
found to play an important role in the particle size and 
morphology of Zn-doped In2O3 hollow spheres, consequently, 60 

which improved the sensing properties of the Cl2 dramatically. 

Experimental 

Materials 

 The chemical reagents indium nitrate hydrate 
(In(NO3)3·4.5H2O), zinc nitrate hydrate (Zn(NO3)2·6H2O), 65 

anhydrous ethanol (C2H5OH), formamide, ammonium hydroxide 
(NH3·H2O) were of analytical grade and used without further 
purification (Sinopharm Chemical Reagent Co., Ltd, Shanghai, 
China). 
Synthesis 70 

 Zn-doped In2O3 hollow spheres were synthesized by situ 
growth method. In a typical synthesis process, 1.5 mmol of 
In(NO3)3·4.5H2O was dissolved in 46 ml anhydrous ethanol and a 
transparent solution I was obtained. Afterwards, 4 ml formamide 
was added dropwise into the solution I under vigorous stirring to 75 
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produce solution II. Then the solution II was transferred into a 
fixed three-neck flask. 2 ml Zn(NO3)2 hydrous solution with 
different concentration was added dropwise into the solution II 
under magnetic stirring. Then, ammonium hydroxide (1 mol/L) 
was slowly dripped into the solution II under stirring until the pH 5 

reaches 9. The resulting mixture was kept at 80 °C for 2 h. The 
white precipitates were separated by centrifugation, washed with 
distilled water and anhydrous ethanol for several times, and dried 
at 80 °C for 4 h. Finally, Zn-doped In2O3 hollow spheres were 
obtained after calcination at 500 °C for 2 h. We refer to these 10 

samples as S1, S2, S3, S4, S5 and S6, representing pure In2O3, 
and the In/Zn molar ratios of 15:1, 12:1, 9:1, 7:1 and 5:1, 
respectively. 

Characterization 

 The phase structure and purity of the as-synthesized materials 15 

were examined by X-ray diffraction (XRD; X’pert PRO MPD, 
Philips, Eindhoven, The Netherlands) with Cu-Kα radiation (λ = 
1.5406 Å) at 40 kV, 30 mA over the 2θ range 10-70°. The 
morphology of the obtained samples were investigated by using 
field emission scanning electron microscopy (FE-SEM; JSM-20 

6701F, JEOL, Tokyo, Japan), and high resolution transmission 
electron microscopy (HRTEM; Tecnai F30G2, FEI, Hillsboro, 
OR, USA) operated at 300 kV accelerating voltage. Energy-
dispersive X-ray (EDX) spectroscopy was also performed by 
using a microanalysis detector (X-MaxN 80 T, Oxford 25 

Instrument, Oxfordshire, UK). An inductively coupled plasma 
mass spectrometry (ICP-MS; 7500A, Agilent, Santa Clara, CA, 
USA) was used for simultaneous multi-element detection of Zn. 
The analytical parameters of the ICP-MS instrument are 
summarized in Table 1. The specific surface area of the In2O3 30 

structures was obtained by full analysis of N2 
adsorption/desorption tests (V-Sorb 2800P, Gold APP 
Instruments Corporation, Beijing, China). 

Table 1 Analytical parameters of the ICP-MS instrument 

Nebulizer Babington type 
Spray chamber Quarts, double pass 

RF generator 
Frequency: 10 MHz, power output: 
1220 W 

Air flow rate ( L/min ) 20 
Auxiliary gas flow rate ( L/min ) 0.9 
Nebuliser gas flow rate ( L/min ) 1-1.2 
Sample uptake rate ( µL/min ) 400 
Number of replicates 3 
Integration time ( s ) 0.1 
Wavelengths ( nm ) 206.200 

Gas sensor fabrication and measurements 35 

 The basic fabricated process is as follows [25]. The as-
obtained Zn-doped In2O3 hollow structures were slightly grinded 
with α-terpineol in an agate mortar to form a gas sensing paste. 
The paste used as sensitive body was coated on an alumina tube 
with Au electrodes and platinum wires, then dried under IR light 40 

for several minutes in air, and then sintered at 500 °C for 2 h. A 
Ni-Cr alloy crossing alumina tube was used as a heating resistor 
which ensured both substrate heating and temperature controlling. 
In order to improve their stability, the gas sensors were aged at 
300 °C for 240 h in air. 45 

 The gas sensing properties were tested by using a gas response 
instrument (HW-30A, Hanwei Ltd, Zhengzhou, China). The gas 
sensing properties of Zn-doped In2O3 hollow structures tested in 
the glass test chamber, and the volume of test chamber is 15 L. In 

the measuring electric circuit of gas sensor, a load resistor is 50 

connected in series with a gas sensor. The circuit voltage Vc is 5 
V, and the output voltage (Vout) is the terminal voltage of the load 
resistor RL. The working temperature of sensor is adjusted by 
varying the heating voltage Vh. When a given amount of tested 
gas was injected into a chamber, the resistance of sensor changed. 55 

As a result, the output voltage changed. Gas response (S) is 
defined as follows: Response = Rg ⁄ Ra. where the Rg and Ra are 
the resistance values measured in oxidizing atmosphere and air, 
respectively. For each sample, three sensors were made by the 
same fabrication process, each sensor was tested three times in 60 

the gas sensing testing process, and the gas response values were 
the average value. 

Results and discussion 

Crystalline structure and morphology 

 Fig. 1 shows the X-ray diffraction patterns of pure In2O3 and 65 

Zn-doped In2O3 hollow structures with different molar ratios of 
In/Zn. All the strong and sharp diffraction peaks can be readily 
indexed to a cubic lattice [space group la-3(206)] of pure In2O3 
according to the Joint Committee on Powder Diffraction 
Standards (JCPDS) data card No. 06-0416. No other phases such 70 

as ZnO, In(NO3)3·4.5H2O, or InOOH were detected, and the 
powder is pure In2O3 phase product. The cell parameters and the 
size of the crystallites determined with the Scherrer formula were 
listed in Table 2. As can be seen, the above calculated lattice 
constants are well compatible with the literature values of 75 

a=b=c=10.118 Å (bcc-In2O3, JCPDS 06-0416). Scherrer formula 
for finding the crystallite size (D) is given as: D = (Kλ) / (βcosθ). 
Where, K is the Scherrers constant and has the value 0.89, λ is the 
wavelength of the radiation (1.5418 Å), β is the forward width at 
half maximum (FWHM) (radian) and θ is the half value of the 80 

Bragg diffraction angle in the XRD pattern (degree). 

 
Fig.1 XRD patterns of pure In2O3 and Zn-doped In2O3 structures 

 The actual molar ratio of In/Zn in Zn-doped In2O3 structures 
was determined by using ICP-MS instrument, as is shown in 85 

Table 2. The results show that the real Zn ratio is lower than the 
theoretical ratio, and is lower than 1. 
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Table 2 Cell parameters and the size of pure In2O3 and Zn-doped In2O3 
structures, and the actual Zn contents 

Sample 
In2O3(cell 

parameters) 
D theoretical In/Zn actual In/Zn 

a = b= c (Å) ( nm ) ( molar ratio ) ( molar ratio ) 
S1 10.1181 6.83 − − 
S2 10.1182 6.90 15:1 15:0.61 
S3 10.1193 6.67 12:1 12:0.66 
S4 10.1184 6.54 9:1 9:0.72 
S5 10.1176 7.28 7:1 7:0.75 
S6 10.1187 7.72 5:1 5:0.57 

 

  

 5 

Fig.2 SEM images of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5 and (f) S6 
 

 Fig. 2(a-f) shows the SEM images of pure In2O3 and Zn-doped 
In2O3 hollow structures with different In/Zn molar ratios. It 
indicated that the obtained materials are formed by many spheres 10 

and Zn plays an important role in controlling the particle size and 
morphology. As depicted in Fig. 2a, pure In2O3 consists of large 
regular aggregates of nanospheres with a diameter of 50-100 nm. 
Upon the introduction of Zn, the diameter of In2O3 spheres 
enlarged, which is in contrast to the sample without Zn (Fig. 2a), 15 

as shown in the Fig. 2(b-f). When the In/Zn molar ratio is 9:1, the 
diameter is 200-300 nm (Fig. 2d). With further increasing of Zn-
doped amount, the diameter of spheres enlarged further, and 
aggregated to form some irregular spheres and cubes, as can be 
seen from Fig. 2(e-f). When the In/Zn molar ratio was 5:1, the 20 

diameter is 200-600 nm (Fig. 2f), the larger diameter and 
irregular shape may destroy the morphology and affect the Cl2 
sensing performance. 
 Compare the SEM images before and after calcination, the 
hollow spheres remained the similar spherical shape and diameter, 25 

indicate that calcination never destroy the surface topography, as 
shown in Fig 3a and Fig 3d. To give further insight into the 
morphology and structure of Zn-doped In2O3 hollow spheres (the 
molar ratio of In/Zn is 9:1), TEM and EDX spectroscopy, along 
with the SAED pattern, were obtained. Fig 3(b-c) shows the TEM 30 

images before calcination, which exhibit that the spheres were 

hollow, with a diameter of 200-300 nm, but the thickness of the 
shells is heterogeneous, the diameter of the shells even reached to 
100 nm. After calcination at 500 °C for 2 h, the Zn-doped In2O3 
hollow spheres were being perfected effectively, the diameter of 35 

the shells decreased and tend to be uniform, as shown in Fig 3(e-
f). There exist a strong contrast between the light centre and the 
relatively dark edge provides the evidence for the hollow nature 
of the product, the thickness of the shells is uniform (7-40 nm), 
the diameter of the Zn-doped In2O3 hollow spheres is 200-300 40 

nm, which is consistent with the value estimated in SEM image 
(Fig. 2d). Above all, the calcination never destroys the surface 
morphology of the Zn-doped In2O3 hollow spheres. 
 The size of the crystallites was calculated by the Scherrer 
formula, as shown in Table 2, and the results were 6.83, 6.90, 45 

6.67, 6.54, 7.28, 7.72 nm for S1, S2, S3, S4, S5 and S6, 
respectively. Compare the value estimated from the SEM and 
TEM images, the Zn-doped In2O3 hollow spheres are consist of 
1-7 of the primary particles calculated by XRD peak broadening, 
this feature gives evidence that the Zn-doped In2O3 hollow 50 

spheres are constructed by small nanoparticles, most likely 
through a mechanism of ‘‘oriented attachment’’ [26].  
 The EDX spectroscopy (Fig. 3g) shows that the Zn-doped 
In2O3 hollow spheres are elementally composed of In, Zn and O. 
The atomic ratio for In, Zn and O calculated from the EDX 55 

analysis was In/Zn/O = 34.32: 3.61: 61.75 (atomic ratio), which is 
in agreement with the value estimated from the ICP-MS. Fig. 3h 
shows a SAED pattern taken from the corresponding area. The 
SAED of the In2O3 structures is consistent with cubic In2O3 with 
strong ring patterns due to (222), (400), (440), and (622) planes. 60 

The results agree with XRD patterns very well. 

 
Fig. 3 SEM image (a) and TEM images (b, c) of S4 before calcination, 
SEM image (d) and TEM images (e, f) of S4 after calcination at 500 °C 65 

for 2 h, EDX spectroscopy (g) and SAED pattern (h) taken from the 
corresponding area of TEM image (e). 

 A two-step mechanism is proposed here for the formation of 
the Zn-doped In2O3 hollow spheres: (1) the “oriented attachment” 
growth step. Compared the results calculated by the Scherrer 70 
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formula to the diameters determined by microscopic techniques, 
the In2O3 hollow spheres prepared via mild chemical route are 
made up of smaller In2O3 crystals. But these small crystals have a 
tendency to aggregate again due to the minimization of total 
surface energy [27], so the lifetime is short of these small 5 

crystals. When some structure-directing agents (e.g. NH3·H2O 
and formamide) are present, the gas bubbles formed in water 
solution provide the aggregation centres for crystal grains. Then 
these small crystals would aggregate around the localized regions 
where concentrations of NH4

+ and formamide are relatively high, 10 

which was also driven by the minimization of interfacial energy 
[28]. In this stage, formamide played an important role in the 
formation of regular hollow spheres, based on the increased 
viscosity of the solution caused by formamide. The increased 
viscosity would reinforce and stabilize the gas bubbles, which are 15 

used to form regular hollow cores. Furthermore, the increased 
viscosity will slow down the movement rate of small crystals, and 
the slow movement rate allows small crystals to have enough 
time to aggregate into regular round spheres [29]. Moreover, the 
gas bubbles produced by NH4

+ and formamide prevented the 20 

small crystals from aggregating into fill spheres. As the reaction 
proceeded continuously, more and more small crystals moved 
and aggregated around the surface of hollow spheres, as for larger 
particles, the decrease in the energy is much larger than small-
sized nanoparticles. Consequently, the process in which the 25 

freshly formed small nanopartilces self-assemble to larger 
spherical particles is a spontaneous process [30]. (2) the 
hollowing step. The preformed nuclei centre (NH4

+ and 
formamide) was cleared away by washing, then the In(OH)3 
hollow spheres were obtained. After calcination the precursor of 30 

In(OH)3 hollow spheres, the In2O3 spheres were remained hollow 
without deformation in the structures, as shown in TEM images. 
Furthermore, the hollow spheres were being perfected effectively, 
the diameter of the shells decreased, and the diameter size 
distribution tend to be uniform, thus hollow spheres with 35 

homogeneous and smooth shell were formed finally. It is well 
known that the larger ionic radius induces the higher diffusion 
barrier, so the diffusion coefficient is lower with a bigger radius 
[31]. Because of the larger size of indium ions (In3+: 80 pm, Zn2+: 
74 pm), the inward diffusion of zinc ions is faster than the 40 

outward diffusion of indium ions, the gradual inward diffusion of 
zinc ions leads to an increase in the overall size of the particles 
during the conversion process. So, as the amount of Zn-added 
increased, the diameter of Zn-doped In2O3 hollow spheres 
enlarged, as shown in Fig. 2(b-f). More details of the formation 45 

mechanism of Zn-doped In2O3 hollow spheres need further 
investigation. 

Determination of specific surface area 

 Fig. 4a and Supplemental Fig. I (a-e) show the N2 
adsorption/desorption isotherms of the pure In2O3 and Zn-doped 50 

In2O3 structures. According to the IUPAC classification, the 
similar N2 adsorption/desorption isotherms of the six samples can 
be classified as a type IV isotherm, with a hysteresis loop where 
desorption required definitively higher energy than adsorption. 
The isotherms of the Zn-doped In2O3 hollow spheres (the molar 55 

ratio of In/Zn is 9:1) show a hysteresis loop at a relatively high 
pressure indicating its largest surface area. The amount of N2 
adsorbed was higher for S4 (209.1 cm3/g) than S1 (152.4 cm3/g), 
S2 (162.3 cm3/g), S3 (173.9 cm3/g), S5 (137.6cm3/g), or S6 

(116.3 cm3/g). 60 

 The single point surface area was considerably the largest for 
the Zn-doped In2O3 hollow spheres (the molar ratio of In/Zn is 
9:1) compared to the other samples, as shown in Fig. 4b. The 
increasing in surface area is due to its well-organized spherical 
feature, which is proved by the SEM and TEM images. The 65 

larger surface area, the more facilitate of the mass Cl2 transport in 
the material. So the Zn-doped In2O3 hollow spheres (the molar 
ratio of In/Zn is 9:1) may possess excellent gas sensing 
characteristics. 

 70 

Fig. 4 (a) N2 adsorption/desorption curves of the Zn-doped In2O3 hollow 
spheres (S4), and (b) the single point surface area of S1-S6. 

Gas sensing properties 

 Fig. 5a shows the relation between the resistance and the 
different amount of Zn-doped sensors exposed to 50 ppm Cl2 at 75 

300 °C. Upon introduction of Zn, the resistance in air decreased, 
while the resistance in Cl2 atmosphere increased, and the relative 
resistance difference value increased. According to Fig. 5a, the 
sensor based on Zn-doped In2O3 hollow spheres (S4) has a largest 
relative resistance difference value, so the sensor may possess the 80 

highest response. Moreover, it can be seen from Fig. 5b that the 
response of each sensor increased with the increased 
concentration of Cl2. The sensors based on Zn-doped In2O3 
samples to each Cl2 concentration exhibit higher response than 
those based on pure In2O3. The appropriate addition of Zn would 85 

be beneficial to the improvement of gas sensing properties, but 
superabundant addition may reduce the available adsorption sites 
and worsen the gas sensing properties [32]. It reveals that the 
sensor with In/Zn molar ratio of 9:1 has the highest response 
which can reach 94.7 ± 8.6, 262.2 ± 15.5, 445.7 ± 28.5, 927.6 ± 90 

68.8, and 1296.2 ± 95.1 to 5, 10, 30, 50, and 100 ppm Cl2, 
respectively. Therefore, the following study of the selectivity was 
focused on the sensor with In/Zn molar ratio of 9:1. 

 
Fig. 5 Gas response of sensors as a function of sample (a) typical 95 

response and recovery curve of sensors based on samples with different 
amount of Zn-doped exposed to 50 ppm Cl2 at 300 °C, (b) gas response of 
the sensors based on samples with different amount of Zn-doped exposed 
to Cl2 at concentrations ranging from 5 to 100 ppm at 300 °C. The error 

bars mean the standard deviation between the three times in the gas 100 

sensing testing of all the three sensors made by the same fabrication 
process 

 Considering the response of gas sensor is greatly influenced by 
operating temperature, parallel experiments were carried out in 
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the range of 80-300 °C to optimize the proper working 
temperature of the sensor. Fig. 6a shows the relation between the 
resistance and the operating temperature of Zn-doped In2O3 
hollow spheres (the molar ratio of In/Zn is 9:1) sensor. The 
resistance in air decreased with increase of temperature in the 5 

range of 80-300 °C, while the resistance in Cl2 atmosphere 
increased, and the relative resistance difference value increased. 
Moreover, it can be seen from Fig. 6b that the response of the 
sensor based on Zn-doped In2O3 hollow spheres (the molar ratio 
of In/Zn is 9:1) increased with the operating temperature and 10 

reached a maximum value of 927.6 ± 68.8 for 50 ppm Cl2 at 300 
°C. Therefore, the best operating temperature was determined to 
be 300 °C for the subsequent detections of Zn-doped In2O3 
hollow spheres. 

 15 

Fig. 6 Gas response of sensor as a function of sample (a) typical response 
and recovery curve of sensor based on Zn-doped In2O3 hollow spheres 

(the molar ratio of In/Zn is 9:1) exposed to 50 ppm Cl2 at different 
working temperatures, (b) temperature dependence of the sensor gas 
response to 50 ppm Cl2. The error bars mean the standard deviation 20 

between the three times in the gas sensing testing of all the three sensors 
made by the same fabrication process 

 

Fig. 7 Gas response of the sensor based on Zn-doped In2O3 hollow 
spheres (the molar ratio of In/Zn is 9:1) exposed to Cl2 at (a) 25 

concentrations ranging from 5 to 100 ppm at 300 °C and (b) 50 ppm 

 Fig. 7a illustrates the typical response recovery characteristics 
of the sensor based on Zn-doped In2O3 hollow spheres (the molar 
ratio of In/Zn is 9:1) to Cl2 with concentrations of 5, 10, 30, 50, 
and 100 ppm at 300 °C. The sensor exhibited excellent response 30 

when exposed to various Cl2 concentrations. When exposed to 5 
ppm Cl2, the response was 94.7 ± 8.6, indicating that high gas 
response can be achieved in detecting low concentration Cl2 by 
using Zn-doped In2O3 hollow spheres as sensing material. With 
an increase of the Cl2 concentration, the response increased 35 

dramatically. Furthermore, the sensor showed a quick response 
and short recovery time. When exposed to 50 ppm Cl2, the 
response and recovery time (defined as the time required reaching 
90 % of the final equilibrium value) is 2 s and 6 s, respectively, as 
shown in Fig. 7b. 40 

 To investigate the Cl2 selectivity of the sensor, the Zn-doped 

In2O3 hollow spheres (the molar ratio of In/Zn is 9:1) sensor was 
tested at 50 ppm Cl2 and the same concentration of other gases, 
including toluene, acetone, ammonia, NO2, H2S, formaldehyde 
and gasoline. The results are shown in Fig. 8. As can be seen, the 45 

gas response to Cl2 is significantly higher than that to the other 
tested gases, with a magnitude about 16-618 times greater to 50 
ppm Cl2 than that for all the other tested gases under the same 
concentration. According to the experimental results, the Zn-
doped In2O3 hollow spheres sensor can selectively detect Cl2 with 50 

the interference of other gases. 

 
Fig. 8 Selectivity of the Zn-doped In2O3 hollow spheres (the molar ratio 
of In/Zn is 9:1) sensor to different test gases with a concentration of 50 

ppm at 300 °C 55 

 
Fig. 9 Stability of Zn-doped In2O3 hollow spheres (the molar ratio of 

In/Zn is 9:1) sensor to Cl2 with a concentration of 50 ppm at 300 °C. 

(inset: (a) gas response of the sensor for the first day (b) the 30th). The 

error bars mean the standard deviation between the three times in the gas 60 

sensing testing of all the three sensors made by the same fabrication 

process 

 Fig. 9 displays the stability of the sensor based on Zn-doped 
In2O3 hollow spheres (the molar ratio of In/Zn is 9:1) to Cl2 with 
a concentration of 50 ppm at 300 °C. The results shows that the 65 

response decreases overtime, but the response was still very high 
even after 30 days. So the Zn-doped In2O3 hollow spheres (the 
molar ratio of In/Zn is 9:1) sensor is an excellent gas sensor 
material. 

Gas sensing mechanism 70 

 Based on the above results, the Zn-doped In2O3 hollow spheres 
sensor shows an improved sensing property compared with pure 
In2O3 sensor. The gas sensing mechanism of Cl2 has been widely 
invested so far [33-35]. Herein, we only exposed the higher 
sensing properties of the sensor based on Zn-doped In2O3 75 

structures, which in contrast to the non-doped structures. 
 From the SEM images, the doping of Zn significantly affects 
the overall morphology, and affects the specific surface area of 
In2O3. The enhanced sensing performance of the Zn-doped In2O3 
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hollow spheres can be ascribed to its large BET surface area. As 
the Zn-doped In2O3 hollow spheres (the molar ratio of In/Zn is 
9:1) had the largest BET surface area (26.4 m2/g), the sensor 
could absorb more Cl2, the resistance’s increasing and the 
resistance’s decreasing became more notable, which can enhance 5 

its sensing performance. The large BET surface area increased 
the accessible surface area and facilitated the mass transport of 
gas in the material, which is in favour of their applications in 
fields such as catalysis and sensing. With further increasing of Zn, 
the diameter of spheres increased and aggregated to form some 10 

irregular spheres and cubes, the larger diameter and irregular 
shape destroy the morphology and decrease the BET surface area 
of In2O3, which may affect the Cl2 sensing performance. 
 In2O3 is n-type semiconductive oxides which conduction 
electrons come primarily from point defects (oxygen vacancies 15 

and interstitial metal atoms). For metal oxide gas sensors, the 
change of resistance is mainly caused by the adsorption and 
desorption of gas molecules on the surface of the sensing 
structure. First, oxygen species were adsorbed on the surface of 
particles in the air, and then were ionized into O-

ads or O2-
ads by 20 

capturing free electrons from the particles, thus leading to the 
formation of thick space charge layer and increasing of surface 
band bending. Nandan Singh et al. [36] have found that the Zn-
doping can increase the oxygen vacancies and surface defects 
significantly, while the oxygen vacancies and surface defects can 25 

play a role of as the preferential adsorption for a gas molecule 
[37]. Due to the chemical potential gradient between 
semiconducting Zn-doped In2O3 hollow spheres and Cl2, 
electrons transfer from Zn-doped In2O3 to Cl2 molecule. Cl2 acts 
as an electron acceptor in the reaction, resulting in the increase of 30 

the resistance of the sensor. On the other hand, the trapped 
electrons are released to the Zn-doped In2O3 hollow spheres by 
Cl2 after stopping the supply of Cl2, leading to a decrease of the 
resistance. When Cl2 molecules adsorb onto the Zn-doped In2O3 
hollow spheres surface, electrons transfer from a higher chemical 35 

potential to the material with a lower chemical potential until the 
system reaches equilibrium. For the Zn-doped In2O3 hollow 
spheres, there is a larger chemical potential gradient between the 
adsorbed Cl2 molecules compared to the undoped In2O3. This 
results in the more electron transfer (to reach equilibrium) and 40 

therefore increase the gas sensing performance of the Zn-doped 
In2O3 hollow spheres. 
 The sensor electrical resistances of pure In2O3 and Zn-doped 
In2O3 hollow spheres (the molar ratio of In/Zn is 9:1) in 50 ppm 
Cl2 at 300 °C were 21.3 and 67.1 MΩ, respectively. While the 45 

sensor electrical resistances in air were 958.7 and 73.1 kΩ, 
respectively. Therefore, the chemical absorbed oxygen (O2

-) in 
In2O3 and Zn lattice and the releasing electrons from the 
accumulation layer together, making the output voltage of Zn-
doped In2O3 hollow spheres sensor decreased sharply when 50 

contact with Cl2 [38-39]. More details of the enhancing effect of 
the Zn-doped In2O3 hollow spheres on sensing properties need 
further investigation. 

Conclusions 

 In summary, Zn-doped In2O3 hollow spheres were synthesized 55 

by a facile solution reaction without any surfactant and template. 
SEM images showed the molar ratios of In/Zn effect profoundly 
on particle size and morphologies of Zn/In2O3 composites and the 

Zn-doped In2O3 hollow spheres was obtained when the molar 
ratio of In/Zn is 9:1. A possible growth mechanism of Zn-doped 60 

In2O3 hollow spheres has also been proposed. The gas sensing 
measurements demonstrated that the Zn-doped In2O3 hollow 
spheres (the molar ratio of In/Zn is 9:1) sensor had the highest 
response. This is possibly due to the large specific surface area of 
the Zn-doped In2O3 hollow spheres. Therefore, it is expected that 65 

this facile route prepared the Zn-doped In2O3 hollow spheres 
would be an ideal candidate for applications in Cl2 sensors. 
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