
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2020) 31:8825–8836 
https://doi.org/10.1007/s10854-020-03417-4

A one‑pot hydrothermal‑induced PANI/SnO2 and PANI/SnO2/rGO 
ternary composites for high‑performance chemiresistive‑based  H2S 
and  NH3 gas sensors

K. K. Saravanan1 · P. Siva Karthik2 · P. Ramnivas Mirtha3 · J. Balaji3 · B. Rajeshkanna1

Received: 8 November 2019 / Accepted: 13 April 2020 / Published online: 20 April 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
We have fabricated the PANI/SnO2 and PANI/SnO2/rGO ternary composites by facile one-step hydrothermal approach fol-
lowed by polymerization method. The hybrid nanocomposites were scientifically investigated for their structural, morpho-
logical and elemental composition through XRD, TEM, EDAX, FTIR and EPR analysis. The tetragonal rutile phase with 
nanospherical morphology sizes in the range of 25–35 nm was investigated by XRD and TEM results. The  N2 adsorption–
desorption measurement showed that ternary PANI/SnO2/rGO composite showed huge specific surface area (114.51 m2/g) 
and pore size (17–21 nm), which is higher than the bare  SnO2 (surface area = 83.51 m2/g; pore size = 33–37 nm). The 
chemiresistive-type gas sensor was fabricated and the designed sensors were investigated by their sensing responses towards 
different gases (ethanol, methanol, carbon monoxide, oxygen,  H2S and  NH3). The results exposed that the ternary PANI/
SnO2/rGO showed high sensing response (56%), fast response (35 s) and recovery time (40 s) towards  H2S gas than other 
gases. The improved gas-sensing mechanism was also proposed.

1 Introduction

In later times, impressive considerations have been paid by 
the researchers to manufacture low-cost sensors for detect-
ing harmful and hazardous chemicals or gasses for natural 
observing [1–5]. For this reason, researchers have as of now 
examined various nanostructural materials (both inorganic 
metal oxides and organics) owing to their high surface area, 
essential for obtaining easy reaction in terms of electrical 
signals [6]. Due to the increase in factories and vehicles, 
the natural contamination increments and it seriously harms 
the environment. Natural contamination includes air pollu-
tion, water contamination, soil contamination, etc., which 
is caused due to the discharge of a few poisonous gas in 

the air from vehicles, industries and combustion of fossil 
fuel etc. This air pollutant includes different toxic and haz-
ardous gases such as CO,  CO2,  H2S,  Cl2, and LPG which 
cause many respiratory diseases [7]. Among them,  H2S is a 
toxic and harmful gas to human mainly in the workplace that 
is in risk when there is  H2S gas in the air. Hence, the detec-
tion of this harmful gas is very important in our daily life. At 
present, metal oxide semiconductors (MOS) such as ZnO, 
 SnO2,  WO3, CuO,  In2O3 and  TiO2 [8–10] are effectively 
used as sensing materials for the detection of various harm-
ful and toxic gases, which is present in our environment.

Among the various kinds of MOS, tin oxide  (SnO2) is a 
wide bandgap (Eg = 3.6 eV, at 300 K) n-type semiconduc-
tor and one of the most expansively considered inert oxides 
for sensing application to sense extensive variety of harm-
ful gases [11–13]. This is due to its high sensitivity, which 
is harmless, environmental popular and cost effective for 
making the simple chemical synthesis methods, even though 
the selectivity and response of different gas towards  SnO2 
is low due to the low surface area detection limit. To avoid 
these drawbacks, combination of binary or ternary compo-
nent using graphene or polymer-based  SnO2 composite is 
a new method to improve the sensing response. It is well 
known that reduced graphene oxide (rGO) and polyani-
line (PANI) are novel two-dimensional nanomaterials with 
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effective surface area and high conducting nature which is 
used to detect various gases [14, 15]. Chu et al. reported 
the  H2S gas-sensing performance using ternary composite 
 SnO2–rGO as gas sensor [16]. Cho et al. prepared PSS-
doped PANI/graphene composite sensor and detection of 
 H2S gas with various concentrations at room temperature 
[17]. Mousavi et al. prepared a flexible gas sensor based on 
PANI-polyethylene oxide (PEO) and exhibited high response 
to  H2S gas [18]. The controllable fabrication of highly 
ordered nanostructure on substrate has been widely studied 
using different kinds of methods, such as high-temperature 
vapor-phase approaches including physical vapor deposition 
and chemical vapor deposition and low-temperature solu-
tion-based chemical strategies. Compared with vapor-phase 
approaches, which are expensive and energy-consuming, 
solution-based synthetic strategies have the advantages of 
saving energy, convenient manipulation, excellent control 
over size and morphology, and greater capability and flex-
ibility. Among them, hydrothermal synthetic strategies on a 
water system are considered as simple and powerful routes 
and has become more popular in fabricating ordered nanoar-
ray structures recently. This method relies on the chemical 
reactions and solubility changes of substances in a sealed 
heated aqueous solution above ambient temperature and 
pressure to grow nanocrystals. Hence, we report the high-
performance  H2S gas sensor-based PANI/SnO2/rGO ternary 
composites as sensing materials, which are synthesized by a 
facile one-step hydrothermal approach followed by anneal-
ing process. The fabricated ternary sensor showed outstand-
ing sensing response, fast response and recovery time as 
well good selectivity to  H2S gas. To the best of the author’s 
knowledge, this is the first report about chemi-resistive sen-
sor based room temperature high sensing performance of 
 H2S using PANI/SnO2/rGO ternary composites as sensing 
layer.

2  Experimental procedure

2.1  Materials

All reagents used in the experiments such as aniline 
 (C6H5NH2), ammonium peroxydisulfate ((NH4)2S2O8), 
hydrochloric acid (HCl), tin chloride  (SnCl2), sodium 
hydroxide (NaOH), and sulfuric acid  (H2SO4) were of the 
analytical grade and used as purchased. Aniline monomer 
was doubly distilled before use. Double distilled water was 
used throughout the investigations.

2.2  Synthesis of PANI

PANI was synthesized by the oxidation of aniline with 
ammonium persulfate. A solution of 0.1 M aniline was 

prepared using 1 M HCl. A solution of 0.1 M ammonium 
persulfate was also prepared using distilled water. A known 
volume of an aniline hydrochloride solution was taken in a 
1000 mL beaker and stirred for about 5 min. Then an equiv-
alent quantity of 0.1 M ammonium persulfate was added 
dropwise and continuously stirred using a magnetic stirrer. 
After a short time, the reaction took place and PANI was 
initially formed at the interface of the immiscible solution. 
The colorless aniline hydrochloride solution slowly turned 
to green. After an addition of the entire quantity of ammo-
nium persulfate, stirring continued for 15 min. In this way, 
a dark green colored precipitate of PANI was formed. The 
precipitate was washed with distilled water several times to 
remove the impurities. Finally the precipitate was washed 
with acetone to remove the foreign bodies. Next the pre-
cipitate was allowed to dry completely on its own at room 
temperature. The dried material was stored in an air-tight 
container. Finally, pure PANI was obtained [19].

2.3  Synthesis of PANI/SnO2/rGO ternary composite

GO was prepared by Hummers’ method [20]. In brief, 2.55 g 
of  SnCl2 (99.99%, Sigma-Aldrich) was dissolved in 50 mL 
of DI water under continuous magnetic stirring. After dis-
solving completely, the mixed solution was further nucleated 
by adding NaOH dropwise until the pH value attains 9. The 
resultant reaction was transferred to Teflon-lined autoclave 
maintained at 180 °C for 24 h. Then the clear white color 
precipitate was cleaned and centrifuges and finally dried at 
80 °C for overnight. Then white color  SnO2 nanopowders 
were obtained. PANI/SnO2/rGO nanocomposite was syn-
thesized based on the previously reported literature [21–23]. 
PANI/SnO2/rGO nanocomposite was synthesized by oxida-
tive interfacial polymerization of aniline in the presence of 
the as-synthesized  SnO2 nanoparticles using ammonium 
persulfate (APS) as an oxidant in an acidic medium. Ani-
line (0.1 M) in 1 M HCl and APS (0.1 M) in chloroform 
and 0.5 g of prepared GO were dissolved separately and 
stirred for 1 h. Then an APS-SnO2-based solution was care-
fully transferred into an aniline-based solution. The reaction 
was allowed to proceed for 12 h. At the end of the reaction, 
a PANI/SnO2/rGO composite formed was collected by fil-
tration, washed with distilled water and acetone repeatedly 
until the filtrate was colorless. The collected composite was 
dried at 80 °C until constant weight was attained.

2.4  Characterization techniques

The Bruker D8 diffractometer has been utilized to analyze 
the structural properties of the compounds. The morphology 
and elemental presence was investigated using a JEOL JEM 
2100F and A JEOL Model JED-2300. BRUKER RFS 27: 
spectrometer was used to find out the vibration modes of the 
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as-obtained samples. Nova 2200e  N2 absorption–desorption 
was carried out to know the pore distribution and surface 
area. The thickness of the sensing films was measured by 
the optical interference method and found to be 2.05 µm.

2.5  Gas sensor setup

A specially designed aluminum cylinder (diameter of 20 cm 
and length about 40 cm) has been used as the sensor cham-
ber. Sensing film was prepared using the bare and ternary 
composite nanopowders (10 mg) which were diluted in 
appropriate amount of water and deposited by drop coating 

on alumina substrates (5 × 3 mm2) on Pt interdigitated elec-
trodes. A DC power supply was produced using 12 V regu-
lated powder supply (Vc) with load resistance of 15 M ohm. 
A standard millimeter (GDM 8135, China) was used to 
measure the output voltage (Vout) of the sensor. The gases 
from proficient bottle are introduced through the sensing 
film by mass flow controller (MFC). The concentration of 
gas varied from 0 to 100 ppm. The test gas was mixed with 
dry air to attain the required concentration, and the stream 
rate was kept up utilizing mass stream controllers. The rota-
tional pump was associated as an outlet to expel the different 
gasses. The experiment was done at room temperature with 
65% of relative humidity. Sensitivity, S, was expressed in 
terms of sensor resistance in air (Ra) and in test gas (Rg) as 
follows: S = Ra/Rg [24]. The schematic representation of the 
fabricated gas sensor device is shown in Fig. 1.

3  Results and discussion

3.1  XRD analysis

Figure  2a shows the powder XRD pattern of all the 
obtained sensor samples. In pure PANI sample, three 
well-known peaks located at 2θ = 14.9°, 20.5 o and 25.8° 
belongs to the orientation plane of (011), (020) and 
(200) [25]. Moreover, the pattern of PANI is polycrys-
talline in nature with broad intensity, which may be due 
to the reiteration of benzene rings. The peaks positioned 
at 2θ = 23.9° and 42.3° indicates the rGO plane of (002) 
and (100), respectively [26]. All the peak positions in the 
diffraction pattern of bare  SnO2 correspond to tetragonal Fig. 1  Schematic representation of the resistive-type gas sensor setup

Fig. 2  a Powder X-ray diffraction pattern of pure PANI, rGO,  SnO2 and PANI/rGO/SnO2 composite samples. b Rietveld refined XRD spectrum 
of  SnO2
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rutile-type structure with P42/mnm symmetry and the 
results are matched well with the already reported val-
ues [27]. The formation all the peaks related to ternary 
compounds confirms creation of PANI/rGO/SnO2 ternary 
compounds. Based on the Scherrer’s formula [28], the 
crystalline size was estimated as 45, 42, 35 and 24 nm for 
PANI, rGO,  SnO2 and PANI/rGO/SnO2 composite sam-
ples, respectively. The decrease the size of the composite 
sample is due to the surface modification of  SnO2 due to 
the decoration of PANI/rGO nanosheets. Compared to the 
pure  SnO2 sample, intensity of the peak of PANI/SnO2/
rGO composites that became lowering and broadening is 
observed. This was due to deformation, grain refinement 
and straining introduced by the carbon and polymer rein-
forcements. This could be ascribed to two reasons: (1) gra-
phene in the matrix would precipitate at the grain bounda-
ries during solidification and act as a barrier for crystals 
growth, and (2) graphene/PANI composite can provide 
more supporting sites for metal nucleation because of 
their high specific surface area [29, 30]. Figure 2b shows 
X-ray diffraction pattern with Rietveld refinement of  SnO2. 
Rietveld refinement of XRD data confirms single-phase 
of  SnO2 with space group (P42/mnm) and all diffraction 
peaks are indexed in the tetragonal rutile structure.

3.2  TEM and EDAX analysis

The surface and porosity nature of the products were ana-
lyzed through TEM and HRTEM images and is depicted in 
Fig. 3. Both PANI and rGO showed sheet-like morphology 
(Fig. 3a, b). However, the bare  SnO2 showed clear spher-
ical-shaped morphology with average diameter of around 
32–38 nm (Fig. 3c). Moreover, the spherical nanoparticles 
are wrapped homogeneously on the sheets in the PANI/rGO/
SnO2 composite (Fig. 3d). In the composite sample, the size 
of the nanoparticles got reduced to 25–30 nm, which is in 
good accordance with the crystalline size calculated from 
the XRD results. In addition, less smoothness and clear 
pores in the ternary composite can be favorable for devel-
oping the gas-sensing nature. The clear lattice fringes of 
0.34 nm was observed in the HRTEM image (Fig. 3e) of 
ternary compound, which is caused by (110) orientation of 
 SnO2 [31]. The presence of N, C, Sn, and O (Fig. 3f) ele-
ments confirms the formation of ternary composite.

3.3  FTIR spectra analysis

The chemical compound and vibration of the functional 
groups were analyzed using FTIR spectra (Fig. 4). The 

Fig. 3  TEM images of a PANI; b rGO; c  SnO2; d PANI/rGO/SnO2; e HRTEM image of PANI/rGO/SnO2; and f EDAX spectra of PANI/rGO/
SnO2
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serious of absorption peaks at 3425, 1550 and 1490 cm−1 
are obtained for bare PANI, which is the characteristic 
absorption of C–H vibration, C=C and C=N stretching of 
benzene matrix [32, 33]. C=O in the COOH group vibra-
tion for rGO was located at 1748 cm−1 [34]. The Sn–O–Sn 
vibration band of  SnO2 is positioned at 608 cm−1 along 
with surface hydroxyl groups (3435 cm−1) in the bare 
FTIR spectra proving the formation of  SnO2 nanoparticles 
[35]. All the relevant vibrations in the composite sam-
ple again supported the creation of ternary composite of 
PANI/rGO/SnO2.

3.4  UV‑DRS analysis

To know the electronic transition and optical bandgap energy 
of the samples UV-DRS was carried out and the related 
absorption spectrum is shown in Fig. 5a. From the graph, 
series of absorption edges were found to be 452, 471, 501 
and 523 nm for PANI, RGO,  SnO2, and PANI/RGO/SnO2 
composite samples, respectively. The bandgap energy values 
linearly decrease for  SnO2 and ternary composite samples. 
Based on the absorption edges, the calculated bandgap ener-
gies are 2.74, 2.62, 2.47 and 2.37 eV, respectively (Fig. 5b). 
This in turn causes shallow states in the bandgap which 
has small ionization energies upon increased concentration 
of guest (PANI and rGO) to the host  (SnO2) material. The 
added PANI and rGO generates a band. If this band is very 
close to conduction band or valence band edge, the band-
gap value will decrease. The decrease in bandgap energy of 
the ternary compound is more favorable for improving the 
gas-sensing performance than bare samples. Because, the 
electrons are freely trapped from VB to CB of  SnO2 due to 
the lower bandgap and gas molecules are easily reacted with 
the free electrons in the surface of sensor, which results in 
high sensing performance.

3.5  N2 adsorption–desorption analysis

The textural properties such as pore size and surface area 
of the samples was analyzed by  N2 adsorption–desorption 
analysis. Figure 6a and b shows the  N2 adsorption–desorp-
tion and corresponding pore seize distribution plot of  SnO2 
and PANI/rGO/SnO2 composite samples, respectively. Type 
IV isotherm with obvious H3 hysteresis loop was found in 
both samples, which shows a typical mesoporous nature 

Fig. 4  FTIR spectra of pure PANI, rGO,  SnO2 and PANI/rGO/SnO2 
composite samples

Fig. 5  UV-DRS analysis of PANI, rGO,  SnO2 and PANI/rGO/SnO2 composite samples. a Absorption spectra and b K–M model
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of the samples [36–38]. The results express that ternary 
PANI/SnO2/rGO composite showed huge specific surface 
area (114.51 m2/g) and pore size (17–21 nm), which is 
higher than the bare  SnO2 (surface area = 83.51 m2/g; pore 
size = 33–37 nm). The higher surface nature of the ter-
nary compound is due to the surface interface between the 
nanosheets (rGO/PANI) and  SnO2 nanoparticles, which is 
pretty advantageous to the gas-sensing properties.

3.6  Gas‑sensing test

The gas-sensing properties of the prepared thick films were 
tested for  H2S and  NH3 gases with different gas concentra-
tions. The experiment was carried out for RT (27 °C) at 
the normal atmospheric pressure. The concentration of both 
gases was varied from 0 to 100 ppm. The spectral response 
of  H2S and  NH3 gas is plotted in Fig. 7a and b. When the 
exposure of gas concentration increases (0–100 ppm), the 
sensing response of both gases were linearly improved. Both 
gases sensing response denoted that ternary PANI/rGO/
SnO2 showed highest performance such as 56% and 45% for 
 H2S and  NH3 gas, respectively (at 100 ppm). Moreover, the 
sensing performance of the all the sensors increases sloppily 
with respect to gas concentrations. The corresponding graph 
is shown in Fig. 7c and d. The pretty correlation between the 
sensor response and the gas concentration is favorable to the 
practical application of the sensors. Evaluation of response 
and recovery time of the sensors was significant in the gas-
sensing behavior. The response and recovery time was car-
ried out for  SnO2 and PANI/rGO/SnO2 composite sensor 
for both gases at concentration of 100 ppm. The consequent 
graph is shown in Fig. 8a–d. The response and recovery time 
of  H2S gas is found to be 35 s and 40 s for PANI/rGO/SnO2 

composite sensor, whereas 45 s and 38 s for  NH3 gas, respec-
tively. The result reveals that PANI/rGO/SnO2 composite 
sensor showed superior gas-sensing performance than bare 
sensor. On the whole, gas-sensing parameters are shown in 
Table 1. The selectivity of the  SnO2 and PANI/rGO/SnO2 
composite sensors were investigated at 100 ppm of different 
kind of gases such as ethanol, methanol, carbon monoxide, 
oxygen,  H2S and  NH3 at room temperature. The spectral 
response is higher for  H2S, which is much better than other 
gas species (Fig. 9a, b).

Obviously, it is seen that the sensitivity of the sensor 
to  H2S is 56% which is the maximum response of the four 
gases. In addition, the sensitivity of the sensor to  NH3 is 
381% which is the second maximum response. The sensitiv-
ity of the other gases is much lower than the former which is 
nearly low response. It is revealed that the sensor has more 
excellent selectivity towards  H2S than ethanol, methanol, 
carbon monoxide, oxygen, and  NH3. It all comes down to 
different gases that have different energies when reacting 
with sensor materials. The reaction of  H2S molecules with 
the PANI/SnO2/rGO material could be faster and more 
responsive. The PANI/SnO2/rGO sensor is most sensitive to 
 H2S compared to other gases [39, 40]. Finally, stability test 
carried out for the sensors were used in the practical point 
of view. Figure 9c shows the stability test of both sensors 
towards  H2S gas under same experimental circumstance. 
The sensor test was tested for 100 days with regular interval 
for 20 days. After 100 days testing, the sensor retains 95% 
of origin value (56% of sensing performance). It indicates 
outstanding stability of the hybrid sensor towards  H2S gas 
at room temperature. Moreover, the performance of the 
hybrid sensor obtained in the present work is higher than 
that of other types of metal oxides obtained in earlier studies 

Fig. 6  a  N2 adsorption and desorption; b pore size distribution of the pure  SnO2 and PANI/rGO/SnO2 composite samples
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Fig. 7  Spectral response of a  H2S and b  NH3 gas using different sensors and corresponding sensitivity graph of c  H2S and d  NH3; e effect of 
humidity on the resistance of the sensor films
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[41–45]. The comparison of results of the obtained sensor is 
also shown in Table 2.

Generally, when the heterojunctions are exposed to the 
air, oxygen molecules will be adsorbed onto these surfaces,

The  O2 (ads) molecules will capture the free electrons 
from the conduction band, forming ionized oxygen anions. 
At room temperature, the ionic  O2

− species are dominant,

(1)O2(gas) → O2(ads)

contributing to the formation of a low-resistance deple-
tion layer at the sample surface, responsible for an reduces 
in the overall sample’s electrical resistance, which results 
in high sensitivity. The sensing mechanism of the  SnO2 
with presence of oxidization gas and reduction gas are as 
follows: in the context of REDOX mechanisms, gases such 
as  O2,  NO2,  CO2, which have the tendency to accept elec-
trons from the metal oxide surface, are termed as oxidizing 

(2)O2(ads) + e− → O−

2
(ads)

Fig. 8  Response and recovery time of  H2S gas using a  SnO2 and b PANI/rGO/SnO2 composite sensors and time response curve of  NH3 gas 
using c  SnO2 and d PANI/rGO/SnO2

Table 1  Gas-sensing parameters 
of pure PANI, rGO,  SnO2 and 
PANI/rGO/SnO2 composite 
sensors

Samples Sensitivity (%) Response time (s) Recovery time (s)

H2S NH3 H2S NH3 H2S NH3

PANI 19 17
rGO 32 22
SnO2 40 38 48 58 50 65
PANI/rGO/SnO2 56 45 35 40 40 45
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gases. Oxygen is the dominant one among oxidizing gases, 
which adsorbs quickly with metal oxide  (SnO2) surfaces 
compared to others. The adsorption can be enhanced by 
increasing the operating temperature, using dopants and 
by reducing the grain size [46]. But in room tempera-
ture (RT),  O2 can accept one electron, and it can accept 

two electrons from the metal oxide surface  (SnO2) [47, 
48]. The adsorbed oxygen molecules/atoms are desorbed 
quickly, when interacts with other gas molecules. The 
chemical reaction of  O2 gas with presence of  SnO2 is as 
follows: 

Fig. 9  a Selectivity sensing response curve of different gases using a  SnO2; b PANI/rGO/SnO2 and c stability test of PANI/rGO/SnO2 composite 
sensor for  H2S and  NH3 gases, respectively

Table 2  Comparison of  H2S 
sensing performance between 
our results and previous works

Materials Type ppm level T°/C Sensitivity (%) Reference

SnO2 Resistive 5 RT 1.45 [34]
SnO2/rGO Resistive 5 200 34.0 [35]
SnO2/rGO Resistive 100 125 33.2 [36]
Cu2O-doped  SnO2 Resistive 5 RT 30.0 [37]
Cu2O-doped  SnO2 Resistive 5 RT 09.0 [38]
Present work Resistive 10,000 27 52.1 –
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Reducing gases are those which act as electron donors 
when interacting with metal oxide surface. During this inter-
action, reducing gases desorb or remove the chemisorbed 
oxygen ions and physisorbed hydroxyl ions from the metal 
oxide surface. The variation in the resistance of the material 
is used to detect the concentration of reducing gases such 
as  SO2, CO,  H2,  NH3,  H2S and  C2H5OH by the chemical 
changes following REDOX reaction. The REDOX equation 
of  H2S and  NH3 gases is as follows: at low temperature,  H2S 
directly reacts with lattice oxygen to form  SO4 and produces 
oxygen vacancy in the surface of the metal oxide which, in 
turn, increases the conductance as given in Eq. 5:

The lone pair of electrons of  NH3 provides strong electron 
acceptor behavior. But it acts as an electron donor to the 
metal oxide when reacted with the adsorbed oxygen ions on 
the surface by reverting the trapped electrons. Free electrons 
accomplished by the number of oxygen ions reacted with 
 NH3 molecules, given in Eq. 6

(3)O2(gas) + e−
(

SnO2 surface
)

→ O−

2
(adsorbed)

(4)
O−

2
(adsorbed) + e−

(

SnO2 surface
)

→ 2O−(adsorbed)

(5)
e−
(

SnO2 surface
)

+ H2S (gas) → H2O + SO4 + 3V∗∗

o

(6)
e−
(

SnO2 surface
)

+ 2NH3(gas) → N2 + 3H2O + 3e−

The schematic mechanism of the improved sensing per-
formance of PANI/rGO/SnO2 composite sensor is shown in 
Fig. 10a. Generally, chemisorbed oxygen ions  (O− or  O2

−) 
are crucial to interact with the gas molecules on the sensing 
layer during the chemical reaction. In the ternary compound 
consisting of  SnO2, spherical is uniformly wrapped on the 
PANI–rGO sheets. It has high surface area as well as high 
porous nature than bare  SnO2, which provide large active 
site to interact the gas on its surface relatively room tem-
perature (Fig. 10a). During the air revelation the thickness 
of the electron depletion is enhanced on the film surface, 
which produced high resistance and low sensitivity of the 
sensing layer (Fig. 10b). With the presence of  H2S gas, the 
sensor released more number of electrons from its condition 
band, which results in decreasing the depletion layer as a 
consequences enhancing the sensing performance (Fig. 10c).

According to our experimental results, PANI/SnO2–rGO 
nanocomposites have excellent performance with respect 
to detection of  H2S, which shows potential for application. 
The possible sensing mechanism is discussed as follows: as 
the  SnO2 works as a n-type semiconductor characteristic, 
when the  SnO2 grain is exposed to the air, the  O2 molecules 
in air will adsorb on the surface of the  SnO2 grain to form 
the adsorbed oxygen ions  (O2

−,  O− or  O2
−). As the elec-

trons on the surface of  SnO2 are captured by  O2 molecules, 
a wide electron depletion layer (DL) is formed. When the 
 SnO2 which contains adsorbed oxygen ions comes into con-
tact with reducing gases, the trapped electrons will release 
back to the surface of  SnO2 and the width of the DL will 
be reduced.  SnO2–rGO nanocomposites possessed n-type 

Fig. 10  a Mechanism diagram 
of the SnO2/rGO/PANI; b gas-
sensing mechanism and electron 
depletion layer in (b) air and c 
 H2S; d SnO2/rGO/PANI
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character and electrons acted as electron carriers, and the 
mechanism is investigated in Fig. 10d. When it is exposed 
to air, three types of electron DL may be formed, as shown 
in Fig. 10d. DL1 is the first electron depletion layer, which 
is formed on the surface of  SnO2 nanoparticles owing to the 
adsorbed oxygen ions; DL2 is the second electron deple-
tion layer, which is formed by the electrons and transfers 
from the surface of  SnO2 to the rGO during the formation 
of p–n heterojunctions; and  DL3 is the third electron deple-
tion layer. It appears in the area where  SnO2 is embedding 
in rGO nanosheets and forms the p–n heterojunctions. All 
these electron depletion layers will prevent the migration of 
electron, leading to the high-resistance state of the nanocom-
posites. When the reducing gas is introduced, the width of 
these three types DLs will undergo different changes. The 
trapped electrons in the DL1 will be released back to the 
 SnO2, decreasing the width of the DL1; generally, DL2 is 
supposed to be decreased because the reducing gas mol-
ecules may be adsorbed on the surface of rGO and donate 
the electrons to it, which results in enhanced sensing per-
formance (Fig. 10).

4  Conclusion

This study fabricates the ternary composite sensor of PANI/
rGO/SnO2 nanocomposites using aqueous solution by fac-
ile hydrothermal route followed by polymerization process. 
The as-synthesized sensors were investigated through dif-
ferent studies such as XRD, TEM, EDS, FTIR and BET 
analysis. The chemiresistive-type gas sensor was fabricated 
and the designed sensors were investigated for their sensing 
responses towards different gases (ethanol, methanol, carbon 
monoxide, oxygen,  H2S and  NH3). The results exposed that 
the ternary PANI/SnO2/rGO showed high sensing response 
(56%), fast response (35 s) and recovery time (40 s) towards 
 H2S gas than other gases. This work confirmed that the 
PANI/rGO/SnO2 ternary sensor is a good candidate for the 
detection of  H2S gas at RT. The significant enhancement in 
the gas-sensing performance of the ternary composite is due 
to the introduction and wrapping of GO and PANI on spheri-
cal  SnO2. Hence, the ternary composite show larger BET 
surface area and smaller mesoporous channels can effec-
tively promote diffusion and adsorption of gas molecules, 
improving gas-sensing performance of gas sensors.
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