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Monitoring the concentration of gases and volatile compounds in the environment has significantimpact on sustainable human development
due to global industrialization. Gas sensors are being employed since 1970’s for detecting noxious gases, gas leakages, and also for observing
humidity and atmospheric composition. The approach of designing miniature and portable gas/vapour sensors exhibiting rapid response and
reversibility together with selectivity and sensitivity has been highly demanding. Similarly, development in the area of nanotechnology has
encouraged the scientists to fabricate nanosensors. Sensor devices have been made from classical semiconductors, solid electrolytes,
insulators, metals etc. However, the development of conducting polymer-based sensors has unfolded a new dimension in sensing by enabling
the wide scope towards the detection of chemical/water vapours and toxic gases even in complex environment. Whereas, the metal oxide-
based sensors were observed to be efficient towards the detection of toxic gases. The present review provides a concise account of our work
on conducting polymers and metal-based sensors for the detection of ammonia, alcohol, chloroform, humidity, toxic gases etc. Additionally,
the paper also demonstrates the challenges and future prospects of conducting polymer sensors to pave their way for enhancing their
sensing efficacy.
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volatile contaminants has been envisaged to minimize the

INTRODUCTION

Over the past few decades, advancement in the technologies
and industries have resulted into the proliferation of a pool of
harmful gases and vapours in the environment, mostly detectable
only at high concentrations.! On the other hand, detection of the
low concentration of such noxious gases has been challenging
and imperative. The real-time detection of toxic compounds and
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ensuing environmental hazards.? Therefore, it demands the
development of highly sensitive, fast, and selective sensors that
can operate under ambient conditions.

Until recent years, enormous gas sensing strategies have
evolved, however, the metal oxide-based sensors have been
considered as the most popular owing to their ease of fabrication
and the scope for miniaturization.®* In 1962, Seyama et al.
demonstrated the very first commercial gas sensor using ZnO
thin films operating at 480°C.5 Further, the arena of
semiconductor gas sensors has expanded substantially to improve
their selectivity, sensitivity and fast response. Despite significant
advancement in the material science, high operating temperature
with higher power consumption of these thermally activated
semiconductor metal oxide based sensors has limited their
applications.5 Hence, researchers were mainly focused on
modifying them to lower their operating temperatures by relying
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significantly on nanotechnology. Several approaches such as
surface deposition using noble metals, porous nanostructures, 2D
nanostructures further opened various avenues to optimize the
material parameters.’-

The quest towards developing economical room temperature
sensors has led to the utilization of conducting polymers.t*-14
Among the family of conducting polymers, the investigations on
conducting polyaniline (PANI) have played a vital role in
developing real time sensors in addition to their simplicity, rapid
response as well as cost-effectiveness.’>'® Besides, various
parameters such as electrical conductivity, proton doping,
secondary dopants and redox switch over properties govern the
overall facile charge transport and their sensing capabilities.
Additionally, by virtue of nanotechnology, numerous
nanostructures of conducting PANI were synthesized by using an
array of synthetic modes or by incorporating nanoparticles during
polymerization, however, achieving superior selectivity towards
specific analytes beyond the existing state-of-the-art materials
remained as a monumental task.’®?° Conventionally,
nanoparticles of metals, metal oxides, and carbonaceous
compounds have been incorporated in conducting polymers
owing to their synergistic properties.?* Besides, the augmented
physicochemical properties, the conductivity and conductive
pathway of polymers in the nanocomposite result in the enhanced
sensitivity of the nanocomposite towards the target analytes.

It is worth noting that, optimizing the concomitant surface
attributes (dimensionality) of the sensor active layer indeed plays
a critical role in achieving efficient sensing performance.?? In the
context of alcohol vapours sensing, rapid evolution in device
fabrication has been accomplished by using a multidisciplinary
approach. Methanol is often used as a solvent or chemical
feedstock in laboratories and chemical plants, posing a possible
hazard of intoxication. Nanostructured metal-oxide sensors are
investigated for fast response of methanol up to 5 ppb, however,
such sensors are non-selective representing a long-standing
challenge.?® Engineering control over the desired structure of
metal oxide and designing sensor is highly critical to ensure both,
sensitivity as well as selectivity.?* Similarly, ethanol is also
widely used in various industries like food, beverage and also as
a solvent, is toxic more than its permissible limit.> Considering
circumstances mentioned above, achieving selectivity towards a
specific alcohol is one of the extensively investigated areas and
it is worth mentioning that metal/metal oxide inclusions into
PANI matrix could pave the way with a great efficacy.?

Ammonia (NHs) is reported as the second largest chemical
globally in its industrial production and are consumed in various
fields such as agriculture, hydrogen fuels, automotive, defence,
medical diagnostics, and food processing. Though the presence
of ammonia in nature is very trace amount (upto ppb level), its
control and real-time monitoring hold significance since its long
term exposure of more than ~25 ppm cause pulmonary
diseases.?”?® Appropriate modification of conducting polymer -
based sensors are promising in terms of flexibility as well as
performance.30:%

The term “humidity” is commonly used to quantify the amount
of water vapours in the gas or atmosphere. Since water vapours
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play a significant role in sustaining quality and efficacy for
products and technologies that are used every day as well as being
essential for human existence. Hence, accurate measurement and
controlling humidity are vital in various fields to prevent the
damage and deterioration of air-conditioning systems, electronic
devices, food etc.’2% Conducting polymers have been
extensively investigated in this regard and the challenges
associated with such materials can be addressed by optimization
of dopant acid, doping level or blending with other polymer/
metals etc.

Unlike the aforementioned analytes, detection of hazardous
vapours such as chloroform has always been challenging due to
its inevitable disposal into the atmosphere by various
anthropogenic activities.® It is considered as one of the major
concerns since it possesses high solubility in water at room
temperature (~25 °C), can easily result in groundwater pollution
also leads to serious deteriorating effects to human health.%®
Therefore, accurate monitoring is essential, but is highly
challenging since most of the sensors are very susceptible to
many environmental factors such as temperature, humidity, etc.®’

Conducting
Polymers

Mixed Metal Substituted
Oxides Conducting
Polymers

Figure 1. A typical schematic diagram representing the overview of
various sensing materials and analytes investigated.

The detection of various noxious gases such as nitric oxide
(NO), carbon monoxide (CO), are of vital importance due to their
enormous physiological impact. Perovskite materials were found
to be potential candidates for sensing gases however, the
structural and morphological intricacies dictate their sensing
mechanism.* Due to the presence of a large number of oxygen
vacancies or deficiency sites on the surface, metal oxide
perovskites are recognized as sensing materials.* Here, the
primary difficulty lies in obtaining a suitable phase,
predominantly comprising active sites for adsorption of specific
analyte (gas). Hence, a careful synthetic strategy of perovskite
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materials would pave the way to afford explicit sensing
behaviour.

The primary objective of the current review is to demonstrate
the efficacy of conducting polymers and metal-doped conducting
polymers as room temperature sensors for chemical
vapours/toxic gases, work carried out over a couple of years and
published earlier by our research group.**® The major
contribution of this review includes the study of pristine
polyaniline (PANI), substituted derivatives of PANI, and metal
decorated PANI composites for sensing chemical vapours/gases.
Various analytes investigated were a series of aliphatic alcohols,
chloroform, ammonia and humidity. Further, an effort was made
to develop perovskite materials by varying morphology for
sensing CO and NO gases.*® Thus, the concise review on room
temperature sensors is devoted to highlighting several
approaches with an intention to encourage the researchers for
opening various avenues to envisage futuristic devices. Figure 1
provides an overview of the various sensing materials and
analytes mentioned in this review.

ROLE OF CONDUCTING POLYANILINE AND METAL DOPED
POLYANILINE NANOCOMPOSITES FOR ROOM TEMPERATURE
SENSING

Influence of mode of synthesis and selection of dopants on
sensing properties

The mode of synthesis and parameters of polymerization plays
a pivotal role as they impinge upon the resulting conducting
polymers in terms of electrical conductivity, morphology and
consequently  their  sensing  applications.’®  Designing
nanostructured materials have also been significantly
investigated over decades to achieve long term stability, rapid
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reproducibility. Another key factor affecting the sensing
properties of conducting polymer is the surface interaction with
analytes. Li et al. has demonstrated a convenient method for
progressively modifying the morphology of PANI from
nanofibers to films by varying the ratio of solvent composition of
the casting solution.%* The authors reported that, although PANI
nanofibers with the superior surface area were fast in response,
the lower sensitivity was ascribed to the enhanced contact
resistance. Hence, augmenting surface area merely cannot
contribute to superior sensing performance. The strategy of
binary dopant acid has also been a potential methodology for
modifying the desirable characteristics by enhancing the figure
of merits of adsorption.5? Besides, inclusion of various metals/
metal oxide offers a multifunctional approach wherein, a
secondary component not only varies the morphology but also
enhances electronic interaction along with many other novel
features.?5

Various strategies have been adopted for incorporating
nanoparticles in the PANI matrix. Cho et al and Bedre et al have
reported interfacial polymerization to obtain Pt and Ag-doped
PANI respectively.5% An effective electrochemical strategy of
metal doping was explored by Kinyanjui et al.>® However, in-situ
polymerization is a commonly employed method as it provides
better control over the size and shape.%
Conducting polymers based room temperature sensors

In this section, the authors have highlighted the sensing
behaviors of bare/ substituted PANI towards different analytes.
In one of the earlier reports, pristine polyaniline and its
substituted derivatives (poly o-toluidine, poly o-anisidine, poly
N-methyl aniline, poly N-ethyl aniline, poly (2,3
dimethylaniline), poly (2,5 dimethylaniline) and poly diphenyl
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Figure 2. Sensitivity (%) of polyaniline and substituted derivatives towards different alcohol vapours.
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vapours of a series of aliphatic alcohols such as methanol,
ethanol, propanol, butanol and heptanol.*? The polymers were
synthesized by the chemical oxidation method using HCI as the
dopant in presence of an oxidizing agent, ammonium
persulphate. All the polymers were responding to different
analytes as a function of concentration, while the difference in
the sensing behaviour was observed to be distinct in terms of
rapidity, reproducibility and sensitivity. Figure 2 displays the
sensitivity of polyaniline and its substituted derivatives towards
various analytes.

The trend in resistance showed a negative paradigm in
presence of small chain alcohols viz. methanol, ethanol and
propanol, conversely, a reverse trend was noted when subjected
to higher homologues (butanol and heptanol vapours). This
difference has been attributed to the size of the molecules,
methanol molecules being small in size can interact and diffuse
most efficiently in the polymeric matrix compared to the higher
homologues. Secondly, due to high polarity, methanol molecules
interact strongly with the imine nitrogens leading to the uncoiling
of the polymeric chains and consequently the crystallinity [Figure
3].5859 On the other hand, butanol and heptanol molecules being
large in size, only a few molecules of butanol and heptanol could
diffuse efficiently into the polymeric matrix for identical
exposure time as that for methanol and therefore did not impact
on crystallinity [Figure 3C]. The lowest measurable response was
exhibited for a concentration upto 3000 ppm of alcohol. Both
poly (2,3-dimethylaniline) and PANI exhibited rapid response
towards methanol and ethanol, however, the highest sensitivity
i.e., more than 80% was merely observed for only methanol.

Also, chemically synthesized polyaniline and its ring
substituted derivatives such as poly(o-toluidine), poly (2,3
dimethylaniline) and poly (2,5 dimethylaniline) were utilized as
sensors for relative humidity (RH 6.4-97.3%) to test the water
poisoning effect on the same.* The conductivity of all the sensors
showed a decrease at all RH concentrations except at 97.3 % RH
where it was observed to increase. The varying trend was
attributed to the polymeric backbone with the ingress of water.
At lower percent humidity, the mobility of the dopant ion was
restricted due to the inherent coiled structure of the polymeric
chains while, on hydration, the conductivity was augmented due
to the uncurling of the compact-coil as a result of secondary
doping effect of water molecules.

The interaction of polymeric backbone with water was
justified by the FTIR analysis [Figure 4].

The increase in the intensity of peak at ~3200 cm
corresponding to -N-H stretching vibrations together with the
shift to ~3171 cm*accounts for the transition from unprotonated
(non-conducting) form to protonated form (conducting form) at
a high percentage of relative humidity. A comparative study
revealed that, among all, poly (2,3-dimethylaniline) exhibited
higher sensitivity [Figure 5], as well as linear response was
concluded as a competent material for a potentially viable
humidity sensor.

Further, to explore the evident effect of dopant acids, acrylic
acid (AA-PANI) and HCI doped polyaniline (HCI-PANI) were
also studied for sensing ammonia vapours.*
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Figure 3. Wide angle X-ray diffraction patterns of (a) polyaniline
(b) poly o-toluidine (c) poly N-methylaniline and (d) poly (2,3
dimethylaniline) (A, B) before and after exposure to saturated
methanol; (C) After exposure to heptanol (a) polyaniline (b) poly N-
methylaniline and (c) poly (2,3 dimethylaniline). Reprinted with
permission from Ref. [42], Copyright 2000, Elsevier.
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Figure 4. FTIR spectra of poly (2, 3 dimethylaniline) (a) before
exposure (b) exposure to 6.4% RH, and (c) exposed to 97.3% RH.
Reprinted with permission from Ref. [43], Copyright 2001, John
Wiley & Sons.
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Figure 5. Sensitivity (%) of polyaniline and its substituted
derivatives towards relative humidity.

A comparison of responses revealed that on exposure to
ammonia, the former material exhibited higher sensitivity and
reversibility in terms of decrease in resistance, whereas an
opposite trend was noted in the latter case. A decrease in
conductivity for HCI-PANI has been attributed to the conversion

Journal of Materials NanoScience

V.A. Mooss et. al.

of conducting emeraldine salt phase into the non-conducting
emeraldine base arising due to interactions between ammonia and
HCI dopant. The opposite trend in response values (102 kQ) in
the case of AA-PANI samples on exposure to ammonia in
contrast with the conventional dopants further prompted the
authors to investigate the same.*® In addition to the secondary
doping effect of acrylic acid, an additional site (COO") free for
conduction was induced while reacting with ammonia in the
polymeric chains and consequently the conductivity.®®%! The
sensitivity of AA-PANI samples was studied over a wide range
of concentrations of ammonia vapours from 1 to 600 ppm. The
AR/R showed a linear increase up to a concentration of 58 ppm
followed by saturation [Figure 6A].
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Figure 6. Variation of AR/R of acrylic acid doped polyaniline A)
Exposed to ammonia B) Long-term stability of acrylic acid doped
polyaniline sensor. Reprinted with permission from Ref. [45],
Copyright 2001, Elsevier.

It should be noted that the sensor exhibited high sensitivity
even at a concentration of 1 ppm at room temperature and was
chemically stable upto 120 days [Figure 6B]. These results
reiterate their employability as state-of-the-art materials. A
typical mechanism of interaction of ammonia with PANI while
sensing is represented in Figure 7.
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Metal-conducting room
temperature sensors

With the advent of nanotechnology, a thought provoked us to
extend our work to explore the applicability of nanocomposites
of conducting polymers that could be useful in developing
nanosensors. As from the earlier studies, the sensing mechanism
was observed to be an adsorption/desorption process and metal
surfaces are known for their catalytic performance,
nanocomposites of PANI were prepared by dispersing
nanoparticles of Pd, Ag and Cu metals etc.%? The sensitivity and
selectivity of nanocomposites of metal based polyaniline sensors
were observed to be strongly dependent on the type of metal
present. Besides the synergistic approach, metal acts as a
secondary dopant at the nitrogen site of the PANI quinoid units
and creates an active site when exposed to various analytes
[Figure 8].
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Figure 8. Mechanism of the Pd doped PANI nanocomposite-
alcohol interactions.

In early 2002, the considerable demand for an economical,
portable real-time monitoring device had triggered our research
group to investigate the applicability of PANI as a matrix for Cu
nanoclusters for the detection of chloroform by measuring its
increased resistance.*! The predominant role of Cu nanoclusters
was evident from the remarkable difference in the response
behaviour of pure PANI and Cu-PANI nanocomposites. The
enhancement in adsorption—desorption of chloroform vapours
assured superior interaction of the active sites provided by Cu
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nanoclusters. The response of Cu-PANI towards chloroform
vapours was reproducible and superior for concentrations below
100 ppm.

In a typical procedure, silver nanoparticles were prepared by
the y-irradiation method using different concentrations of aniline
(0.05-1.0 M) as a stabilizer in a 1:1 methanol-water mixture.*®
The silver particles displaying stability upto a period of 7 days
were obtained in presence of 0.1M aniline. The stable silver-
aniline was further oxidized by the dropwise addition of
ammonium persulphate at 5 °C for 2 h under constant stirring.
These nanocomposites exhibited highly sensitive and
reproducible responses towards ammonia vapours involving
change in the resistance of the order 102 (hundreds).*” The
response towards ammonia was consistent up to 20 cycles. The
study revealed that the reduction in grain size is one of the key
attributes augmenting the sensing characteristics in the case of
nanocomposites.

Table 1: A comparative performance of metal-polymer
nanocomposite sensors towards respective analytes

Active Concentrat Sensitivity Ref
. Analyte ion of (Q ppm?)
material
analyte
Ag-PANI  Ammonia 6.6 x 10° 4
Ag-PANI Ethanol 100 ppm 63
Ag-PANI Ethanol 500 ppm 64
- 5
P&-PANI ) B 8.9x10 p
- 8.9x 104
Pd-PANI Methanol -- 65
PA-PANI Ammonia 500 ppm - 66
Au-PANI  Hydrogen - 7
sulphide 0.1 ppb
AUPANL - Ammonia 100 ppm - 68
8 s with
Co-PANI  Water recovery time
of 1 min

In continuation of the work on metal-PANI nanocomposites,
the potential of Pd-polyaniline sensors was explored.*® The
nanocomposite was prepared by a two-step method, wherein Pd
nanoparticles were synthesized by the reflux method followed by
chemical oxidative polymerization of Pd nanoparticles-aniline
mixture. The designed sensors were exposed to various aliphatic
alcohol vapours such as methanol, ethanol, and isopropanol,
however, the Pd/PANI sensors responded rapidly and reversibly
towards methanol vapours. The selectivity of the nanocomposites
was demonstrated by exposing the composite to the mixture of
methanol +ethanol (1500ppm, 700 ppm) methanol+ isopropanol
(1500 ppm, 900 ppm) vapours. The degree of response of the
sensor was found to be similar to that of pure methanol, however,
the time of response was observed to be increasing from 2s to 12
min for the corresponding mixtures. A plausible mechanism
justified the selectivity and the increase in the time of response
owing to the higher polarity of methanol and the competition
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between adsorption-desorption of the different alcohol molecules
present in the mixture. The response curve of PANI and Pd doped
PANI towards various concentrations of methanol is displayed in
Figure 9.
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Figure 9. Response curves of (A) blank PANI exposed to saturated
vapours of methanol (2000 ppm) and Pd-PANI nanocomposite
exposed to methanol concentrations of (B) 1 ppm; (C) 5 ppm; (D)
10 ppm; (E) 100 ppm; and (F) 2000 ppm. Reprinted with permission
from Ref. [48], Copyright 2006, Elsevier.

From our aforementioned studies, it was evident that the mode
of synthesis of metal and metal incorporated nanocomposites had
played a key role in dictating the sensing behaviour. To
strengthen the claim, nanocomposites of Pd-PANI synthesized by
thermal reduction (reflux) and vy radiolysis methods were
investigated.®® Both the nanocomposites were exposed to
different alcohols and their response time revealed an
unambiguous  sensitivity  towards  methanol  vapours.
Furthermore, the selectivity was also investigated using methanol
as well as mixtures of various alcohols (methanol-ethanol and
methanol-isopropanol). Both the nanocomposites rendered
identical responses towards methanol and the mixture containing
methanol, however, there was a remarkable difference witnessed
in the magnitude as well as the time of response of the individual
nanocomposites. The obtained results displayed the superior
sensing performance for Pd-PANI nanocomposite synthesized by
the thermal reduction method when compared to y radiolysis.
This has been credited to the uniform particle size of the Pd
nanoparticles synthesized by the thermal reduction method
facilitating the rapid adsorption-desorption of methanol vapours
over the nanocomposite. The difference in polydispersity of Pd
nanoparticles due to the difference in synthesis are schematically
represented in Figure 10.
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Further, Table 1 compares the performance of various metal-
polymer nanocomposite sensors towards respective analytes.

(A) (B)

Figure 10. Pd nanoparticles synthesized by A) reflux method with
low dispersity and (B) irradiation method with higher poly
dispersity.

Mixed metal oxide as gas sensors

Ruddlesden—Popper (RP) oxide (A,BQO.) structures are layered
perovskites consisting of alternate layers of ABO3; and A-O rock
salt where A and B are cations of metals and O is oxygen. They
are reported to be promising for high temperature sensing
applications.” Among all, Lanthanum cuprate (La,CuQ4) has
been explored for its sensing ability as it displays unique
properties owing to its oxygen deficiency.*
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Figure 11. Gas sensor responses of the La2CuQs synthesized with
(a) acetate and (b) nitrate precursors for A) CO and B) NO. Reprinted
with permission from Ref. [49], Copyright 2014, Elsevier.

The study has emphasized the role of various precursor salts
(nitrate, chloride and acetate) and its molar ratio which governs
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the oxygen vacancies in the lattice and thereby the sensing
process. Figure 11 displays the response behaviour of La,CuQ4
synthesized with (a) acetate and (b) nitrate precursors towards
CO and NO gases respectively. The template-free approach of
the aforementioned materials exhibited a positive response
towards low temperature sensing of CO (1 ppm to 600 ppm) and
NO gas (1-1000 ppm) at 350 °C and 250 °C respectively. The
studies could reveal that the sensor response showed a sharp
decrease upto a concentration of 300 ppm of CO followed by a
change in slope at a higher concentration of analyte reaching
saturation, whereas the same was observed to be upto 250 ppm
in case of NO detection. The sensing behaviour was found to be
very similar to n-type materials with the decrease in resistance in
presence of reducing gases.” A plausible mechanism has been
postulated demonstrating the adsorption of oxygen on the sensor
surface and interaction with electrons. Recently, Hu et al.
attempted to improve the non-stoichiometric oxygen deficiency
by doping with Bismuth and Strontium, a highly promising
approach that could be further explored towards gas sensing.”

CONCLUSIONS AND FUTURE PROSPECTS

In this section, an overview of room temperature sensors and
highlights of our research work are given. It would further shed
light on the current research on similar materials to overcome the
shortcomings. The major conclusions are as follows:

¢ Room temperature sensing of PANI, substituted PANI and
metal-PANI nanocomposite towards alcohol, ammonia,
chloroform and ammonia are discussed.

e The influence of microstructural parameters on the rate of
adsorption and desorption of analyte molecules.

e The effect of interaction of analytes and sensing materials
on both sensitivity and selectivity.

e The effect of mode of synthesis and incorporation of
nanostructures on adsorption—desorption mechanism
during the gas—solid interaction.

There are numerous vital issues that need to be resolved in
future for product development. Fabrication of sensors with
increased sensitivity and accuracy even at trace level detection is
going to be the line of research in coming days. Research based
on miniaturization of sensors using polymer based electrodes has
been a point of attraction of various industries. The role of
controlled growth of grains, grain boundaries, and nanostructured
morphologies narrated in many available reports underlying
mechanisms still require in-depth investigations with respect to
theoretical concepts.
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