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ABSTRACT 

 Nanocrystalline powders of pure and 3.0 wt% indium doped Bismuth oxide (Bi2O3) were prepared by ethyl 
alcohol mediated decomposition route. The prepared samples were then characterized in order to investigate the 
structural, electrical and reducing gas sensing properties of pure and In doped Bismuth oxide. X-ray diffraction (XRD) was 
used to confirm the material structure and transmission electron microscopy (TEM) to depict the crystallite microstructure. 
Bismuth oxide based thick films were expose to study the conductance response of different reducing gases such as like 
liquefied petroleum  (LPG), ammonia (NH3), hydrogen sulfide (H2S), and ethanol gas (C2H5OH) etc. The sensor exhibited 
various sensing responses to these gases at different operating temperatures. From result it is found that 3.0 wt% In-
doped Bi2O3 shows the maximum response to 50 ppm ethanol at 260 

0
C also fast response and good recovery are the 

main features of investigated sensors. 
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1. INTRODUCTION  

 The change in electrical properties of a semiconducting material is because of adsorption and/or reaction with the 
gases in the atmosphere. This property of semiconducting materials is typically exploited in gas sensing measurements. 
Semiconducting oxides such as ZnO, TiO2, Fe2O3, WO3, and SnO2 are commonly investigated materials for gas sensing 
applications. The gas sensing properties of these materials are known to be influenced by the material formulation, 
precursor raw materials, as well as various fabrication and processing conditions that affect the microstructure of the 
precursor powders and the gas sensing elements. Binary n-type semiconducting oxides (as SnO2, In2O3 or ZnO) have 
been extensively studied as gas-sensing materials, whereas little has been done in the field of p-type semiconducting 
oxides for application in gas sensors. Bi2O3 is an important metal-oxide semiconductor with a direct band gap 2.85 and 
2.58 eV for the monoclinic α- Bi2O3 and tetragonal β- Bi2O3 phases, respectively [1,2]. Generally Bi2O3 is taken as model 
for p-type semiconduction Bi2O3 appears in four polymorphic modifications denoted as α-, β-, γ - and δ- Bi2O3 [3-5]. 
Structural characterization of all modifications is carried out and their powder diffraction patterns have been discussed [6–
13]. Particles of nanosize generally exhibit properties different from their bulk counterparts in regard of electrical, optical 
and fast-ion conducting characteristics. Because of this nanocrystline Bi2O3 material find variety of applications including 
solid-state electrolytes, superconductors, gas sensors, catalysts, electrical ceramics, [14-20]. Several chemical methods 
have been used to prepare Bi2O3 nanoparticles, e.g. precipitation [20,21], flame spray pyrolysis [22], and sol–gel methods 
[23]. It is well know that the gas sensing properties depend naturally on the catalytic or surface chemical properties of 
sensing materials used, beside their physical or morphological properties such as grain size, porosity and thickness. This 
has provided a base on which the gas sensing properties have been modified often significantly by the adding up foreign 
materials to the sensing materials [24]. In fact, many sensors, which are sensitive and selective to particular gases, have 
been developed through such modification techniques. Bi2O3 in combination with other typically used metal oxide, such as 
SnO2 [25], Nb2O5 [26], and WO3 [27], was studied as a useful sensitive material for detecting CO, H2, and NO gas, 
respectively. The tungsten-stabilized Bi2O3 solid electrolyte has been studied as a sensitive material for CO2 gas sensors 
[28]. It has been proposed that the Bi2O3 is a highly selective oxide for NO detection in front of the NO2 as interfering 
species [22].  

From the literature survey it is observed that there are very rare reports on ethanol sensing properties of pure and 
indium doped Bi2O3. Thus by considering this the present paper focused on the synthesis of nanocrystalline Bi2O3 by 
thermal decomposition route in the aqueous medium of ethyl alcohol. Further, the influence of indium doping on the 
structural, morphological, electrical and ethanol gas sensing properties of Bi2O3 were also investigated. 

2. Experimental  

2.1 Synthesis of nanocrystalline pure and doped Bi2O3 powders 

 Appropriate quantity of bismuth nitrate [Bi (NO3) 3·H2O] was grounded for 30 min. in an agate mortar pestle and 
then mixed with absolute ethanol. The mixture was vigorously stirred for ~2 hours at 70 

0
C temperature and then the 

suspension was transferred into a Teflon lined stainless steel autoclave. The temperature of the autoclave was raised 
slowly to 170 

0
C and maintained for 10 h. Thereafter, the autoclave was allowed to cool naturally to room temperature and 

the resulting product washed several times with deionized water and absolute ethanol to remove the possible residue. 
Then the product was kept for drying overnight at 100 

0
C in an oven, which was followed by calcination at 600 

0
C and for 6 

h. Depending on the required In doping concentration [In (NO3) 3·H2O] was added separately to the mixture of bismuth 
nitrate and absolute ethanol.  The calcined materials were then grounded into fine powders, sieved and dispersed with a 
temporary binder as a mixture of organic solvents to form pastes in order to study gas sensing properties.  For formulating 
the paste the ratio of inorganic to organic part was kept as 75:25. The thick films are prepared on glass substrate using 
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screen printed method from the paste. The films prepared were fired at 500 
0
C for 2 h. For measurement of electrical 

properties the silver contacts were developed by vacuum evaporation method. The thicknesses of the films were observed 
to be in the range from 25 to 30 μm.  

 Further the pure and 3.0% In doped Bi2O3 were the characterization usind different techniques . The crystal 
phases of calcined samples were analyzed using X-ray diffraction (XRD), (Model: Philips X’pert) with copper target, Kα 
radiation (λ = 1.54059 Å). The morphologies of the synthesized powder were observed through a transmission electron 
microscopy (TEM), (Model: Philips CM 200). FT-IR spectra were obtained on Magna 560 FT-IR spectrometer with a KBr 
disk.  The ‘static gas-sensing system’ is employed for studying the performance of the sensors. The details of sensor 
assembly and the circuitry for the sensor characteristics measurement was reported in our earlier publication [29].  The 
response time is the time taken by the sensor to attain the maximum (90%) change in conductance on exposure to the 
target gas and the recovery time is the time taken by the sensor to get back 90% of the original conductance. 

3. RESULTS AND DISCUSSION 

3.1 Material characterizations 

 Generally Bismuth oxide exists in four phases, two stable (monoclinic α -Bi2O3 and cubic-Bi2O3) and two 
metastable (tetragonal β -Bi2O3 and bcc γ-Bi2O3), which are interconvertable at certain condition [23]. In all cases, the 
forms strongly depend on the synthesis method. Figure 1(a) and (b) shows the XRD pattern of pure and 3.0 wt% In-doped 
Bi2O3, calcinated at 600 

0
C and for 6 h.  Intense and sharp peaks confirms the high degree of crystallinity of powder. From 

figure all diffraction peaks are assigned to bismite crystallized in monoclinic form (α-Bi2O3) corresponding to JCPDS Card 
No. 01-072-0398. For the pure Bi2O3, only α- Bi2O3 phase was detected after cooling down to room temperature.  XRD 
patterns confirms that the Bi2O3 has only monoclinic α- Bi2O3 phase while 3.0 wt% In-doped Bi2O3  has mixture of 
monoclinic α-Bi2O3 along with the traces of non-stiochiometric Bi2O2.33. The introduction of additional phase after In-doping 
gives good agreement with earlier report by Cabot [22].  

 

Fig. 1: XRD patterns of (a) pure Bi2O3 and (b) 3.0 wt% In-doped Bi2O3 calcinated at 600 
0
C. 

 The crystalline pattern of powders and the observed d-lines match the reported values for α-Bi2O3 phase. The 
average crystallite size has been calculated from the XRD peaks using Debye-Scherrer formula. The calculated average 
crystallite size and lattice parameters of the synthesized powder are illustrated in Table 1.  The good agreement between 
calculated lattice parameters by least squares method and literature data reported for α - Bi2O3 phase confirms that the 
synthesized powders are monoclinic Bi2O3 nanocrystallites.  

Table 1: Summary of the crystallite size, the calculated lattice parameters of the synthesized samples. 

Sample Average crystallite 
size (nm) 

Calculated lattice 
parameters (Å) 

α = β= γ [
o
] Cell Volume Å

3
 

Pure Bi2O3 16 a = 5.830(5)  

b = 8.145(4) 

c = 7.477(5)  

α = 90 

β= 67.18(1)  

γ= 90 

327.27 

Bi2O3: 3.0 wt% In 14 a = 5.830(4)  

b = 8.156(4) 

c = 7.481(4) 

α = 90 

β= 67.208(8) 

γ= 90 

327.96 
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 The TEM image along with selected area electron diffraction (SAED) pattern of the pure and In-dpoed Bi2O3 
powder samples is depicted in Fig. 2 (a) and (b) respectively. The particles are of spherical in shape and the average 
particle size varies from 10 nm to 20 nm, which is in good agreement with the XRD result.  The well defined SEAD pattern 
clearly shows the diffraction spots representing different lattice planes of α-Bi2O3. The TEM images confirms that Bi2O3 
nanoparticles are well dispersed and irregular in shape.  

  

Fig  2 : (a) TEM images of 3.0 wt% In-doped Bi2O3 calcinated at 600 
0
C (b) Selected area diffraction pattern of 3.0 

wt% In-doped Bi2O3 calcinated at 600 
0
C 

3.2 Fourier transform infrared spectroscopy (FT-IR): 

 

Fig.  3: FTIR spectra of (a) pure Bi2O3, (b) 3.0 wt% In-doped Bi2O3 calcinated at 600 
0
C. 

 Fig. 3 depicts the IR spectra of the pure and 3wt% of Bi2O3 samples calcinated at 600 
0
C. From figure a strong 

absorption band appeared in the 544.00–443.00 cm
−1

 range is due to Bi–O stretching and deformation mode [30]. In 
addition to this there is also the absorption band appeared at about 443.00, 509.00 and 543.00 cm

−1
 in FTIR spectra can 

be assigned to α-Bi2O3 [31]. Furthermore, a systematically shift of the bands was observed, suggesting a possible 
substitution of Bi

3+
 by dopand ions. Changing the substituted ions in the samples led to slightly different features in the IR 

spectra. These findings are in agreement with XRD diffractogram results. Besides, it needs to mention that an absorption 
band at about 1060 cm

−1
 is also observed. As organic molecules are removed completely, this absorption band may be 

attributed to the other kinds of vibrations of Bi–O caused by the interaction between the Bi–O bonds and their other 
surroundings [32].  

3.3 D.C Electrical conductivity measurements 

 The effect of 3.0 wt% In doping on dc electrical conductivity (σ) have been suited by ethanol mediated 
decomposition route.  The two-probe method was used to study the dc electrical conductivity of Bi2O3 based thick films as 
a function of temperature in the range 323–623 K. The variation of the log σ with 1000/T is shown in Fig. 4 which confirm 
semiconducting nature of pure and 3.0 wt% In-doped Bi2O3 materials. It is observed that the log σ vs. 10

3
/T curves present 
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almost two regimes. The first one, in the lower temperature range (323 K < T1 < 433 K), is characterized by a smaller 
slope. The next portion in the higher temperature range (433 K < T2 < 623 K) is characterized by larger slope where the 
intrinsic conduction probably prevails.  

 

Fig. 4: Variation of log (σ) versus 10
3
/T for pure and In-doped bismuth oxide thick films. 

 The table 2 represents the activation energies obtained from the slope of the log σ vs. 1000/T plot. The 
predominance of grain boundary scattering is responsible for low activation energy in the lower temperature regime. 
However, at higher temperatures, the position of trap levels in the semiconductor forbidden band towards the lower limit of 
the conduction band leading to increase in activation energy. The Gujar et al. reported the existence of different activation 
energies in lower and higher temperature domains [33]. 

Sample (∆Ea)HT  eV (∆Ea)LT eV 

Pure Bi2O3 0.83 0.48 

3.0 wt% In -doped Bi2O3 0.83 0.56 

 

Table 2 : The experimental values of activation energies (∆Ea) HT and (∆Ea) LT (eV) 

3.4 Gas sensing studies of nanocrystalline pure and 3.0 wt% In-doped Bi2O3: 

 Fig. 5. illustrated the response of pure Bi2O3 based sensor element as a function of operating temperature 
towards H2, NH3, CO2, H2S, LPG and ethanol. From figure it is observed that the sensor response for each test gas 
changes with operating temperature. It increases with increase in operating temperature, reaches maximum 
corresponding to optimum operating temperature and decreases further. The chemical reaction on the surface of the 
grains and the speed of diffusion of the gas molecules into the surface decides the response of a semiconductor oxide gas 
sensor to the given gas. These are the activation processes [38]. In the present investigation, the sensor element based 
on pure Bi2O3 exhibited good response towards 50-ppm ethanol at an operating temperature of 300 

0
C as compared to 

other tested gases at the same temperature 
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Figure 5: Sensor response of pure Bi2O3 to different reducing gases as a function of operating 
temperature. 
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Fig. 6: Sensor response of In-doped Bi2O3 to 50 ppm C2H5OH as a function of operating temperature 

 Fig.6 shows the effect of of 3.0 wt% In content on ethanol sensing properties of Bi2O3 based sensors. It can be 
seen that 3.0 wt% In-doped Bi2O3 based sensors have enhanced response towards 50 ppm ethanol vapors than a pure 
Bi2O3 -based sensor.  Further, the optimal operating temperature of In-doped Bi2O3 sensor found to be reduced by 20

0
C 

i.e. form 300
0
C to 280

0
C and exhibited maximum response of 49.4 towards 50 ppm ethanol. About 8 times increase in the 

response of 3.0 wt% In-doped Bi2O3 towards ethanol as compared with pure Bi2O3 may also be related to the reduced 
crystallite size with In doping which results to bigger specific surface and thus cause more oxygen adsorption on the 
surface. Also presence of non-stiochiometric Bi2O2.33 phase along with monoclinic phase and basic nature of In dopant 
could be another reason for the enhanced response. In case of 3.0 wt% In-doped Bi2O3, the optimum operating 
temperature reduces to 280

0
C.  
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Fig. 7: The response vs. C2H5OH concentration of 3.0 wt% In-doped Bi2O3 

 The selectivity β is equal to S1/S2, where S1 and S2 stand for the response in ethanol and other vapors, 
respectively [51]. Commonly, it is required that β to the ethanol sensor is more than 5 as an ethanol sensor. In order to 
study the selectivity of the sensor to ethanol vapor, we tested the response of 3.0 wt% In-doped Bi2O3-based sensor to 
LPG, H2, NH3 and H2S (500 ppm each) at 280 

0
C. From Fig. 7, , it can be seen that the response to ethanol vapors was 

much greater than those to other gases, the S value to ethanol is 49.4, while that of LPG, H2, NH3, and H2S is only 0.82, 
0.24, 4.38 and 0.64, respectively. For 3.0 wt% In-doped Bi2O3 based sensor, the values of β are 60.24, 205.8, 11.2 and 
77.1 to LPG, H2, NH3, and H2S respectively. It means that the sensor has very good selectivity to ethanol gas. So, it can 
be concluded that 3.0 wt% In-doped Bi2O3 based sensor elements has very good selectivity to ethanol gas. 

 

Fig 8:The response vs. C2H5OH concentration of 3.0 wt% In-doped Bi2O3  

Fig. 8 depicts the dependence of the response of 3.0 wt% In-doped Bi2O3-based sensors on the concentration of ethanol 
at 280 

0
C. The response to ethanol varies almost linearly up to 500 ppm concentration and afterward it attains saturation 

level. Thus the 3.0 wt% In-doped Bi2O3 based sensors can be a good sensor for testing drinking drivers. 
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Fig. 9: Response - recovery characteristics of 3.0 wt% In-doped Bi2O3 to 50 ppm C2H5OH at 280 
0
C and 

260 
0
C respectively 

 The response-recovery characteristics of 3.0 wt% In-doped Bi2O3 in presence of 50 ppm C2H5OH is presented 
in Fig. 9.  From this figure, it can be noticed that the response and recovery times of 3.0 wt% In-doped Bi2O3 at 280 0C 
for 50 ppm C2H5OH are 110 and 100 s respectively.  Stability is one of the most important characteristics for the sensors. 
Stability of investigated pure Bi2O3 and 3.0 wt% In-doped Bi2O3 based sensor elements was continuously measured at 
300 

0
C and 280 

0
C for 90 days at an interval of 10 days. We found that sensor response is stable except a small variation. 

Thus the investigated sensor elements showed good stability and durability. 

4. Conclusions 

 Nanocrystalline pure and 3.0 wt% In-doped Bi2O3 powder samples were successfully prepared by ethyl alcohol 
mediated decomposition route with calcinations at 600 

0
C for 4 h. The prepared materials showed p-type semiconducting 

properties. The sensors based on pure Bi2O3 showed good response to 50 ppm C2H5OH gas at 300 
0
C as compared with 

other tested reducing gases. 3.0 wt% In -doped Bi2O3 exhibited enhanced response to ethanol as compared with pure 
Bi2O3. The sensor based on 3.0 wt% In-doped Bi2O3 exhibited large response and good selectivity to ethanol, and good 
response-concentration linearity at 280 

0
C. The enhanced performance of 3.0 wt% In-doped Bi2O3 to 50 ppm C2H5OH may 

be attributed to the reduced crystallite size, basic nature of In and mixed phase composition of Bi2O3. Also, in addition In 
could enhance the activity of the surface adsorbed oxygen and make it easy to react with C2H5OH. The sensor based on 
3.0 wt% In-doped Bi2O3 demonstrated fast response (110 s) and recovery (100 s) towards 50 ppm C2H5OH at 280 

0
C. 
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