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Abstract 

In this work, we report unique hybrid composite film fabricated with the amalgamation of metal, 

semiconductor and polymers for hydrogen sensing application at room temperature. Fabrication of a 

novel nanocomposite film based on tin oxide (SnO2) nanosheets with polyaniline (PANI) doped with 

palladium (Pd) is performed using the hydrothermal synthesis technique. Functional aspects of the 

fabricated films are investigated with XRD, Raman spectra, FESEM, and FTIR spectral analysis. 

Interactions of the H2 gas molecules with SnO2, SnO2-Pd, PANI, PANI-SnO2, PANI-SnO2-Pd 

nanocomposite are also theoretically studied. Using first-principles density functional theory, the 

effects of gas adsorption on the electronic and transport properties of the sensor are examined. The 

computations show that the sensitivity of the SnO2 to the H2 gas molecules is considerably improved 

after hybridisation with Pd and, the sensitivity of the PANI to the H2gas molecules is considerably 

improved after hybridisation with SnO2.Gas sensing characteristics of fabricated films of SnO2, PANI 

and composite of SnO2/PANI/Pd are also experimentally investigated at room temperature with 

varying concentration level ranging from 50 to 400 ppm. The highest sensitivity among all the films at 

room temperature has been observed as ~540% for the SnO2/Pd film at 0.4% of the target gas and 

performance factor (the ratio of response percentage to total cycle time) is evaluated highest in Pd 

doped PANI-SnO2 film. Our results reveal the promising future of SnO2, PANI and Pd associated 

hybrid films in the development of ultra-high sensitive gas sensors. 
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1. Introduction 

With the adverse condition of air quality and industrial necessitate, there is a burgeoning need forthe 

implementation of high qualitygas sensors,especially for environmental monitoring, control of 

harmful gases in domestic and industrial applications. Functionalised thin films play an important role 

to realise an efficient miniaturised gas sensing device. Previously, researchers have explored the 

various metals, combination of metal and semiconductor-based composite to add up the functionality 

as well as to enhance the high surface area to volume ratio in order to develop effective miniaturized 

gas sensors[1][2][3]. Still, efforts are required to overcome the limitation of semiconducting/metallic 

functional materials which often work at higher temperature range and offer several issues related to 

lesser sensitivity, high response timeand reproducibility etc. Therefore, there is a colossal research 

scope for exploring and investigating the responses of various hybrid functional films as futuristic 

functional materials for gas sensing applications. The gas sensing properties are largely influenced by 

structural morphology and reactive groups present in the sensing film. Also, it is well known that the 

adsorption/desorption phenomenon in thin-film gas sensors has been the main cause of significant 

change in electrical properties. The sensing properties can further be enhanced by using doping 

materials which often act as a catalyst. Starting from the 1970s to till date, history of gas sensors has 

gone series of developments from semiconducting films to the extensive usage of polymeric films. 

Taguchi found that SnO2 has several advantages and properties such as sensitivity, low operating 

temperature and a stable thermal structure[4]. In 1983, first conducting polymers named polypyrrole 

was ever reported for sensing ammonia[5]. Most of the harmful gasses are either oxidising or 

reducing in nature. Hence, different metal oxides are suitable for detecting these gases by electrical 

measurements. Various oxides have revealed gas response in the form of their resistance/conductance 

change viz., Chromium(III) oxide (Cr2O3), Manganese (III) oxide (Mn2O3), Cobalt(II, III) 

oxide(Co3O4), Nickel oxide (NiO), Copper(II) oxide (CuO), Strontium oxide (SrO), indium 

oxide(In2O3), Tungsten oxide (WO3),Titanium dioxide (TiO2), Vanadium Oxide (V2O3), Iron (III) 

oxide(Fe2O3), Germanium dioxide (GeO2), Niobium oxide (Nb2O5), Molybdenum oxide ( MoO3), 

tantalum (Ta2O5), Lanthanum oxide (La2O3), Cerium Dioxide (CeO2), andNeodymium(III) oxide 

(Nd2O3) etc. Furthermore, the metal oxide semiconductor-based gas sensing is based on the principle 

of change in resistance of surface electrical conductivity as a function concentration of the gas in the 

surrounding region. The adsorption/desorption of gas molecules on the surface of semiconductor takes 

place over the surface of the semiconductor metal oxide, which leads to redox reactions[6][7]. Tin 

oxide (SnO2) and Zinc oxide (ZnO) films are the most widely studied materials under semiconductor-

based gas-sensing applications. Gupta et al. reported ZnO nanostructures embedded in the polymeric 

matrix[8] and further doped with Pd for enhanced sensitivity for hydrogen sensing[9]. Out of 

functional materials used in commercially available MEMS-based gas sensors, some metal oxide 

semiconductors which are widely used are SnO2 material, titanium oxide, tungsten oxide, copper 

oxide (CuO), iron oxide and indium oxide have also attracted much attention towards research. 
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Further, there are various types of polymers, including substituted polypyrroles (H(C4H2NH)nH), 

polythiophenes (C4H2S)n, polyindoles and polyanilines (PANI) but with less sensitivity and thermal 

stability. Functional modification of polymeric film is utmost essential in order to get better gas 

sensing properties. A detailed study is required to have a better gas sensor to optimise power 

consumption and performance. If a gas sensor works at room temperature, it will not only eliminate 

the cost of the heating arrangement, but also, it will directly reduce the power consumption as well as 

overall operating cost. To completely utilise the sensing properties of organic polymer films and 

inorganic metal oxides, composites of both are used. There are numerous kinds of hybrid 

Nanocomposite films with unique sensing properties. In order to enhance the sensitivity, researchers 

have explored various hybrid functional materials. It is well known that polymerised materials show a 

good response for adsorption/desorption of gas, and response can be further enhanced by chemical 

doping[10]. Till date, most of the research work in polymerisation was carried out on easily available 

organic monomer. Doped conducting polymers have much stability in the ambient environment. 

Doped polymers in the conductive state can be prepared directly with various techniques viz., plasma 

polymerisation or by the reaction of the monomer with Nitrosonium hexafluorophosphate(NOPF6), or 

analogous salts, or directly by reacting with oxidising species for insertion of positive/negative ions in 

polymers etc. Choudhary HK. et al.[11] reported procedure to fabricate polyaniline with typical 

polymerisation process in which aniline and an ammonium disulphate solution is used to transform to 

PANI. Furthermore, Li et al.[12] employed a hydrothermal route for the fabrication of and SnO2. Use 

of polymer film PANI/ SnO2was also explored for supercapacitor applications[13]. Nasresfahani S. et 

al.[14]investigated a facile hydrothermal route for the preparation of composite film of SnO2, reduced 

graphene oxide (rGO) and dopant as Pd for sensing of methane gas. Further, Kroutilet al.[15]reported 

a methodology to prepare nanocomposite of PANI Films which was found useful for the evaluation of 

thin film for the gas sensor at a low cost. 

In this work, SnO2, PANI and Pd are used for developing a novel composite film. Sensing films of 

SnO2, PANI and composite of SnO2 + PANI are also fabricated, and comparison for their gas sensing 

performance has been performed. Sensing characterisation has been performed at room temperature, 

varying ppm level of gas ranging from 50 to 400. The response of the film on the interaction of gas is 

investigated, and sensing properties are calculated from the response plots. The effect of doping 

materials and sensing mechanism is also discussed. Additionally, we used DFT study in order to 

analyse the electronic and transport properties of the SnO2, SnO2-Pd, PANI, PANI-SnO2PANI-SnO2-

Pd hybrid nanosensor when in close proximity to the hydrogen gas molecules. Our results reveal the 

promising future of SnO2, SnO2-Pd, PANI, PANI-SnO2 hybrid nanosensor in the development of 

ultra-high sensitive gas sensors. 

 

2. Materials and Methods 

2.1 Fabrication of SnO2 Nanosheets 
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To synthesise SnO2 sheets, various precursor such as stannous chloride (SnCl2 .2H2O) purified, 

sodium hydroxide (NaOH) pellets, ethanol (C2H5OH) and DI water are used. Briefly, 5ml of ethanol 

solution was added to 15ml water in 80ml borosilicate beaker and was mixed properly followed by 

ultrasonication to get a lucid solution. Afterwards, 30mg of SnCl2.2H2O was added to the ethanol-

based solution,and 0.3g NaOH was added gradually in 20ml water to get 0.4 M as a separate solution. 

The prepared solution was added in a dropwise manner to stannous chloride solution under 

continuous magnetic stirring until the pH of the solution reaches ~13. Then, the obtained mixture was 

transferred to a 100ml Teflon-lined stainless-steelautoclave and heated to 180
o
 C for 12 hours inside a 

vacuum oven. After 12 hours, it is removed from the vacuum oven and kept in open environment till 

it reaches room temperature. The thick precipitate obtained through centrifugation was washed with 

deionised water and ethanol two times to completely remove chlorine ions. Finally, the light brown 

colour precipitate was dried in vacuum at 80
o
C for 1hr,and powdered light brown colour SnO2 sheets 

were stored for further utilisation. 

2.2 Fabrication of PANI 

Materials required to fabricate PANI are aniline (C6H5NH2), hydrochloric acid 1N (HCl), ammonium 

persulphate ((NH4)2S2O8), DI water. Chemical oxidation method was used for the synthesis of PANI. 

Typically, aniline is dissolved in acidic medium, and ammonium persulphate was used as an oxidising 

agent. Initially, 3ml aniline was added to 200ml HCl in a 500ml borosilicate beaker which was kept in 

an ice bath (at <5
o
C). This acidic solution is mixed properly to get a pale brown colour. Then, 11 

grams of ammonium persulphate was dissolved in 100ml of DI water in a 250ml borosilicate 

container which was kept in an ice bath. It was mixed properly to get a transparent solution. Now, 

ammonium persulphate based solution was dropwise added to the acidic solution which was kept in 

an ice bath under constant stirring. Then, the blue colour solution was left in the ice bath for 8 hours. 

The final precipitate was obtained by centrifuging two times with DI water. To obtain a fine powder 

of PANI, the precipitate was kept in a vacuum oven at 70
0
C for 6 hours. 

2.3 Fabrication of SnO2/Pd 

In order to synthesise SnO2/Pd, 5ml of ethanol solution was added to 15ml water and mixed 

vigorously to get a clear solution. Then a ~30mg SnCl2 .2H2O and 0.035g palladium dichloride 

(PdCl2) was added to the above solution. The remaining procedure is the same as for pure SnO2. At 

last, the precipitate was dried up in vacuum at 80
o
c for 1hr. The final Pd doped SnO2 particles were 

observed to be in grey colour. 

2.4 Fabrication of PANI/SnO2 
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Materials required are aniline (C6H5NH2), hydrochloric acid 1N (HCl), ammonium persulphate 

((NH4)2S2O8), sodium dodecylbenzene sulphate (C18H29NaO3S), SnO2 in powdered form, DI water and 

ice bath (0-5
o
 C). To synthesise PANI/SnO2, 4 grams of sodium dodecyl benzene sulphate 

(C18H29NaO3S) was added to 70ml HCl in a 250ml glass beaker; the solution was mixed properly. 

Then 0.5 grams of SnO2 powder and 1ml aniline (C6H5NH2) was added to an acidic solution. The 

solution is mixed properly to get a yellow colour under magnetic stirring for half an hour so that SnO2 

particles are absorbed by the aniline. Now the solution was kept in an ice bath at 0-5
o
C. Then in a 

separate beaker 3.5 grams (NH4)2S2O8 was added to 30ml of DI water and kept in an ice bath. It was 

mixed properly to get a transparent solution. Now, the ammonium-based solution was added to the 

above solution drop by drop under constant stirring and the mixture was left in the ice bath for 6h. 

The dark greenish colour precipitate was obtained by centrifuging the mixture two times with 

deionised water. For obtaining fine powder of PANI/SnO2, the precipitate was dried in a vacuum oven 

at 70
0
C for 6hrs. 

2.5 Fabrication of PANI/SnO2+Pd 

To fabricate PANI/SnO2+Pd, 4 grams of (C18H29NaO3S) was added to 70ml HCl solution. Then 0.5 

grams of SnO2/Pd powder and 1ml aniline was added to an acidic solution. The solution is mixed 

properly to get a grey colour mixture. The remaining procedure is the same as for the PANI/SnO2 

composite. 

2.6 Computational details 

The adsorption of H2 gas molecules on SnO2, SnO2-Pd, PANI, PANI-SnO2 and PANI-SnO2-Pd hybrid 

nanostructure was studied by the density functional theory (DFT) calculations. The full geometry 

optimisations and energetic calculations, and Mulliken population analyses were carried out. The 

Perdew, Burke, and Ernzerh (PBE) approach of generalised gradient approximation (GGA) is used for 

the exchange-correlation function. The adsorption energy provides us a quantitative explanation of the 

interaction strength between adsorbent and adsorbate. The complexes formed are completely relaxed. 

The adsorption energies of the hydrogen gas molecules on the SnO2, SnO2-Pd, PANI, PANI-SnO2 

system are obtained by: 

E= Egas-adsorbate- Eadsorbate- Egas 

where Egas-adsorbateis the total energy of the gas molecule–adsorbate compound, Eadsorbate is the energy 

of an isolated adsorbate system and Egasis the energy of an isolated gas molecule. 

2.7 Gas Sensing Set-up 

To investigate the sensing characteristics, gas sensing set up was utilised, schematic of which is 

shown in figure 1. Fabricated sensing films were coated over interdigitated electrodes on the Si 

substrate. Electrodes were connected for resistance measurements to an electrometer (6517A, 

Keithley Instruments). Set-up is equipped with power supply, temperature control unit, mass flow 
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controllers, interfaced with a computer. A fixed voltage of 1 V was applied for the resistance 

measurements. Sensing chamber is attached to a vacuum pump for air contamination removal 

purpose. 

 

Figure 1. Schematic representation of gas sensing set-up. 1. Outlet gas pressure indicator, 2. Air 

sealed chamber boundary, 3.Gas outlet indicator, 4.Temperature controlled stage, 5.Sensing film kept 

over the stage, 6. Mass flow controller 1 (MFC 1), 7.Mass flow controller 2 (MFC 2), 8. Gas cylinder 

1, 9. Gas cylinder 2 

 

3. Results and Discussion 

3.1 DFT calculations: 

We first optimize the SnO2, SnO2-Pd, PANI, PANI-SnO2 and PANI-SnO2-Pd hybrid nanostructure 

using DFT calculations in order to obtain the most energetically stable geometry of the sensor. 

 

Figure 2. DFT Optimized geometries of (a)SnO2 (b) SnO2-Pd(c) PANI(d) PANI-SnO2-Pd, hybrid 

nanosensor(black = carbon, grey = hydrogen, red = oxygen, purple = zinc, white = silver, blue = 

nitrogen, dark blue = palladium) 

 

Next, the adsorption mechanisms of the H2 gas molecule onto a SnO2, SnO2-Pd, PANI, PANI-SnO2 

and PANI-SnO2-Pd nanostructures are addressed. The adsorption energies of the gas molecules on the 

nanostructures and the minimum binding distances are summarised in Table 1. 

Table 1. The calculated adsorption energy (Ead), binding distance (d) which is the shortest atom to 

atom distance between the molecule and the sensor 

System Ead (eV) d (Å) 

H2 and SnO2 - 0.09 eV 2.16 

H2 and SnO2-Pd - 0.46 eV 1.82 

H2 and PANI - 0.003 eV 3.18 

H2 and PANI-SnO2-Pd - 0.13 eV 2.2 

 

The DFT studies show that for H2 gas sensing, the order of adsorbing capacity is SnO2< SnO2-Pd < 

PANI < PANI-SnO2< PANI-SnO2-Pd. 

 

Figure 3. Interaction of H2 with (a)SnO2 (b) SnO2-Pd(c) PANI(d) PANI-SnO2-Pd 
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(black = carbon, grey = hydrogen, red = oxygen, purple = zinc, white = silver, blue = nitrogen, dark 

blue = palladium) 

 

3.2 Structural Characterization 

3.2.1 FESEM and EDAX analysis 

SEM images for the prepared films are shown in Figure 4. From figure 4(a) SEM image shows 

honeycomb type granular surface morphology of PANI with the presence of some nanofibres. From 

Fig. 4(b), it is observed that the pure SnO2 nanosheetsare well grown and have an approximate 

lengthof 200 nm. The morphologies of PANI/SnO2 nanocomposite were also examined by SEM, as 

shown in Fig. 4(c) &4(d). The irregular nanostructured PANI layer is coated over the surface of 

SnO2.While, Fig. 4(e) and (f) shows the PANI and Pd doped SnO2nanosheet. These images confirm 

the successful fabrication of nanosize heterostructure of Pd doped SnO2/PANI nanocomposite. 

 

Figure 4: SEM images for the prepared films: (a)Poly aniline (PANI), (b) Tin oxide (SnO2), (c) &(d) 

PANI doped-Tin Oxide(PANI-SnO2) and (e) &(f) PANI and Pd doped SnO2. 

 

3.2.2 RAMAN Spectroscopy 

Raman spectroscopy provides information regarding the quality and defect states of all the prepared 

thin films. Vibrational, rotational, and other low-frequency modes in a unit cell of compound 

(SnO2)can be observed in theRaman spectra.Fig. 5(a) shows the Raman spectra of the prepared SnO2 

nanosheet material. The strong peaks at 500 cm
-1 

are associated with the expansion, 630 cm
-1

 due to 

contraction of vibration mode of Sn-O bonds. In addition, an intense peak at around 234 cm
-1

 in the 

SnO2 nano sheets confirms the change in the phase, which is not found in the bulk phase of 

SnO2crystals[16]. Figure 5(b) illustrates the spectra of the SnO2 + Pd samples. The similar features of 

the spectra were detected in the region 400–1200 cm
−1 

wave number. The most intense peaks at 480 

cm
-1

, 571 cm
-1 

are due to Sn-O bonds. A peak at 1073 cm
-1 

is due to the presence of Pd in the film[17]. 

Compared with SnO2 nanosheets, the Raman spectra of SnO2+Pd samples exhibit measurable line 

shifts and broadening. This behaviour is due to the decrease of SnO2 crystal size. It is well known that 

Heisenberg uncertainty principle provides a relation between photon position ∆𝑥 and photon 

momentum ∆𝑝.The mathematical expression is given as: ∆𝑝∆𝑥 ≥  ℎ24  

where the particle size is given by ∆𝑥 and the particle momentum distribution is given by ∆𝑝 . ‘h’ is 

constantly given by Planck. As the crystalline size of a substance reduces, the more molecules get 

composed inside a particle, and thus the molecules momentum distribution rises respectively. This 
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broadening is due to the law of conservation of momentum. This molecular dispersion causes 

nonsymmetric broadening and might shift band to lower wave number[18]. 

 

Figure 5: Raman spectra of a) SnO2 Nanosheet and b) SnO2 + Pd samples. 

 

Fig. 6(a) illustrates the Raman spectra of PANI. The chemical structure of the polyaniline is 

benzenoid or quinonoid or both.Ifan equal amount of both types of structures is present, then it is 

called emeraldine. The dopants added in polymer significantly influence the intensity of RAMAN 

peaks. An intense peak due to the stretching vibration of C≡N-type quoined di-imine structure 

appeared at 1500 cm
-1

. The sharp peak at 1187 cm
-1 is due to the presence of C−N bond and a peak at 

1607 cm
-1 due to C−C bond[19]. Figure 6(b) illustrates the Raman spectra of SnO2+PANI.The intense 

peak of C−C bond appears at 1639 cm-1, C−N bond at 1188 cm-1, and C≡N bond appears at 1429 cm
-

1
.A sharp peak corresponding to Sn−O bond is evident at 818 cm

-1
. This result shows that the film of 

SnO2+PANI has a combination of properties of polyaniline and tin oxide. 

 

Figure 6: Raman spectra of a) PANI and b) SnO2 + PANI samples. 

 

Fig. 7 illustrates the Raman spectral analysis of hybrid nanocomposite film of Pd, SnO2,and 

conductive PANI. From Fig. 7(a) the hybrid composite film SnO2+Pd/PANI shows a peak at 486 cm
-

1corresponding to Sn−O bonds. The three sharp peaks at 1187 cm-1
, 1324 cm

-1
, 1629 cm

-1 due to C−N 

bonds, C≡N bonds and C−C bonds respectively. Fig. 7(b) illustrates the Raman spectroscopy of all the 

prepared thin films for comparison. From Fig. 7(b),it can be observed that the intensity of peak 

reduces as the size of the crystal increases with doping which provides less scattering in Raman 

spectroscopy. The shift in wavelength and broadening is noticed, which can be understood on the 

basis of the Heisenberg uncertainty principle. 

 

Figure 7: Raman spectra of a) SnO2+Pd/PANI and b) combined spectra of all the films. 

3.2.3 XRD Analysis 

The X-ray diffraction of the prepared SnO2 is shown in Fig. 8 (a). It is clear for XRD graph that the 

prominent peaks are present at 2θ= 27o
,32

o 
and 52

o 
and corresponds to (110), (101), and (211) planes 

of the standard rutile structure of SnO2(JCPDS 41–1445)[20]. The (101) peak is comparatively 

stronger than (110), which suggests that (101) is the growth direction of the nanomaterial. It provides 

support in the argument of better gas sensing performance as the surface of (101) has high specific 

energy. Fig. 8(b) shows the XRD analysis of SnO2+Pd.The noticeable intense peaks can be identified 

at 27
o
, 32

o 
and 52

o 
which are attributed to (110), (101) and (211) planes of SnO2. Another sharp peak 

observed at 46
o 
corresponds to the presence of Pd in the sample[20]. 
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Figure 8: a) X-Ray diffraction of SnO2 Nanosheet and b) XRD of doped SnO2 + Pd. 

Fig. 9a shows the XRD diffraction patterns of the synthesised PANI film. In pure PANI, one 

broadpeak can be observed at23
o
, which is attributed to the distinguishing peak of powdered form of 

PANI. This confirms the lower crystalline and conductive structure of polyaniline. Fig. 9(b) shows an 

XRD analysis of SnO2 + PANI film. The peak corresponding to PANI overlapped with the peak of 

SnO2 and showed a combined broad peak at 27
o 
indicated by (110) plane. The other peaks do not 

show any response due to addition of PANI in SnO2. 

 

Figure 9: a) X-Ray diffraction of PANI and b) SnO2 + PANI nanocomposite. 

 

Fig. 10 shows the XRD patterns of SnO2+Pd/PANI nanocomposite. In this hybrid composite film, an 

intense peak at 32
o
is obtained which is attributed to (101) plane ofSnO2. Some other peaks at 

27
o
,34

o
,52

o
,62

o
 and 65

o
which are attributed to (110), (200), (211), (310), and (301) planes of SnO2,Pd, 

and PANI.The XRD analysis confirms the nanocomposite formation. 

 

Figure 10: a) X-Ray diffraction of SnO2 +Pd/ PANI. 

3.2.4 FTIR Analysis 

In order to understand the chemical bonding of the prepared nanocomposite, FTIR was conducted in 

the wavelength range of 0–4000cm
−1

and shown in Fig. 11.Fig. 11(a) shows the FTIR of Pd doped 

SnO2 thin film. The stretching vibration of the surface hydroxyl group has a sharp peak at 3384 cm
-1

. 

The peak observed at 1604cm
-1

 is related to the Sn–OH bond. The peaks appeared between 500 cm
-1,

 

and 600 cm
-1

 is related to the O–Sn–O bridge of SnO2. No other extra peaks were detected in the Pd 

doped SnO2 sample.From Fig. 11 (b), the bands appearing at 479 cm 
-1 

and 583 cm
−1

 are due to the 

vibration of symmetric Sn–O–Sn and vibration of anti-symmetric Sn–O–Sn or O–Sn–O groups of 

SnO2.The peak at 1604 cm
-1

 is due to Sn-OH bond. These peaks confirm the presence of SnO2. 

 

Figure 11: a) FTIR of SnO2/Pd and b) FTIR of SnO2. 

The FTIR spectra of pure PANI, PANI+SnO2, and PANI+ SnO2/Pd are shown in Fig. 12.From fig. 

12(a), the sharp absorption peak at 792 cm
−1

is due to the out-of-plane bending vibration of the N–H 

bond. Presence of benzenoid band around 1486 cm
-1

 and C= N (quinonoid) vibration around 1576cm
-

1
 indicate the emeraldine salt form of polyaniline. The band at 3374 cm

-1
indicates the widening of N-

H bond of the aromatic ring of PANI.The stretching of C−N band at aromatic amine appears at 1274 

cm
-1

. The absorption band of N=Q=N vibration (where Q denotes the quinoid ring) is at 1156 cm
-

1
.While, the C−H stretching vibration in the open-chain is evident by the peaks at 2924 cm

-1 
and 

3343cm
-1

. 

Fig. 12(b) shows the FTIR spectrum of PANI/SnO2. The stretching between Sn−O−Sn is symmetric. 

This symmetric band appears at 575 cm
−1

. The protonated form of PANI has a characteristic peak at 
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1287 cm
−1

which showsconducting properties. The intense band of C−H bond has in-plane bending 

vibration at 1156 cm
−1

. Furthermore, the transmittance peaks at 1565 and 1445cm
−1

are attributed to 

the distinguishing peaks for PANI. The stretching mode of C=N bond appearingat 1565 cm
−1

 and the 

stretching mode vibration band of C=C bond at 1445 cm
−1

, corresponds to PANI. The stretching of 

the C−N bond in the benzenoid ring has a peak at 1314 cm
−1

. At the same time, the peak at 812 cm
−1

 

indicates the C−H-bond. From fig. 12(c), FTIR of polyaniline PANI/SnO2 + Pd shows similar peaks 

but with low transmittance. There are no extra peaks in the Pd-doped samples; this suggests Pd dopant 

used occupied a substituent place in the lattice of SnO2.As compared to pure PANI, PANI/SnO2 and 

PANI/SnO2 + Pd composite shows a reduction in the ratio of intensity due to benzenoid and quinonoid 

structure. This indicates prepared nanocomposite film is in a more stabilised form, and it can be 

related tohigh sensing performance of the material. 

 

Figure 12: a) FTIR of PANI, b) PANI+SnO2 and c) FTIR of PANI+SnO2 + Pd. 

 

3.3 Gas Sensing Characterisation: 

It is observed that all the thin film gas sensors show dynamic response with50 ppm of H2gasat room 

temperature, as shown in Fig. 13. The electrical resistance of the gas sensing film increases inthe 

presence of H2gasand again reduces to a lower saturated value when the gas is removed from the test 

chamber, which completes one cycle. We have recorded several such cycles which are shown in Fig. 

13. There is a shift in baseline resistance (the lower saturated resistance value) is observed with an 

increase in a number of sensing cycles. This is attributed to the retention of some of the H2 gas 

molecules by the sensing film. 

 

Figure 13: Resistance vs Time graph for a) PANI, b) SnO2 , c) SnO2 + Pd and d) SnO2 +Pd/PANI 

with H2 at 50ppm 

Figure 14: Resistance vs. Time graph for a) PANI, b) SnO2, c) SnO2 + Pd and d) SnO2 +Pd/PANI 

with H2 at different ppm. 

 As the mass flow controller of gas is switched on, the resistance of the sensor increases till it 

reaches a saturation level, and when the gas is switched off, the resistance is dropped to initial 

resistance. From the fig. 13 and 14, it is observed that all the thin films show cyclic response 

with the interaction of H2 gas. The SnO2 and SnO2+Pd sensing films show repeatability as it 

reaches to the initial value when the gas supply is switched off. But in the case of PANI and 

SnO2 +Pd/PANI films are showing least repeatability. The use of Pd in gas sensing has increased 

the sensitivity of the gas sensor. It is based on the fact that Pd exists in FCC crystal lattice and 

has octahedral space in its interstitial space. These spaces are appropriate enough for H2 

molecules to get adsorbed.Pd also acts as a catalyst for the dissociation of H2 gas molecules into 
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H atom and forms PdHx.That is why hydrogen gas shows great affinity towards Pdand shows a 

higher response in comparison to pure SnO2. 

From the fig. 14, it has been observed that all the thin films show cyclic response with the interaction 

of H2 gas even at different levels of ppm. The sensing films SnO2 and SnO2 + Pd showed repeatability 

even when the ppm level of H2 gas changed. But the film made up of PANI show least repeatability. 

We can also observe the increase in saturation resistance with the increase in ppm level of gas.From 

figure 13 and 14,it is observed that the resistance of SnO2 and SnO2 +Pd film increases evidently 

withhigh stability when H2 gas is passed. The sensing mechanism of SnO2 and SnO2 + Pd is due to 

reduction H2 with the oxygen O2 molecules on the surface of the sensor film. The SnO2 and SnO2+Pd 

absorb oxygen species from the atmosphereto the film surface[21][22][16]. These absorbed 

O2molecules capture the free electrons from the surface of metal oxide composite and forms negative 

oxygen species which increases the surface resistanceas shown in the following reactions: 

O2 (gas) → O2 (ads) (i) 

O2 (ads) + e
−→ O2 (ii) 

O2
−+ e−→ 2O (iii) 

H2 gas molecules are dissociated to H atom on interaction with different adsorbed negative oxygen 

species. This result in an increase of electron concentration, and the resistance of tin oxide SnO2film 

increases. The chemical reactions of H atom with negative oxygen species near the solid-gas interface 

are given below: 

2H2+O2
−(ads) → 2H2O+e

−
  (iv) 

2H2+ 2O
− 

(ads) → 2H2O+e
−
 (v) 

4H+ O2
− 

(ads) → 2H2O+ e
−.
 (vi) 

The resistance of SnO2 is reduced to initial resistance when the film is exposed to ambient air. 

Ambient air has oxygen species which react with the absorbed hydrogen atom on the surface of the 

film to decrease the resistance of the film. By using Pd with SnO2 assists in the dissociation of H2 

molecule quickly, which results in an increase in sensitivity of SnO2+Pd film. It can be concluded that 

by using Pd with SnO2, there is an enhancement for sensing of H2 gas whichcan be clearly observed in 

sensing results. 

Figure 15 shows the reaction schematic to understand the interaction of hydrogen with polyaniline. 

The gas sensing mechanism of PANI and SnO2+Pd/PANI is due to reduction of H2 molecule with the 

amine (−NH−) and imine (=N−) groups. PANI has an equal number of amine (−NH−) and imine 

(=N−) groups.The imine (=N−) group bonds with the H atom, which increases the resistance of the 

polymer filmdue to protonationof N atom. The equation is shown below: 

 

Figure 15 shows the reaction mechanism during the interaction of hydrogen with aniline. 

When ambient air is passed over the film,this NH
+
 group losses the H atom and comes back to initial 

imine (=N−) groups. We also observe that PANI and SnO2+Pd/PANI show the least stability as PANI 
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is a P-type semiconductor. In a P-type semiconductor, the number of holes is more than the number of 

electrons. So, when the ambient air is passed, all the NH
+
 group does not forinitial imine (=N−) 

groups. BecauseSnO2+Pd film has more sensitivity than PANI, which can be observed from sensing 

results. The composite film SnO2+Pd/PANI has both oxygen and imine (=N−) groups which gives a 

quick response when interacted with gas at low ppm. 

In SnO2/PANI nanocomposite material SnO2 is an n-type and PANI is a p-type material. During the 

hydrothermal synthesis method, oxygen vacancies/defects are created on the surface of SnO2. Under 

the normal atmospheric condition, the environmental oxygen gets adsorb on the surface of SnO2 by 

occupying the space of oxygen vacancies. These adsorbed oxygen molecules capture the free 

electrons present on the conduction band of SnO2 semiconductor and create a depletion region. 

Capturing of electrons increases the material resistance and decreases the number of majority charge 

carriers,i.e. electrons. While PANI behaves as a p-type semiconducting material with holes as the 

majority charge carrier. Hence, the composite of SnO2 and PANI, due to the capturing of free 

electrons of SnO2 and holes as a majority charge carrier in PANI, have an overall tendency to behave 

as a p-type semiconductor. The p-type behaviour of the SnO2/PANI nanocomposite is evident from 

our sensing results, wherein the presence of H2 gas molecules, the resistance of the material starts 

increasing. Following a well-known detection mechanism, H2 gas molecules react with adsorbed 

oxygen species (O
−
/O

−2
) and form a water molecule with releasing of free electrons. These free 

electrons now recombine with the holes which are the majority charge carriers of the nanocomposite. 

This charge neutralisation reduces the number of charge carriers,i.e. holes and increases the resistance 

of the material. In this process, the Pd nanoparticles act as a catalyst for the adsorption of hydrogen 

gas molecules onto the surface of metal oxide. Pd nanoparticles dissociate H2 molecule into H atom 

and form PdHx. Pd nanoparticles actively participate in electron exchange with metal oxide 

semiconducting material (SnO2 in our case). H atom in Pd lattice act as electron scattering 

element[22]. Hence, in the presence of H2 gas, the Pd coating increases the resistance of the sensing 

material. Figure 16 shows the comparison of various functional films for their response percentage. 

 

Figure 16 shows the comparison of the response percentage of different materials for different 

concentration of H2 gas. 

4. Discussions 

4.1 Sensitivity 

The change in resistance of sensing film with respect to the initial resistance when the interaction of 

gas with the interaction of gas is known as sensitivity. Sensitivity is calculated by an equation: 

Sensitivity (S) = 
𝑅−𝑅𝑜𝑅𝑜  *100, 
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where R is the instantaneous resistance when gas interacts with the film, R0 is resistance at initial state 

when there is no interaction of gas. The values for instantaneous resistance and initial resistance are 

calculated, and values in tabulated form can be referred from supplementary information. Figure 17 

represents the variation of the sensitivity values with respect to cycle. 

 

Figure 17: Sensitivity vs cycle graph a) at 50 ppm, b) different ppm for H2 gas (cycle-1 indicates 50 

ppm (1-50 ppm), 2 indicates 100 ppm. Similarly, 3-150 ppm, 4-200 ppm, 5-250 ppm, 6-300 ppm, 7-

350 ppm, 8- 400 ppm. 

From Fig. 17, it is observed that the composite with SnO2+Pd showsthe highest sensitivity in 

comparision to the SnO2 film and SnO2+Pd+PANI film.Ata low level of ppm, the film made of SnO2 

shows high sensitivity and the PANI film show the least sensitivity when interacted with H2 gas. 

4.2 Response and Recovery time 

Response Time is defined as the time required for a sensor to reach ~90% of the total response of the 

resistance upon exposure to the target gas.Recovery time is defined as the time required for a sensor 

to return to 90% of the original initial resistance on the removal of the target gas.The response time, 

i.e. X1 depicted in the figure 18 as well as recovery time i.e. X2 as indictaed in the figure 18 have been 

evaluated to estimate the performace factor of the reported films. 

 

Figure 18.X1- Response time and X2- The recovery time for SnO2+Pd with H2 gas. 

From fig. 19, as shown below, the film made up of PANI show a quick response and recovery time 

when interacted with gas. The composite SnO2+Pd/PANI also show a good response and recovery 

with H2 gas at a different level of ppm. At low ppm, the composite has a response of 30 seconds and a 

recovery time of 50 seconds.But the film made up of the only SnO2 has more response time and 

recovery time. 

 

Figure 19: a) Recovery vs cycle graph at different ppm, b) Response vs cycle graph at different ppm 

(50 to 400) with H2 gas. 

4.3 Performance Factor 

Performance Factor has been evaluated by the ration sensitivity to total cycle time.Total time can be 

calculated as the summation of response time and recovery time. From figure: 20 below, we can 

observe that the performance of Polymer composite is higher than other films at low ppm and at high 

ppm. 

 

Figure 20:Performance factors of all films with H2 gas. 

 

Table 2. H2 gas sensing comparison for different PANI/SnO2 based composites 
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Sensor Type H2 

Concentration 

(%) 

Sensitivity 

(%) 

Response/recovery 

time(s) 

Temperature 

(K) 

Reference 

MWCNT/PANI 0.4 24 48/55 273 [24] 

Graphene/PANI 1 16.57 - Room 

Temperature 

[25] 

PANI 9.38 

Graphene 0.83 

PANI nanofibre 1 - 8/60 Room 

temperature 

[26] 

PANI/SnO2 6000 ppm 42 11/7 303 [27] 

Al-SnO2/PANI 1000 ppm - 2/2 321 [28] 

TiO2/PANI - 43 140/- Room 

temperature 

[29] 

Nanocrystalline 

SnO2 thin film 

1000 ppm 600 205/116 Room 

temperature 

[30] 

Pd decorated 

SnO2 

10,000 ppm 1.2 × 10
5
 ~2 Sec (response 

time) 

Room 

temperature 

[31] 

SnO2 400 ppm 391 142/156 Room 

temperature 

 

 

This work SnO2/Pd 400 ppm 546.14 547/164 Room 

temperature 

Pd-SnO2/PANI 50ppm 19.2 39/53 Room 

Temperature 350 ppm 353.7 141/76 

 

Conclusions 

This work reports the novel functionalised film with a unique combination of metal-semiconductor-

polymer for gas sensing application. The sensing response of the SnO2/Pd film on gas interaction at 

room temperature has been observed with highest sensitivity while, the performance factor is 

evaluated highest in Pd doped PANI-SnO2 film. In this study, we also reported DFT calculations to 

characterise the interaction between H2 gas molecule onto SnO2, SnO2-Pd,PANI,PANI-SnO2 and 

PANI-SnO2-Pd nanostructures. 
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Graphical Abstract 

 

Highlights for the Review 

 In this work, we report unique hybrid composite film fabricated with the novel 

nanocomposite film based on tin oxide (SnO2) nanosheets with polyaniline (PANI) 

doped with palladium (Pd) for room temperature hydrogen sensor. 

 Using first-principles density functional theory, the effects of gas adsorption on the 

electronic and transport properties of the sensor are examined. The computations 

show that the sensitivity of the SnO2 to the H2 gas molecules is considerably 

improved after hybridisation with Pd and, the sensitivity of the PANI to the H2 gas 

molecules is considerably improved after hybridisation with SnO2. 

 The highest sensitivity among all the films at room temperature has been observed 

as ~540% for the SnO2/Pd film at 0.4% of the target gas and performance factor (the 

ratio of response percentage to total cycle time) is evaluated highest in Pd doped 

PANI-SnO2 film. 

 Our results reveal the promising future of SnO2, PANI and Pd associated hybrid films 

in the development of ultra-high sensitive gas sensors. 
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