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Graphical Abstract: 

Highly sensitive NO2 sensor was constructed using porous In2O3 nanofibers 

functionalized with metal Zn nanoparticles. 

 

 

 

 

 

Highlights 

• Metal Zn nanoparticles were decorated on the surface of In2O3 nanofibers.  

• Zn–In2O3 nanofibers showed an increased surface O2
� species absorbing 

capability. 

• Ohmic contacts were formed between Zn nanoparticles and In2O3 

nanoparticles. 
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• Zn–In2O3 composite nanofibers exhibited highly better NO2 sensing 

performances. 

• The gas sensing enhancement mechanism of Zn–In2O3 composite nanofibers 

was proposed. 

 

 

 

 

Abstract 

Different from the dominant method of surface modification of metal oxide 

sensing materials with noble metals, a simple and low-cost method is developed by 

using Zn nanoparticles as a surface modifier in this work. The first step involves the 

fabrication of porous In2O3 nanofibers by an electrospinning technique, and then Zn 

nanoparticles decorated In2O3 nanofibers are constructed by a simple thermal 

evaporation method. An increase in surface O2
� species absorbing capability and a 

decrease in sensor resistance are observed by surface modification of In2O3 nanofibers 

with Zn nanoparticles. In comparison with pure In2O3 nanofibers, this kind of 

Zn–In2O3 composite nanofibers display higher response and better selectivity to NO2. 

The response of Zn–In2O3 nanofibers is up to 130.00 to 5 ppm NO2 at 50°C, which is 

13.7 times higher than that of pure In2O3. From our perspective, the improved NO2 

sensing performances of Zn–In2O3 composite nanofibers are mainly attributed to the 

enhanced resistance modulation because of the formation of ohmic contacts between 
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Zn nanoparticles and In2O3 nanoparticles. 

 

Keyword: Zn; In2O3; Nanofibers; Surface functionalization; Gas sensor 

 

 

 

 

1. Introduction 

Along with the development of society, frequent outbreaks of air pollution make 

people pay more attention to environmental protection. NO2, an important 

atmospheric pollutant, is generally derived from the combustion of fuel, the emission 

of automobile exhaust, and the exhaust produced in industrial production. It is 

particularly important to monitor NO2 using a convenient and quick method. 

Resistance-based metal oxide gas sensors have been widely employed to monitor NO2 

due to their fast response speed, high sensitivity, light weight, and low cost [1–3]. 

Among various sensing materials, In2O3 has wide band gap, low resistivity, and high 

chemical stability, showing promising sensing properties [4,5]. As for sensing 

application towards NO2, In2O3 nanostructures with diverse morphologies have been 

prepared, such as nanoflowers [6], nanobelts [7], nanofibers [8], nanospheres [9], 

nanosheets [10,11], and nanowires [12]. Although In2O3 sensors have been studied 

intensely and some progress has been obtained, the NO2 sensing properties of pure 

In2O3 nanostructures still require to be further improved. 
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Many approaches have been developed to improve sensing performances of 

In2O3, such as the formation of heterojunctions [13–15] and surface modification with 

noble metals [4,5,12,16–19]. Surface modification with noble metals is considered to 

be a universal and effective method to improve gas sensing performances of In2O3. 

For instances, Pd functionalization of In2O3 nanowires was synthesized by a 

sputtering method [18]. The sensor based on Pd–In2O3 nanowires exhibited an 

enhanced response of 4.80–5 ppm NO2 at 300 °C [18]. Pd-loaded In2O3 nanowire-like 

networks fabricated by an electroless plating method displayed an enhanced response 

of 27.00–5 ppm NO2 at 110 °C [12]. Pt nanoparticle-decorated In2O3 nanorods were 

prepared by a sol-gel method, showing a response of 11.00–200 ppm NO2 at 300 °C 

[4]. Au particle-modified In2O3 films were prepared by a sputtering method, 

exhibiting an enhanced response of 28.00–10 ppm NO2 at 400 °C [5]. Ag–In2O3 

nanostructures fabricated by a hydrothermal method showed a response of 1.80–150 

ppm NO2 at 100 °C [19]. However, to the best of our knowledge, surface 

modifications of In2O3 nanostructures with other common metals have not been 

reported yet. 

In this work, porous In2O3 nanofibers were fabricated by an electrospinning 

technique, and surface modification of these pre-fabricated In2O3 nanofibers with Zn 

nanoparticles was further developed by a simple thermal evaporation method. Sensing 

results demonstrated that Zn–In2O3 composite nanofibers displayed highly enhanced 

NO2 sensing response in comparison with pure In2O3 nanofibers. The sensing 

enhancement mechanism of In2O3 nanofibers by surface functionalization with Zn 
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nanoparticles was also proposed. Zn–In2O3 composite nanofibers are selected as a 

research object in this work because of their following advantages: i) Nanofibers are a 

promising nanostructure for sensing application because of their high 

surface-to-volume ratio and porous structure. ii) Zn raw material is more abundant 

compared with noble metals. iii) Not only the increase of sensing response, but also 

the decrease of sensor resistance of In2O3 is obtained by surface modification of Zn 

nanoparticles. The reduced sensor resistance is in favor of the simplification of the 

corresponding measurement circuits, thereby benefitting the commercialization of 

Zn–In2O3 sensors. 

  

2. Experimental 

2.1 Materials 

Polyvinylpyrrolidone (PVP, molecular weight of 1 300 000 g mol−1) was 

purchased from Alfa Aesar. Indium nitrate [In(NO3)3·4.5H2O], zinc powder (Zn), 

N,N-Dimethylformamide (DMF) were purchased from Sinopharm Chemical Reagent 

Co, Ltd. All reagents were of analytical grade and used without further purification. 

2.2 Synthesis of pure In2O3 nanofibers 

The In2O3 nanofibers were synthesized by an electrospinning technique. Briefly, 

0.8 g of In(NO3)3·4.5H2O was firstly dissolved in a mixed solution of 8 mL of DMF 

and 2 mL of ethanol under magnetic stirring at room temperature. Then, 1 g of PVP 

was added into the above precursor solution and stirred at 60 °C for 2 h. The obtained 

solution was further stirred overnight at room temperature and then was transferred 
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into a plastic syringe for electrospinning. In the process of electrospinning, the flow 

rate of the solution was 1.0 mL/h. A high voltage of 18 kV and a distance of 15 cm 

between the needle tip and aluminum foil collector were applied. Finally, the obtained 

sample was placed in a muffle furnace and calcined at 500 °C in air.  

2.3 Synthesis of Zn–In2O3 composite nanofibers 

The Zn–In2O3 composite nanofibers were synthesized by a thermal evaporation 

method. High purity zinc powder (0.2 g) was spread on a corundum crucible in the 

upstream region of a horizontal quartz tube furnace. The pre-fabricated In2O3 

nanofibers (0.2 g) were placed in another corundum crucible in the downstream 

region of the tube furnace, where the distance between Zn powder and In2O3 

nanofibers was 30 cm. Argon with a flow rate of 80 sccm was introduced into the 

quartz tube. The temperatures of the Zn powder and In2O3 nanofibers were set to be 

580 °C and 350 °C, respectively. During Zn evaporation, the total pressure in the tube 

furnace was maintained at 23 Torr by a mechanical pump. After 60 minutes, the 

system was cooled naturally to room temperature. 

2.4 Characterizations 

The crystal structures of samples were analyzed by X-ray diffraction (XRD: D8 

Advance, Bruker, Germany) using Cu Kα1 radiation (λ = 0.15406 nm). The scanning 

electron microscopy (SEM, Nova Nano-SEM450) and field emission transmission 

electron microscopy (TEM, Tecnai G2 F20) were used to analyze the morphologies 

and structures of samples. The nitrogen adsorption and desorption measurements were 

carried out by a nitrogen adsorption analyzer (ASAP 2020, Micromeritics, USA) to 
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characterize the specific surface areas and porous structures of samples. Elemental 

compositions and chemical states were characterized by X-ray photoelectron 

spectroscopy (XPS, ESCALAB MKII, VG Scientific, UK). The ultraviolet 

photoelectron spectroscopy (UPS) was recorded on a monochromatic He I light 

source (21.2 eV) and a VG Scienta R4000 analyzer. 

2.5 Fabrication and measurement of sensors 

    The detailed fabrication and measurement of sensors can be referred to our 

previous report [20,21]. In a typical process, the obtained sample was ground with 

appropriate amount of ethanol to form a homogeneous paste. The sensor was 

fabricated by painting the homogeneous paste on an Ag–Pd electrode with an active 

sensing area of 7 × 7 mm2. The sensing performances were measured by a CGS-4TPs 

gas sensing analysis system (Elite Tech Co., Ltd, Beijing, China). The sensor was 

mounted on a heating ceramic plate by two probes in a sensing chamber (1.8 L). A 

sourcemeter was connected to the sensor through the two probes, which can be used 

to measure the sensor resistance in the air (Ra) and in the target gas (Rg). A 

micro-syringe was used to inject the target gas into the sensing chamber. The sensing 

response was estimated by the ratio of Ra to Rg. The response and recovery times were 

determined as the time taken by the response to achieve 90% of the total response 

change in target gas adsorption and desorption, respectively. The relative humidity 

(RH) for sensing tests is approximately 30% at the temperature of 25 °C. 

 

3. Results and Discussion 
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Fig. 1 shows the structural features of pure In2O3 and Zn–In2O3 nanofibers 

measured by XRD. The diffraction pattern for pure In2O3 nanofibers exhibits obvious 

peaks at 21.5°, 30.5°, 35.5°, 50.1°, and 60.6°, corresponding to (211), (222), (400), 

(440), and (622) planes of cubic In2O3 (JCPDS card no. 65-3170), respectively. After 

surface decoration of In2O3 nanofibers with Zn nanoparticles, the obtained Zn–In2O3 

composite nanofibers show a very similar XRD pattern with pure In2O3 nanofibers. 

All diffraction peaks for Zn–In2O3 nanofibers can be well indexed to cubic In2O3, 

with no Zn diffraction peaks detected. The absence of Zn diffraction peaks is probably 

originated from the low content and homogeneous distribution of Zn in the composite 

nanofibers.  

The morphologies of the synthesized In2O3 nanofibers and Zn–In2O3 composite 

nanofibers were firstly observed by SEM. From Fig. 2(a), it is obvious that pure In2O3 

nanofibers are randomly distributed and their sizes are relatively uniform. From the 

higher magnification SEM image of Fig. 2(b), the surface of pure In2O3 nanofibers is 

relatively smooth, and the average diameter is roughly 150 nm. Fig. 2(c) is the SEM 

image of Zn–In2O3 nanofibers, showing a similar morphology with pure In2O3. 

However, from the high-resolution SEM image of Fig. 2(d), it can be seen that the 

surface of Zn–In2O3 nanofibers is relatively rough. Moreover, by comparing the 

morphologies of pure In2O3 nanofibers and Zn–In2O3 nanofibers, it is found that the 

surface of Zn–In2O3 nanofibers is loaded with some extra nanoparticles. This is 

consistent with the expected experimental results that Zn nanoparticles will deposit on 

the surface of In2O3 nanofibers. 
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In order to examine the morphologies and detailed structural information of 

samples, TEM and high magnification TEM (HRTEM) measurements were 

performed on both pure In2O3 nanofibers and Zn–In2O3 composite nanofibers. The 

results of Fig. 3(a) and (b) demonstrate that pure In2O3 nanofibers are made up of 

many small nanograins. The interplanar distances of these small nanograins are 

measured to be approximately 0.29 nm and 0.17 nm, which match well with the (222) 

and (440) crystal planes of cubic phase In2O3, respectively. The result of Fig. 3(c) 

displays that some large particles with diameter of several tens of nanometers are 

decorated on the surface of nanofibers. The corresponding HRTEM image of a typical 

large particle [marked by the red circle in Fig. 3(c)] is exhibited in Fig. 3(d), where 

the lattice fringes can be clearly observed over the entire particle. The measured 

interplanar distance of the particle is about 0.21 nm, corresponding to the (101) 

crystal plane of hexagonal Zn (JCPDS card no. 65-3358).  

XPS measurements were employed to analyze the elemental compositions and 

valence states of Zn–In2O3 nanofibers. The result of Fig. 4(a) shows the presence of In, 

O, Zn and C in the Zn–In2O3 nanofibers. The high resolution spectrum for In 3d core 

level peaks is exhibited in Fig. 4(b), in which two peaks at 444.07 and 451.67 eV are 

observed, corresponding to In 3d5/2 and In 3d3/2, respectively. The O 1s spectra of the 

pure In2O3 and Zn–In2O3 nanofibers are shown in Fig. 4(c) and (d), respectively. The 

O 1s spectra can be decomposed into two peaks, in which the one at 529.4 eV is 

associated with the lattice oxygen (OL) and another one at 531.2 eV is assigned to the 

adsorbed oxygen (Oads) [22,23]. The adsorbed oxygen ratio is further calculated to be 
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46.0% for Zn–In2O3 nanofibers, which is higher than that for pure In2O3 nanofibers 

(40.8%). This demonstrates that Zn decoration can enhance surface Oads absorbing 

capability, which is in favor of the improvement of sensing response. The Zn 2p 

spectrum is displayed in Fig 4(e), where Zn 2p3/2 and 2p1/2 peaks are observed at 

1021.93 and 1045.04 eV [24], respectively, indicating the metallic state of Zn element 

in the composite nanofibers. The relative atomic concentration of each element can be 

estimated using the peak areas and relative atomic sensitivity factors. The atomic 

concentration ratio of Zn to In is calculated to be 0.06 using the Zn 2p3/2 and In 3d5/2 

signals. 

N2 adsorption–desorption measurements were used to estimate the specific 

surface areas and pore structures of our samples. As shown in Fig. 5(a), the 

adsorption–desorption curves of both pure In2O3 and Zn–In2O3 composite nanofibers 

exhibit type IV isotherms, suggesting the existence of abundant mesoporous 

structures in these nanofibers. The specific surface area of Zn–In2O3 is determined to 

be 33.8 m2g–1, which is lower than that of pure In2O3 (43.5 m2g–1). The pore size 

distribution curves of the two kinds of nanofibers are displayed in Fig. 5(b). The main 

pore size is centered at 3.2 nm for Zn–In2O3 composite nanofibers, which is almost 

the same as that for pure In2O3 nanofibers. 

Sensor resistances (Ra) based on pure In2O3 and Zn–In2O3 nanofibers were also 

measured. Fig. 6(a) shows Ra as a function of operating temperature in the range of 

30–110 °C. With the increase of temperature from 30 °C to 110 °C, the sensor 

resistance of pure In2O3 nanofibers decreases from 18160 kΩ to 670 kΩ, and that of 
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Zn–In2O3 nanofibers decreases from 521 kΩ to 30 kΩ. In comparison with pure In2O3 

sensor, Zn–In2O3 sensor show much lower resistances at all measured temperatures. 

The response–temperature curves of the two kinds of sensors to 5 ppm NO2 are shown 

in Fig. 6(b). Both sensors display an “increase-maximum-decrease” sensing 

characteristics. That is, the responses firstly increase with increasing operating 

temperature, and then reach maximum values, and finally decrease with the further 

increase of temperature. The optimum temperatures are determined to be 50 °C for 

both pure In2O3 and Zn–In2O3 nanofibers. Especially, at all measured temperatures 

ranging from 30 to 110 °C, the responses of Zn–In2O3 nanofibers are higher than 

those of pure In2O3 nanofibers. For an example, when the temperature is 50°C, the 

response of Zn–In2O3 nanofibers is as high as 130.00, which is about 13.7 times 

higher than that of pure In2O3.  

Fig. 7(a) and (b) show the dynamic response–recovery curves of the two kinds of 

sensors at NO2 concentration ranges of 2–10 ppm and 50–1000 ppb, respectively. 

Obviously, as the concentration of NO2 increases, the response increases for the two 

kinds of sensors. When the concentrations of NO2 are 50 ppb, 100 ppb, 500 ppb, 800 

ppb, 1000 ppb, 2 ppm, 5 ppm, and 10 ppm, the responses of Zn–In2O3 sensor are 1.26, 

1.51, 2.38, 4.18, 7.34, 21.00, 130.00, and 248.20, while those of pure In2O3 sensor are 

1.22, 1.28, 1.33, 1.58, 2.71, 3.50, 9.50, and 19.50, respectively. The above results 

indicate that the Zn–In2O3 and In2O3 sensors can detect a low-concentration NO2 of 

50 ppb. The response–recovery curves to 5 ppm NO2 at 50 °C are used to determine 

the response and recovery times of the two kinds of sensors, as shown in Fig. S1 in 
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the Supplementary Material. The response and recovery times of pure In2O3 sensor 

are 496 s and 3131 s, and those of Zn–In2O3 sensor are 600 s and 2218 s, respectively. 

The recovery times of the two sensors are relatively long, which are consistent with 

previously-reported values of metal oxide-based NO2 sensors [25,26]. The relatively 

long recovery times of the two sensors are mainly attributed to the slow desorption 

rate of NO2 molecules on the surfaces of In2O3 and Zn–In2O3 nanofibers at low 

operating temperatures. 

Fig. 8 shows the selectivity measurement of the Zn–In2O3 sensor to NO2 against 

various interfering gases at the temperature of 50 °C, where the concentration of NO2 

is 5 ppm and the concentration of interfering gases is 100 ppm. It can be seen that the 

responses of pure In2O3 and Zn–In2O3 sensors are 9.50 and 130.00 to 5 ppm NO2, 

respectively, while the responses of the two sensors are less than 2.10 to 100 ppm 

interfering gases, such as ethanol, toluene, acetone, and acetic acid. Therefore, the two 

kinds of sensors, especially the Zn–In2O3 sensor, exhibit good sensing selectivity to 

NO2. It should be pointed out that although ethanol is an inflammable gas, a response 

of 2.10 is still obtained for pure In2O3 sensor. Good ethanol sensing responses based 

on metal oxide-based sensors at high temperatures (≥ 300 °C) have been revealed in 

some previous reports [27,28]. We think that no flaming of ethanol occurs in our case 

since the ethanol concentration in the sensing chamber is very low and the operating 

temperature is much lower than the ignition point of ethanol. 

The effect of RH on the response properties of pure In2O3 and Zn–In2O3 sensors 

was also studied, as exhibited in Fig. 9. Both sensors display a visible decrease in NO2 
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response with the increase of RH from 30% to 75%. This phenomenon can be 

ascribed to the following reasons. Firstly, under high RH, more water molecules are 

adsorbed on the surfaces of In2O3 and Zn–In2O3 nanofibers, resulting in the decreased 

adsorption of NO2 molecules. Secondly, the sensing reaction between NO2 molecules 

and adsorbed oxygen species is also suppressed by the reaction between adsorbed 

water molecules and adsorbed oxygen species [29]. Nevertheless, the Zn–In2O3 sensor 

still displays a relativity high response of 31.10 even at a high RH of 75%. 

A comparison of the NO2 sensing performances was also performed between 

Zn–In2O3 nanofibers and previously reported In2O3-based nanostructures, as shown in 

Table 1 [4,5,12,15,18,19,30–34]. It is seen that the Zn–In2O3 nanofibers in this work 

display relatively higher NO2 response and lower operating temperature than some of 

the reported noble metals modified In2O3 and In2O3-based heterojunction 

nanostructures [4,5,12,15,18,19,34], although the response of our sensor is lower than 

several reported In2O3-based sensors [30–33]. Additionally, the Zn–In2O3 sensor 

exhibits good NO2 selectivity and relatively high response to NO2 under high RH. 

Therefore, our sensor is still a promising candidate for application in sensitive 

detection of NO2 at low operating temperature. 

 

4. Sensing mechanism 

Generally, the sensing mechanism of In2O3 nanofibers is controlled by a 

chemisorbed oxygen-related resistance modulation model [35–37]. When the In2O3 

nanofiber-based sensor is placed in air, O2 molecules in air are adsorbed on the 

Jo
ur

na
l P

re
-p

ro
of



15 

 

surfaces of In2O3 nanofibers, forming chemisorbed oxygen species (O2
�) by occupying 

the electrons in the conduction band of In2O3, as described by Eqs. (1) and (2). 

O2(gas) → O2(ads)                  (1) 

O2(ads) + e� → O2(ads)
�              (2) 

When NO2 molecules are introduced, owing to their electrophilic property, the NO2 

molecules not only occupy the e� in the conduction band of In2O3 [Eq. (3)], but also 

interact with the O2(ads)
�  species through Eq. (4) [38–41]. These two reactions can 

occur simultaneously. The above two processes will consume a large number of e� 

in the conduction band of In2O3, leading to a high resistance state of the sensor upon 

the introduction of NO2. 

        NO2(gas) + e� → NO2(ads)
�                     (3) 

NO2(gas) + O2(ads)
�  + 2e� → NO2(ads)

�  + 2O�(ads)           (4) 

The sensing results demonstrate the enhanced NO2 sensing performances of 

Zn–In2O3 nanofibers. The BET results show that Zn–In2O3 nanofibers possess lower 

surface area and similar pore structure in comparison with pure In2O3 nanofibers. 

These indicate that the enhanced NO2 sensing performances of Zn–In2O3 nanofibers 

are not originated from their specific surface area and pore structure. From our 

viewpoint, the enhanced resistance modulation because of the formation of ohmic 

contacts between Zn nanoparticles and In2O3 nanoparticles contributes greatly to the 

improved NO2 sensing performances of Zn–In2O3 nanofibers. In order to determine 

the electron transfer direction between Zn and In2O3 nanoparticles, the work functions 

for the pure In2O3 and Zn–In2O3 nanofibers were estimated by UPS spectra [42]. The 
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UPS spectra indicate that the high binding energy cutoff values for pure In2O3 

nanofibers [Fig. 10(a)] and Zn–In2O3 nanofibers [Fig. 10(b)] are 17.01 eV and 17.13 

eV, respectively. The work functions of pure In2O3 nanofibers and Zn–In2O3 

nanofibers are thus determined to be 4.19 eV and 4.07 eV, respectively. The above 

results also indicate that the work function of Zn nanoparticles is smaller than that of 

pure In2O3 nanofibers. In other words, the Fermi level of Zn is higher than that of 

In2O3, as illustrated by the schematic energy band diagram in Fig. 11(a). When Zn 

nanoparticles contact with In2O3 nanoparticles, ohmic contacts are generated at the 

interfaces between Zn nanoparticles and In2O3 nanoparticles. The electron transfer 

from Zn to In2O3 nanoparticles occurs, and finally an equilibrium of Fermi levels 

between Zn and In2O3 is reached, as displayed by the schematic energy band diagram 

in Fig. 11(b). The above process leads to the reduced electron depletion layer of In2O3 

nanofibers. As shown in Fig. 6(a), Ra values are 12600 kΩ and 379 kΩ based on pure 

In2O3 nanofibers and Zn–In2O3 nanofibers, respectively. This decrease in sensor 

resistance of Zn–In2O3 nanofibers confirms the electron transfer direction from Zn to 

In2O3 nanoparticles and the formation of ohmic contacts. Since the transferred 

electrons in the conduction band of In2O3 are active, more chemisorbed O2
� ions are 

produced through Eq. (2) [13,43]. XPS results in Fig. 4(c) also demonstrate this 

increase in chemisorbed O2
� capability of Zn–In2O3 nanofibers. To clarify the 

influence of Oads absorbing capability on the sensing response of our sensors, Ra and 

response–recovery curves of the Zn–In2O3 sensor at 50 °C under various O2 

concentrations were measured. The background gases with various O2 concentrations 
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were acquired by mixing O2 and Ar with required proportions. The result in Fig. 12(a) 

shows that Ra increases with the increase of O2 concentrations in the tested range 

(0%–29.0%). This result is reasonable since more O2 molecules are absorbed on the 

surfaces of Zn–In2O3 nanofibers and more electrons in the conduction band of In2O3 

are occupied through Eq. (2) under higher O2 concentration. The result in Fig. 12(b) 

shows that the NO2 response increases with the increase of O2 concentration. The 

above results indicate that high Oads absorbing capability can undoubtedly enhance the 

NO2 response of Zn–In2O3 sensor. As described by Eqs. (3) and (4), a NO2 molecule 

can exhaust one electron through the reaction of Eq. (3), while a NO2 molecule can 

exhaust two electrons through the reaction of Eq. (4). Therefore, higher Oads 

absorbing capability can lead to a larger change of resistance by exhausting more 

electrons through the reaction between NO2 molecules and O2(ads)
� . As a result, the 

Zn–In2O3 nanofibers with higher O2(ads)
�  capability have higher NO2 sensing response 

compared with pure In2O3 nanofibers.    

 

5. Conclusions 

In summary, porous In2O3 nanofibers are fabricated by an electrospinning 

technique, and surface modification of these pre-fabricated In2O3 nanofibers with Zn 

nanoparticles is further developed by a simple thermal evaporation method. By Zn 

nanoparticle surface modification, the surface O2
� species absorbing capability of 

In2O3 nanofibers is increased and In2O3 sensor resistance is decreased. Sensing results 

demonstrate that Zn–In2O3 composite nanofibers exhibit highly enhanced NO2 
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sensing response in comparison with pure In2O3 nanofibers. The response of 

Zn–In2O3 nanofibers is up to 130.00 to 5 ppm NO2 at 50°C, which is 13.7 times as 

high as that of pure In2O3. Additionally, the Zn–In2O3 nanofibers also display 

excellent selectivity and low detection limit towards NO2. By surface modification of 

In2O3 nanofibers with Zn nanoparticles, ohmic contacts between Zn nanoparticles and 

In2O3 nanoparticles are generated, contributing greatly to the enhanced resistance 

modulation capability and enhanced NO2 sensing responses of Zn–In2O3 nanofibers. 

Our results suggest that this kind of Zn–In2O3 nanofibers is a promising candidate for 

sensitive and selective NO2 detection. The simple and low-lost method developed in 

this work can be easily extended to construct metal nanoparticles modified metal 

oxide nanostructures with high sensing performances. 
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Figure Captions 
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1. Fig. 1. XRD patterns of pure In2O3 and Zn–In2O3 composite nanofibers. 
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2. Fig. 2. SEM images of (a) pure In2O3 nanofibers and (c) Zn–In2O3 composite 

nanofibers; (b) and (d) are the corresponding high magnification SEM images of 

pure In2O3 nanofibers and Zn–In2O3 composite nanofibers, respectively. 

 

Jo
ur

na
l P

re
-p

ro
of



33 

 

 

 

3. Fig. 3. TEM images of (a) pure In2O3 and (c) Zn–In2O3 composite nanofibers; (b) 

and (d) are the corresponding HRTEM patterns of pure In2O3 and Zn–In2O3 
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composite nanofibers, respectively.  
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4. Fig. 4. (a) Survey spectrum and (b) high resolution spectrum for In 3d of 

Zn–In2O3 composite nanofibers; high resolution spectra for O 1 s of (c) pure In2O3 

and (d) Zn–In2O3 composite nanofibers; (e) high resolution spectrum for Zn 2p of 

Zn–In2O3 composite nanofibers. 
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5. Fig. 5. (a) Nitrogen adsorption–desorption isotherms and (b) the corresponding 
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pore-size distribution curves of pure In2O3 and Zn–In2O3 composite nanofibers. 
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6. Fig. 6. (a) Resistances in air of the two kinds of sensors at various temperatures; 

(b) responses of the two kinds of sensors to 5 ppm NO2 at various temperatures. 
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7. Fig. 7. Response–time curves of the sensors based on pure In2O3 and Zn–In2O3 

nanofibers to various NO2 concentrations at 50 °C: (a) 2–10 ppm and (b) 50–1000 
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8. Fig. 8. Sensing responses of the sensors based on pure In2O3 and Zn–In2O3 

nanofibers toward NO2 (5 ppm) against other interfering gases (100 ppm) at 

50 °C. 
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9. Fig. 9. Response–recovery curves to 5 ppm NO2 of the two sensors at 50 °C under 
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various RH. 
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10. Fig. 10. High-binding-energy regions of UPS spectra of (a) pure In2O3 nanofibers 

and (b) Zn–In2O3 composite nanofibers. 

 

 

Jo
ur

na
l P

re
-p

ro
of



45 

 

 

 

11. Fig. 11. (a) Schematic energy band diagram of In2O3 and Zn; (b) schematic 

energy band diagram and illustration of sensing mechanism for Zn–In2O3 
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heterojunction. 

 

 

 

 

 

 

12. Fig. 12. (a) Resistances of the Zn–In2O3 sensor at 50 °C under various O2 

concentrations; (b) response–recovery curves of the Zn–In2O3 sensor to 1 ppm 

NO2 at 50 °C under various O2 concentrations. 

 

 

 

  

Jo
ur

na
l P

re
-p

ro
of



47 

 

Tables 

1. Table 1. A comparison of NO2 sensing performances between Zn–In2O3 nanofibers 

and previously reported In2O3-based nanostructures. 

 

Table 1 

Sensing materials 
NO2(p
pm) 

Temp. Res. Method Ref. 

In2O3 nanobricks 0.5 50 °C 402.0 Precipitation [30] 

Pt–decorated In2O3 
nanorods 

200 300 °C 11.0 Sol-gel method [4] 

Pt–In2O3 nanofibers 1 25 °C 23.9 Electrospinning [31] 

Au–modified In2O3 
films  

10 400 °C 28.0 Sputtering [5] 

Au–porous In2O3 
powders 

0.25 30 °C ~10000 
Ultrasonic spray 
pyrolysis 

[32] 

Pd–loaded In2O3 
nanowire network 

5 110 °C 27.0 Electroless plating [12] 

Pd–In2O3 
nanowires  

5 300 °C 4.8 Sputtering [18] 

Pd loaded 
macroporous In2O3 

0.5 25 °C 980 
Reduction 
precipitation 

[33] 

Ag–In2O3 

nanostructures 
150 100 °C 1.8 Hydrothermal [19] 

Co3O4/In2O3 
heterojunctions 

10 150 °C 27.9 Hydrothermal [15] 
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rGO–In2O3 
nanofibers 

5 50°C 42.0 Electrospinning [34] 

Zn–In2O3 composite 
nanofibers 

5 50 °C 130.0 
Electrospinning and 
thermal evaporation 

This 
study 
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