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Abstract Polyaniline/graphene oxide (PANI/GO) compos-

ites were prepared by polymerization of aniline monomer in the

presence of GO under acidic conditions. The synthesized

samples were characterized by Fourier transform infra red

spectroscopy, ultraviolet–visible absorption, Raman spectros-

copy, X-ray diffraction, scanning electron microscopy, trans-

mission electron microscopy and thermogravimetric analysis.

The direct current electrical conductivity of the composite was

calculated by a four-probe technique. It is found that the con-

ductivity dramatically increased to 241 S m-1 for PANI/GO

(5 wt%) composite at 110 �C compared to pure PANI

(7.5 S m-1). The composite material was investigated as a

methanol vapour sensor and compared with pure PANI. The

methanol-sensing characteristics of the prepared composite

was monitored by measuring the change in electrical resistivity

on exposure to methanol vapour at different concentrations.

The resistivity of PANI increases on exposure to methanol

vapour because of strong hydrogen bonding between methanol

with the polymer chain. A density functional theory study was

carried out to verify the proposed concept of hydrogen bonding

between the polymer chains and methanol. The presence of GO

in PANI/GO composite increases the sensitivity towards

methanol as compared with the pure PANI.

Introduction

In recent years, attention has been given to the potential

application of polyaniline (PANI) in chemical and bio-

logical sensors due to its high yield in redox process, gas

sensing ability, optimum performance at room temperature,

response to a wide range of volatile organic compounds

(VOCs) environmental stability, etc. [1–4]. The detection

of polluted gases, mainly toxic gases, is important to get

clean the environment. Owing to the ability of PANI to

undergo physiabsorb or chemisorb with the various VOCs

and undergo swelling or redox reactions results in change

in the resistance. Therefore, conducting PANI has been

used as a sensing material for different gases where the

effect of these gases on the electronic properties of these

gases has been investigated [5–7].

Recently, graphene oxide (GO), a two-dimensional nano-

sheet of covalently bonded carbon atoms bearing various

oxygen functional groups (e.g. hydroxyl, epoxide and car-

bonyl groups) on their basal planes and edges, has received a

rapidly growing research interest [8–14]. Meanwhile, these

oxygen-containing groups impart GO sheets with the function

of strong interaction with polar small molecules or polymers

to form GO-intercalated or exfoliated composites [15–22].

The thermal stability [15–18] and electrical properties [19, 20]

of polymers could be greatly improved by the incorporation of

GO nanosheets. In addition, a large number of polymer-GO or

clay nanocomposites have become accessible in the form of

end-functionalized derivatives because of small particle sizes

and intercalation properties [21, 22]. Therefore, the potential

of using GO-based materials for various applications such as

supercapacitor, sensor, etc., has attracted much attention very

recently [23–27].

The detection of polluted gases, especially toxic gases

are important to get clean the environment. There have
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been a great number of reports on the application of PANI

and its composites in the detection of a wide spectrum of

chemical substances including CHCl3, NH3, CO2, hydra-

zine, vapours of common organic solvents, etc., by taking

advantage of the variation of its electrical or optical

properties on interaction with these chemical substances

[1, 28–34]. Parmar and Rajanna [35] reported on Copper

(II) oxide thin film for methanol and ethanol sensing. The

maximum sensitivity observed for 2,500 ppm methanol

and ethanol is 29 and 15.4 %, respectively. Faisal et al.

[36] synthesized ZnO nanoparticles by hydrothermal

treatment and reported that these ZnO thin film exhibits

good sensitivity (0.9554 lA cm-2 mM-1) towards detec-

tion of methanol at room conditions. Miao et al. [37]

reported that the nickel-palladium nanoparticles showed

the methanol sensitivity up to 0.168 mAmM-1 and the

detection limit was 12 lM.

Few reports are available that account for the use of

PANI as a sensor for alcohol vapours, especially methanol,

ethanol and propanol [35–44]. The alcohol vapour is one of

the most extensively studied gases for these types of sen-

sors materials. The alcohol vapours also popular gases in

industry and day to day life so it is important to detect and

control particularly due to the need for mobile practical

devices to detect alcohol on the human breath or to detect

leaks in distribution lines of industry. The PANI-based

sensors exhibited good sensing properties such as ultrahigh

sensitivity, fast response, satisfying reversibility, etc., and

are suitable for practical applications. To the best of our

knowledge, this is the first attempt to study such GO filled

PANI composite for alcohol sensing applications.

In this study, the detailed study is performed on the

static sensing behaviour of PANI/GO composites for

methanol as well as ethanol and propanol in different

analyte concentrations. This study also describes the

preparation of PANI/GO composite by the incorporation of

GO into PANI through the in situ polymerization of ani-

line. The sensitivity of the composite has been explained

on the basis of the change in resistivity on exposure to

alcohol vapours. In addition to this, the dependency of

sensing response time as well as recovery time on the

analyte concentration has also been reported.

Experimental

Materials

Aniline was obtained from Aldrich Co. and used without

further purification. The natural graphite flake of size

(crystalline, 300 mesh, Alfa Aesar) from Shanker Graphites

and Chemical, New Delhi, India, hydrochloric acid (HCl),

sulphuric acid (H2SO4), nitric acid (HNO3), sodium nitrate

(NaNO3), potassium permanganate (KMnO4), hydrogen

peroxide (H2O2) and potassium persulphate (K2S2O8) were

of analytical reagent grade chemicals (Merck) and used as

received. Acetonitrile was obtained from Merck and puri-

fied by standard methods. For all purposes double distilled

water was used.

Preparation of graphene oxide

GO was synthesized from natural graphite by a modified

Hummers method described elsewhere [45]. In a 500-mL

beaker, 5 g of graphite and 2.5 g of NaNO3 were mixed

with 120 mL of concentrated H2SO4. The mixture was

stirred for 30 min at the temperature range of 0–5 �C.

During stirring 15 g of KMnO4 was slowly added to the

suspension and the temperature was maintain to below

20 �C. After the addition of KMnO4 the reaction mixture

was then stirred at 30 �C until the mixture became pasty,

and the colour turned into light brownish. Finally, 150 mL

of H2O was slowly added to the pasty with vigorous stir-

ring. The diluted yellow colour suspension was again

stirred at 98 �C for 24 h. Finally, 50 mL of 30 % H2O2 was

added. The whole reaction mixture was washed by cen-

trifugation with 1.5 M HCl and distilled water for 8–10

times and filtered to get the grey colour GO sheets.

Preparation of PANI/GO composites

PANI/GO composites were prepared by in situ polymeri-

zation of aniline in a suspension of GO in acidic solution.

Typically, aniline was dissolved in 1 M HCl and 5 % GO

particles (w/v) was dispersed in the resulting solution by

bath sonicating for 1 h. While maintaining vigorous stir-

ring at room temperature, another solution of K2S2O8 with

a mole ratio to aniline of 1:4 in 1 M HCl was rapidly

poured to the mixture. Polymerization of aniline started

after about 5 min, while the colour of the mixture changed

into green. The mixture was allowed to stir at room tem-

perature overnight and then diluted by 100 mL of water.

The composites were collected by filtration and repetitively

washed with water and ethanol until the filtrate become

colourless.

Pure PANI was also synthesized by adopting the pro-

cedure as described above in the absence of GO in the

reaction mixture.

Characterization

Fourier transform infrared spectroscopy (FTIR) was used

to record FTIR spectra by Impact 410, Nicolet, USA, using

KBr pellets. The ultraviolet–visible (UV–Vis) absorption

spectroscopy of the samples in 1-methyl-2-pyrrolidon sol-

vent was recorded using Shimadzu UV-2550 UV–Vis
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spectrophotometer in the range of 300–800 nm. Raman

spectra were recorded using a Nanofinder 30 confocal

Raman with He–Ne laser beam having a wave length of

532 nm using a CCD detector. The surface morphology of

the composites was observed using scanning electron

microscope (SEM) of model JSM-6390LV, JEOL, Japan.

The surface of the sample was coated with platinum before

SEM analysis. Transmission electron microscope (TEM)

measurements were conducted on a PHILIPS CM 200

microscope at 200 kV. The TEM samples were prepared

by dispensing a small amount of dry powder in ethanol.

Then, one drop of the suspension was dropped on

300-mesh copper TEM grids covered with thin amorphous

carbon films. To study the thermal degradation of the

samples, thermogravimetric analysis (TGA) was performed

using TG 50, Simadzu thermogravimetric analyser, Japan

from temperature range 298–973 K with a heating rate of

10 �C min-1 under the nitrogen flow rate of 30 mL min-1.

The X-ray diffraction (XRD) study was carried out at room

temperature (ca. 298 K) on Rigaku X-ray diffractometer

with CuKa radiation (k = 0.15418 nm) at 30 kV and

15 mA using a scanning rate of 0.050� s-1 in the range of

2h = (10–70)�. Using a compression-moulding machine,

pellets of composite samples were made. High pressure

was applied (1.5–2 ton) to the sample to get hard round-

shaped pellet (1.5-cm diameter, 2-mm breadth), which was

used to measure the electrical conductivity. The sample

was put on the base plate of the four-probe arrangement

and the probes were rested gently on the surface of the

pellet sample for directly measured the conductivity. The

four-probe arrangement was then connected with a PID-

controlled oven. The digital microvoltmeter mode was then

adjusted to voltage measuring mode and the voltage

between the probes was measured. Finally, the oven was on

and the rate of heating can be chosen between low and high

as desired. The voltage of sample was collected in the

temperature range of 25–150 �C.

DFT calculation was performed by Gaussian 03 suite of

program [46] to determine the interaction between the bare

polymer and the methanol vapour.

Sensor testing measurements

The methanol vapour sensing property of PANI/GO com-

posite was studied using a gas-sensor setup as shown in

Fig. 1. The PANI/GO composite pellet was placed in an

oven for 24 h at 80 �C to remove excess solvent present in

the composite material. The pellet was placed into the glass

chamber and the contact between the sensor (as pellets) and

the two probes was made with the help of silver paste. The

change in resistance was measured using a two probe

Keithley 2400 source meter by means of labtracer software

at the room temperature at the scan rate 0.1 V s-1. Hexane

was used as a diluent to obtain different concentration of

the alcohol vapours. The distance between sensing material

and solvent was kept 3 cm at the time of exposure of dif-

ferent concentration of methanol on the sensing material.

The sensing ability of the composite was investigated by

recording the electrical responses when exposed alternately

to different concentration of alcohol vapour at room tem-

perature and withdrawing the sensor from the analyte

molecule to recover the sensor.

Results and discussion

The PANI/GO composite was prepared by in situ oxidative

polymerization. The monomer aniline may get adsorbed on

the surface and gallery of GO. This adsorbed aniline on GO

as well as remaining free aniline gets polymerized in the

presence of oxidizing agent K2S2O8 to yield PANI/GO

composite. The possible H-bonding between GO and PANI

in the PANI/GO composite is schematically depicted in

Fig. 2. The functional groups, –OH, –COOH and epoxy,

exist on the surface and pores of the GO which promote the

hydrogen bonds between the GO to amine and imine

nitrogen of benzenoid and quinoid moieties of the polymer

chain. It is also expected that there would be p–p stacking

between the polymer backbone and the GO sheets [47].

FTIR analysis

The FTIR spectra of GO, PANI, unexposed PANI/GO and

methanol-exposed PANI/GO is shown in Fig. 3. For the

PANI powder sample, the absorption peak at 3430 cm-1 is

attributable to the N–H stretching vibrations of the leuco-

emeraldine component [4]. The weak peak at 2924 cm-1

corresponds to aromatic sp2 CH stretching. The absorption

Fig. 1 Methanol vapour sensor setup
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peaks located at 1631 and 1461 cm-1 are ascribed to the

C=C stretching deformation of the quinoid ring in the

emeraldine salt and benzenoid rings leucoemeraldine [48].

The peaks at 1283 and 1152 cm-1 correspond to C–N

stretching of the secondary aromatic amine and C=N

stretching, respectively [49]. For the GO, the characteristic

vibrations include the broad and intense O–H peak at

3434 cm-1, strong C=O peak in carboxylic acid and car-

bonyl moieties at 1730 cm-1, C–OH peak at 1406 cm-1,

C–O–C peak at 1222 cm-1, C–O stretching peak at

1077 cm-1. By comparison, the spectrum of the PANI/GO

composites, the absorption peaks are similar to PANI

except that the characteristic peak of C=O group at

1728 cm-1 was observed from PANI/GO composite. The

absorption peaks at *1640 and 1450 cm-1 represent the

quinoid and benzenoid structures of the PANI in unexposed

PANI/GO composite [50]. A comparison of the FTIR

spectra of the methanol-exposed PANI/GO composite

reveal that the benzenoid and quinoid peak is shifted from

1450 to 1439 cm-1 and 1640 to 1590 cm-1, respectively.

This can be attributed to the interaction (probably

H-bonding) in between the methanol and benzenoid and

quinoid nitrogens of the polymer chain, thereby causing the

reducing effect. The presence of PANI characteristic

vibrations, suggesting PANI, can be successfully deposited

on the GO surface.

UV analysis

Figure 4 represents the UV–Vis absorption spectra of the

PANI, GO and PANI/GO composite recorded in NMP.

Fig. 2 Schematic presentation depicting interaction of GO sheet and PANI chain

Fig. 3 FTIR spectra of a GO, b PANI, c PANI/GO in air and d PANI/

GO with methanol

Fig. 4 UV–Vis spectra of a GO, b PANI/GO composite and c pure

PANI
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The UV–Vis spectrum of PANI shows an intense absorp-

tion peak at 220 nm, a weak peak at 270 nm and a broad

peak at 425 nm. The first and second absorption bands are

related to the molecular conjugation (p–p* transition),

while the third absorption peak assigned to the polaron

state of PANI, i.e. charged cationic species. The sharp

UV–Vis spectrum of GO was observed at 235 nm. The

PANI/GO composite shows similar spectrum with pure

PANI where the spectrum at 425 nm is shifted to 415 nm,

indicating that PANI was also in the polaronic state in the

synthesized PANI/GO composite. Moreover, the two peaks

at 215 and 280 nm were related to the molecule conjuga-

tion. However, all the three PANI band in PANI/GO is

shifted due to the interaction of polymer chain and GO

sheets.

Raman analysis

As a non-destructive tool, Raman spectroscopy is often

used to evaluate the qualitative and quantitative analyses of

carbon products microscopically [51]. The Raman spectra

for the PANI/GO nanocomposite and GO are shown in

Fig. 5. The Raman spectrum of GO shows two character-

istic peaks at 1335 and 1565 cm-1 correspond to the D and

G bands [47, 52]. The D band corresponded to the defects

or edge areas and disordered carbon, whereas the G band

arises from the zone centre E2g mode, corresponding to the

vibration of sp2-hybridized carbon. Additionally, the D

band is related to the edge, structural defects which cor-

respond to the conversion of a sp2-hybridized carbon to a

sp3-hybridized carbon. The intensity ratio (ID/IG) between

the D band and G band is found to be 0.80 for pure GO

which indicates a high level of disorder of the GO layers

due to the oxidation of graphite. In the Raman spectra of

the PANI/GO composite, the Raman-active bands with the

D band shift to 1358 cm-1 and the G band to 1583 cm-1

which reveals p–p interaction between the PANI and the

GO sheets. Additionally, the spectrum of PANI shows a

broad band at 1175 cm-1 and two small bands at 1050 and

930 cm-1 corresponding to C–H bending of the quinoid

ring, C–N? stretching of the bipolaron and polaron struc-

ture of PANI structure. Thus, Raman spectra of the com-

posite show the bands related to both of their PANI and GO

components. This is in good agreement with FTIR results

[53].

XRD analysis

Figure 6 shows the XRD pattern of pure PANI, GO and

PANI/GO composite. The XRD pattern of pure PANI,

which had a broad peak at about 2h = 25.8�, a character-

istic peak of amorphous PANI. In GO, a broad reflection

with peak at 2h = 13.1 Å has been observed, which is

similar to that reported in the earlier literature. This indi-

cates the formation of layer-like GO sheets. The PANI/GO

composite exhibits two peaks at 2h = 13.2� for GO and

2h = 25.82� for PANI. This shows the incorporation of

GO into the PANI matrix.

Thermogravimetric analysis

Thermogravimetric profiles of PANI, GO and PANI/GO

composites are given in Fig. 7. The initial weight loss for

all the samples at temperature range of 90–115 �C reveals

the loss of moisture from the polymer matrix. The major

degradation occurs at 310 �C for PANI, while the major

weight loss of GO at the temperature range of 215–310 �C

Fig. 5 Raman spectra of a GO and b PANI/GO composite

Fig. 6 XRD analysis of a pure PANI, b GO and c PANI/GO

composite
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reveals the decomposition of oxygen-containing functional

groups[45, 54]. In PANI/GO composite, a mass loss of

15 % can be observed from 125 to 300 �C.

SEM analysis

SEM images of the pure PANI, GO and PANI/GO are

shown in Fig. 8. The GO inherits the layer-by-layer and

network structure, but in a denser stacking, compared with

the randomly aggregate structure having rough surface for

the pure PANI is observed. In the SEM micrographs of

PANI/GO composite, smooth surfaces are observed. Since

the polymers are grown in the pores and galleries of GO, it

is difficult to distinguish the individual phase, i.e. GO and

PANI in PANI/GO composite from the SEM micrograph.

TEM analysis

Typical morphology of GO is shown in the TEM image

of Fig. 9a. The GO prepared here has a typically curved,

layer-like structure with thickness of *5–10 nm of

thinner. For PANI/GO composite (Fig. 9b), TEM image

shows that all the GO sheets are homogeneously coated

with PANI and the PANI mainly grown on the surface or

intercalate between the GO sheets. SEM and TEM ima-

ges reveal that the chemically modified GO and the

PANI formed a uniform composite with the PANI

absorbed on the GO surface and/or filled between the GO

nanosheets.

DC electrical conductivity

DC electrical conductivity of conducting composite is

measured using a four-probe resistivity measurement sys-

tem. The conductivity of PANI/GO composite was calcu-

lated by the following equations:

Fig. 7 TGA of a GO, b PANI/GO composite and c PANI

Fig. 8 SEM images of a PANI b GO and c PANI/GO composite
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q ¼ qo=G7 W=Sð Þ ð1Þ
G7 W=Sð Þ ¼ 2S=Wð Þln2 ð2Þ
qo ¼ V=Ið Þ2pS ð3Þ
r ¼ 1= qo ð4Þ

Where G7(W/S) is a correction divisor which is a

function of thickness of the sample as well as probe-

spacing; I, V, W and S are current (A), voltage (V),

thickness of the pellet (cm) and probe-spacing (cm),

respectively.

The electrical conductivities of the PANI, GO and the

composite material is determined and the conductivities are

listed in Table 1. The GO sample shows a low conductivity

of 0.5 S m-1 similar to that reported in the earlier literature

[55]. The PANI sample shows conducting behaviour with

the maximum conductivity of 7.5 S m-1. However, the

dc electrical conductivity of the PANI/GO composite

(178–241 S m-1) is increased dramatically in compari-

son to that of PANI and GO alone. This type dramatic

enhancement of electrical conductivity of PA/GO com-

posite after incorporation of GO into PA has also been

found in earlier literature [45]. Such enormous enhance-

ment of the conductivity of PANI/GO composite might

be attributed to the p–p stacking between the polymer

backbone and the GO sheets. (Fig. 2). Moreover, the

polymerization on the surface and pores of GO sheets

restricts the twisting of the polymer backbone away from

its planarity which plays a major role to enhance the con-

ductivity. Therefore, GO is the most effective in imparting

the conductivity.

The electrical conductivity of PANI and PANI/GO

composite is also measured in the temperature range of

25–150 �C. The electrical conductivity increases with

temperature showing semi-conducting behaviour and the

maximum conductivity is found to be 241 S m-1 for

PANI/GO (5 wt%) at 110 �C and after that no deviation in

conductivity was observed (Fig. 10). At high temperature,

the mobility of the charge carrier increases with the

increase in inter- and intra-chain hoping. An increase in

inter- and intra-chain hopping results in a high charge

carrier mobility within the composite, which leads to an

increase in the conductivity at appropriate high tempera-

tures [9, 26, 56].

Sensor behaviour

To carry out the sensing ability of the pure PANI and

PANI/GO composite, we have studied the changes in the

electrical response of the pure PANI and composite

material on exposing to different concentrations of meth-

anol vapours. The electrical response is expressed in terms

of sensitivity, DR/R0. Figure 11 depicts the sensitivity

Fig. 9 TEM images of a GO

and b PANI/GO composite

Table 1 Conductivity of the PA and PA/GO composite at various

temperatures

Temperature (�C) Conductivity (S m-1)

GO PA PA/GO

25 0.5 5 178

30 – 5 178

50 – 6.5 185

70 – 7.3 201

90 – 7.3 230

110 – 7.5 241

130 – 7.5 241

150 – 7.5 241

Fig. 10 Temperature dependence of electrical conductivity of PANI/

GO composite

J Mater Sci (2013) 48:1729–1739 1735

123



(DR/R0), obtained from the pure PANI and the PANI/GO

composite exposed to different concentrations of methanol

vapours in the concentration of 100–500 ppm. Here, the

sensitivity is defined as

DR=R0 ¼ R� R0=R0 ð5Þ

where, R0 and R are the initial resistance of sensor in air

and in target gas, respectively.

PANI is a p-type semiconductor, the exposure to elec-

tron-donating gases, such as methanol vapours, will cause

an increase in the resistance [57]. This is in good agree-

ment with our experimental results. When pure PANI is

exposed to methanol vapour to for 2.5 min, it shows a

change in the DR/R0 value from 0.03 to 0.35 and on

removal of methanol vapour the DR/R0 value decreased to

0.17, i.e. the DR/R0 does not revert to initial state on

removal of the analyte methanol. Similarly, the changes in

DR/R0 values for subsequent cycles are gradually increas-

ing and after each cycle, the base line of DR/R0 versus time

curve does not get back to the initial state. This gradual

shift indicates the irreversible sensing character of the pure

PANI. Additionally, it is found that the recovery time is

more than that of response time (Fig. 11a). This may be

due to the physical absorption as well as the H-bonding in

between methanol vapours and the benzenoid and quinoid

moiety of PANI backbone. We have carried out DFT study

to confirm this assertion of H-bonding with the amine and

imine nitrogen of benzenoid and quinoid moieties of the

polymer chain and methanol. The sensitivity (DR/R0) of

pure PANI to methanol is found in the range of 0.35–1.47

within 2–15 min on exposure to methanol vapour.

In PANI/GO composite, it is observed that the sensing

property is better and reproducible than pure PANI

(Fig. 11b, e). When PANI/GO is exposed to the methanol

the sensitivity (DR/R0) increasing with very short time

period (3–120 s) and on removal of the methanol vapours it

get back to its original state with slight deviation indicates

the better reversible character. Here, the recovery time to

release methanol from PANI/GO composites is almost

same with the response time. This may be due to the

physical as well as chemical interaction of the PANI, GO

and methanol vapours. When PANI/GO composite is

exposed to methanol, strong H-bonding takes place

between the methanol vapour with the bare polymer and

GO, thereby disrupting the extended H-bonding between

GO and PANI back bond. This results in the enhancement

of resistivity (Fig. 12). After the removal of methanol

vapours, possible reformation of the extended H-bonding

between GO and PANI is taking place and restore the

original H-bonded PANI/GO composite. Thus, the pres-

ence of GO imparts rapid response and reversible character

of the sensor. These results are further supported by the

FTIR study. In PANI/GO composite, the sensitivity

increases with increase in the gas concentration and max-

imum sensitivity DR/R0 are shown up to 37 for 500 ppm

methanol.

The responses of PANI/GO sensor pellet for the ethanol

and propanol are also investigated and shown in Fig. 13.

The sensitivities (DR/R0 = 3.77 and 3.1) are less towards

ethanol and propanol vapours due to the low polarity nature

of these two alcohols compared to the methanol. On the

other hand, the response and recovery time for both ethanol

and propanol is also increased because the methanol is

more polar and small in size than ethanol and propanol;

hence, it would interact more efficiently than the other two

alcohols. The selectivity of PANI/GO composite with

respect to these three alcohols are as methanol �
ethanol \ propanol.

The density functional study has been carried out using

B3LYP/6-31?G* level of theory [57–59]. This is a hybrid

of Hartree–Fock and density functional theory based on

generalized gradient approximation (GGA). The advantage

of using GGA is that it will not lead to strong bonding of

the molecules as in local density approximation. Hence, if

Fig. 11 Response curves of a pure PANI and PANI/GO exposed to

saturated vapours of methanol at different concentrations b 100 ppm,

c 200 ppm, d 300 ppm and e 500 ppm
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GGA shows any bonding, it is confirmed that they will bind in

the real system. The binding or the complexation energy

between methanol and PANI is 3.5 kcal mol-1. The opti-

mized geometry of the molecule shows that the distance of the

–OH hydrogen of the methanol molecule from the imine

nitrogen atom of the quinoid moieties is 2.009 Å and the

distance of the amine hydrogen atom of benzenoid moieties

and the oxygen atom of methanol molecule is 1.976 Å

(Fig. 14), thus confirming the presence of H-bonding between

the polymer chain and methanol vapour. This hydrogen

bonding shifts the –NH stretching frequencies of benzenoid

and quinoid ring of the polymer as is evident from FTIR

analysis. Further, the presence of methanol vapour in a close

proximity to the polymer twists the PANI away from planarity

as evident in the optimized geometry which is responsible for

the increase in resistivity.

The comparison of the sensitivity of PANI/GO com-

posite sensor and pure PANI sensor is shown in Fig. 15.

The PANI/GO composite sensors pellet shows the sensi-

tivity limit with methanol vapour concentration up to

500 ppm, and thereafter the sensitivity became saturated.

The PANI/GO composite sensor shows higher sensitivity

(DR/R0 = 13.6–37) in all range of vapour concentrations

than that of pure PANI (DR/R0 = 0.35–1.47). This may be

due to the large specific surface area of GO-sheet present in

the PANI/GO composite where the maximum surface

absorption can be possible.

Fig. 12 Schematic presentation depicting interaction of methanol vapours with PANI/GO composite

Fig. 13 Response curves of PANI/GO composite exposed to satu-

rated vapours of a ethanol and b propanol

Fig. 14 DFT-optimized geometry of the bare polymer and methanol

showing the possibility of H-bonding
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Conclusions

GO-filled PANI composite has been synthesized success-

fully. The DC electrical conductivity of the PANI/GO

composite is much higher (241 S m-1) in comparison with

the pure PANI (7.5 S m-1). On the basis of conducting

behaviour of the material, three different alcohols, viz.

methanol, ethanol and propanol sensing studies are per-

formed. It is observed that the PANI/GO composite is

found to be a highly sensitive (DR/R0 = 20.9–37) sensor

material for methanol vapours (100–500 ppm) than that of

ethanol (DR/R0 = 3.77) and propanol (DR/R0 = 3.1). The

response time and reversibility of PANI/GO composite is

much efficient that of pure PANI. The basic mechanism of

the interaction between methanol and PANI is believed to

be hydrogen bonding as revealed by DFT and FTIR stud-

ies. For the base polymer PANI, the H-bonding can occur

via both the quinoid moieties’ nitrogen and the –NH group

of the benzenoid moieties to the hydrogen and oxygen

atoms of the methanol’s hydroxyl group, respectively.

These observations paved the way of applicability of

PANI/GO composite as a more efficient methanol sensor

material.
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