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An experiment has been carried out to study the formation and characterisation
of polyaniline (PANi) nanolayer growth directly on glass and alumina substrate
by in situ chemical polymerisation. It has been found that the growth mode
of the PANI nanolayer depends on the synthesis time and mechanical agitation.
The difference in growth modes results in the form of granular, planar or fibrillar
structure and then affects the chemical and electronic structure of the PANi
nanolayer. As a result of gas-PANi chain interaction the resistance of the PANi
nanolayer is highly sensitive to a variety of gases in environment such as oxygen
(oxidising agent), NH; (reducing agent) and so forth. The feature enables PANi
nanolayer made by in situ chemical polymerisation, a promising candidate for gas
sensing materials.
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1. Introduction

Polyaniline (PANi) as a chemical substance has been known for long time. The syntheses
and chemical structural characterisation of PANi have been described as early as in the
beginning of twentieth century [1]. However, the electrical properties and the other special
features such as electrochemical redox, reversible doping/dedoping, etc., are only quite
recent discoveries [2]. In combination with comparable results obtained with other similar
systems such as polypyrrole and polythiophene, these have caused a prompt increase
in experimental investigations into the mechanism and kinetic of the formation, molecular
structure, electro-optical and conceivable application [3].

With respect to potential applications, the deposition of a conducting polymer as thin
film (on a substrate or free standing) or as a thick coating is desirable. Unfortunately,
PANI in the conducting state is hardly dissolved in any solvent or melted below the
decomposition temperature. In order to increase the solubility of PANI, the protonation of
PANI with organic acids having a bulky hydrocarbon as dodecyl benzenesulfonic acid [4],
dinonyl naphthalene sulfonic acid [5] or the addition of various surfactants as reaction
components, has been tried [6,7]. However, the resulting PANi-solvent systems actually
are dispersions and the films are more or less the deposition of blended PANi
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nanoparticles on substrates [3]. This technique does not apply for some applications such
as batteries or light-emitting diodes (LEDs) in which a pure unblended form of active
materials are required. As an alternative processing technique, conducting PANI film can
be produced in situ during the chemical polymerisation. Any substrate present in the
reaction solution is coated with a thin PANI film of submicrometer thickness. The growth
mechanism has been proposed where aniline oligomers are anchored at the surface [8]
serving as nucleation for the PANi chain growth, preferentially in a perpendicular
direction to the support [9]. Nanofibre or granular morphology is formed depending on
the mode of nucleation: homo- or heterogenerous [10].

In this work, an attempt has been made to study the characterisation and gas
sensitivity of the in situ chemically polymerised PANI layer formed on glass and alumina.
The effect of synthesis condition on the PANi layer characteristics is the scope of this
work. Some most relevant results are presented and discussed in this article.

2. Experimental procedure

Aniline 99.5% (Aldrich. Co.) as monomer and ammonium persulphate (APS, Kanto
Chemical Co. Inc.) as oxidant were used to synthesise PANi. All the materials were used as
received.

PANI nanolayer made on glass or alumina substrates was chemically synthesised as
follows: a glass or alumina plate was immersed in an aqueous solution of 1.0 M acid and
0.1 M aniline, which was mechanically agitated by a magnetic stirrer. Then, a molar
equivalent aqueous solution of 0.12 M APS was gradually dropped into the PANi solution
[11,12]. The solution colour was gradually changed to dark blue-green indicating that the
PANI was formed in the solution. Simultaneously, a thin layer of PANi was created on the
substrates. In order to terminate the reaction after a given duration, ethanol or methanol
was poured into the solution. The substrates were pulled out, washed repeatedly with
1.0 M HCI solution, distilled water and dried in vacuum.

The surface morphology and thickness of the resulting PANI layers on the glass and
alumina substrates were characterised using FESEM (Hitachi-S4800), Alpha Step 1Q,
AFM (NT-MDT) while the chemical and electronic structure were analysed by Raman
spectra (Nicolet 6700 NRX FT-Raman Module Spectrometer). The gas sensitivity of the
PANI layer was determined as its conductance variation upon exposure to the target gas.
The experimental data were acquired and stored by a computer with a data acquisition
board Science Workshop 750 and Data Studio software.

3. Results and discussion

Experiments show that the growth modes of PANI layers on glass and alumina substrates
depend on synthesis conditions (says, the synthesis time, mechanical agitation, etc). From
relevant SEM images, three typical structures: fibrillar, plannar and granular have been
observed as shown in Figure 1. As can be seen from the images in Figure 1(a) and (b),
a smooth surface PANi thin film (plannar structure) is formed in the reaction solution
which is mechanically agitated while a rough surface PANI layer agglomerated with grain
and rod-like structure (granular and fibrillar) is created in a still reaction solution. On the
other hand, the fibrillar structure is affected by reaction time. As the synthesis time is
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Figure 1. PANI thin film growth modes on glass plate emerged in reaction solution: (0.10M AN,
0.12 APS, 1.0M HCI (a) 15min (mechanical agitation) (b) 15min (no agitation), (c) 30 min
(no agitation)).
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prolonged, the rod-like structure (fibrillar) is elongated, i.e. the mean length is increased.
However, the cross-section of PANi rods and the mean size of PANi grain (granular
structure) is not much changed (Figure 1(b) and (c)). In order to have an insight into
the PANI layer structure, Alpha-Step 1Q measurements and AFM images were made.
The topography, roughness and thickness of the PANI layers are shown in Figures 2
and 3. The roughness of the PANi layer synthesised by mechanical agitation is less
in accordance with a smooth surface as shown in SEM image. On the other hand, the
PANI layer formed under still condition is more agglomerate and its roughness increases
with synthesis times. However, as can be seen from the Alpha-Step 1Q images, the
thicknesses of the films are unchanged (a base layer of around 90 nm). From the chemical
viewpoint, it can be assumed that at the starting stage of polymerisation the substrate
surface acts as a nucleation site for radical aniline monomers to anchor on the substrate
surface [8,9]. Under mechanical agitation, the secondary growth is likely to be suppressed
and a smooth PANi layer of fine grains (granular structure) is formed. Without
mechanical agitation, the secondary growth takes place preferably along the PANi chain
resulting in a fibrillar structure.

Raman spectra made on the PANI layer (Figure 4) show the presence of the vibration
bands characterising PANi emeradine. According to the Raman assignment of PANi
shown in Table 1, the band in the region of 1500cm ™" is due to the benzenoid (B) ring
stretching vibration, the band near 1600cm ™" is related to the quinoid (Q) structure, the
1170cm™" band is assigned to a vibration mode of B-NH=Q structure. The band at
1170cm ™" is attributed to an electronic-like band and is considered as a measure of the
degree of delocalisation of electrons. The most striking point observed in Raman spectra
is the variation in the intensity of adsorption band around 1320cm™", which is assigned
for C-N7 stretching mode (semiquinoid form). The variation in 1320cm ™' band intensity
indicates the fact that depending on synthesis condition the PANi undergoes a change
from the quinoid to the benzennoid form, i.e. being in the protonation state. The
1320cm™" band first relates to the polaron lattice and then relates to the pristine
conductance of the PANIi [11,13]. As can be seen from Figure 4, the samples synthesised
under mechanical agitation (Figure 4(a)) and with longer synthesis time (Figure 4(c)) have
higher degree of protonation than that of the sample synthesised with shorter synthesis
time and under still condition (Figure 4(b)). The agitation and synthesis time may affect
the amount of counteranion (acidic radical) attached along the polymer chain and then
the degree of protonation. Consequently, the stronger 1320 cm ™' band the PAN; layer has,
the lower will be its pristine resistance (inversely proportional to the conductance)
(Table 2).

The conductance of the PANI layer is sensitive to oxidising agent (such as O,) and
reducing agent (NH3). Figure 5 shows the resistance of the PANI layer synthesised without
mechanical agitation in 15min as a function of air pressure. The change in PANi layer
conductance is accounted for the physical adsorption of oxygen (an oxidising agent) which
is available in air. The adsorption creates shallow levels in PANi band gap (chemical or
physical doping). Consequently, PANi behaves as p-type semiconducting materials in open
air and its conductance varies with oxygen concentration (de-doped or doped) as air
pressure changing. The addition of the other active gases may give rise to a similar manner.
As an example, upon exposure to a reducing agent such as NH; gas the resistance of PANI
layer will increase. The reduction of free carriers (holes) due to the addition of electrons
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Figure 2. 2D topography, microroughness and the height of PANI thin film made by in situ chemical
polymerisation. (a) 15 min (mechanical agitation) (b) 15 min (no agitation), (¢) 30 min (no agitation).



11: 14 15 January 2011

Downl oaded At:

208 D.N. Huyen et al.

Root mean square (rms)
roughness: 4.77 nm Rms roughness: 3.27 nm

Rms roughness: 9.94 nm Rms roughness: 10.1 nm

Figure 3. AFM images of PANi thin film growth on glass (a) 15min (mechanical agitation)
(b) 15min (no agitation), (c) 30 min (no agitation).

from adsorbed NH; molecules into valence band of PANi p-type semiconductor is
accounted for the increase in resistance. The typical NH; gas sensing profile of the
PANI synthesised without mechanical agitation in 15min is shown in Figure 6. As can
be seen from the figure, the resistance of PANIi layer is almost proportional to NHj3
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Figure 4. Raman spectrum of PANi thin film growth on glass. (a) 15min (mechanical agitation)
(b) 15min (no agitation), (c) 30 min (no agitation).

Table 1. Raman assignments of PANI.

Frequencies (cm ™) Assignments
1160-1180 C-H bending
1230-1255 C-N stretching
1317-1338 C-N7 stretching
1470-1490 C=N stretching
1515-1520 N-H bending
1580 C=C stretching
1600-1620 C-C stretching

Table 2. Pristine resistance, air and NHj; gas sensitivity
of PANIi layers: (a) 15min (mechanical agitation),
(b) 15min (no agitation) and (c) 30 min (no agitation).

Pristine  Sensitivity Sensitivity
Sample R, (kQ) (air) (%) (150 ppm NH3) (%)

460 24 210
840 40 360
c 200 11 85

o ®
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Figure 5. Resistance of PANi sample (15 min no agitation) as a function of air pressure (P: pump on,
O: open).
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Figure 6. Sensitivity profile of PANi sample (I5min no agitation) as a function of NHj;
concentration.

gas concentration. From the physical viewpoint, the sensitivity depends on the PANI layer
nature and the interaction between gas molecules and PANi chain. The synthesis condition
modifies the PANi electronic structure while the gas molecular-PANiI interaction
alters either the free charge density or the charge transportation in the PANi layer.
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Table 2 summarises the pristine and sensitivity of samples prepared under different
condition. The relevant data shows that the sensitivity is somewhat correlated to the
pristine resistance, i.e. the sample with larger resistance has higher sensitivity.
NH; molecules—-PANi interaction may alter the protonation state of the PANi layer.
The sensing effect is considered to be taken at the base layer whose thickness is the same.
The smooth surface of the 15 min agitation sample allows a shallow diffusion path of NHj3
molecules then reduces the effective exposed surface area, while the agglomerate surface
of the 30 min non-agitation sample prevents NHz molecules approaching to the surface
of base line. As a result, both the samples show lesser sensitivity than the 15min
non-agitation sample.

In this work, the NH; sensitivity of PANi layer made by in situ chemical
polymerisation is comparable to that of PANi layer made by emulsion polymerisation
[12] and relatively lower than that of casting fibrillar PANi layer [14]. However, its
sensitivity is found to be higher than that of casting electrochemically polymerised PANi
layer [15]. The difference in porous structure, exposed active surface area, results in the
difference in sensitivity.

4. Conclusion

The PANIi nanolayer formed on the surface of glass and alumina substrate by in situ
chemical polymerisation is investigated and discussed. It has been found that, the surface
morphology, the thickness of the PANi layer remarkedly depends on the synthesis
conditions. The mechanical agitation affects the growth mode (planar, granular or fibrillar
structure) of the PANI layer. As results of porosity and largely exposed active surface area,
the in situ chemically polymerised PANI layers exhibit high sensitive to oxygen pressure
and NHj gas. The improvement enables the in situ chemically polymerised PANi
nanolayer effective sensing materials for gas sensors activated at room temperature.
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