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ABSTRACT OF THE DISSERTATION 

 

Polyaniline Nanothin Film Chemiresistive Gas Sensors 

 

by 

 

Sira Srinives 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental 
Engineering 

University of California, Riverside, June 2012 
Dr. Ashok Mulchandani, Chairperson 

 

Conducting polymers (CPs) are a group of conjugated polymers offering 

unique electrical/electronic properties of metals/semiconductors while retaining 

the attractive mechanical properties and processing advantages of polymers. In 

particular, polyaniline (PANI), because of its stability in ambient conditions and 

wide range of tunable electrical conductivity, is one of the most prominent CPs 

receiving a great deal of attention. The conductivity of PANI can be varied from 

insulating to nearly metallic by modulating its oxidative state by changing the type 

of counter ion (dopant) and degree of doping. The ability to switch between the 

conducting and insulating forms makes PANI responsive to acid/base and 

reducing/oxidizing compounds, enabling it to be used as sensing element in 

resistance type sensors known as chemiresistors. 

vii 
 



In this dissertation, we demonstrated a novel method for electrochemical 

growth of conducting polymer polyaniline (PANI) nanothin film across a pair of 

gold microelectrodes on Si/SiO2 for one step and site-specific fabrication of PANI 

film based field-effect transistor/chemiresistor sensors. Various instrumentation 

techniques, including scanning electron microscope (SEM), atomic force 

microscopy (AFM), field-effect transistors (FET), and X-ray photoelectron 

spectroscopy (XPS) were applied to acquire physical and electrical properties of 

the nanothin film. 

The film had a thickness of 9-20 nm and a carpet-like morphology offering 

high surface to volume ratio that enhances gas adsorption and promotes surface 

perturbation. The sensing performance of the nanothin film device was 

comparable to that of 1-dimensional (1-D) nanostructure, with a great advantage 

in ease of processing and durability in post-synthesis functionalization. The film 

was further functionalized using a dip coating process to introduce recognition 

material into the polymer domain for enhancing reactivity and selectivity of the 

film transducer. The nanothin film was functionalized with primary amine, 

polyethyleneimine, potassium iodide and cupric chloride for highly sensitive and 

selective detection of formaldehyde, carbon dioxide, ozone and nerve agent sarin 

simulant dimethyl methylphosphonate, respectively. 
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1.1 Conducting polymer and polyaniline 

Conducting polymers (CPs) have received a great deal of attention for 

their unique electrical properties that allow them to function as semiconductors 

while retaining mechanical flexibility and ease of processing. They have been 

utilized in various applications, such as microelectronic devices, anticorrosive 

coating, and metal recovery. Their ability to be functionalized via a simple 

chemistry such as metal decoration, chemical treatment, and copolymerization, 

etc., their chemical sensitivity, and stability at ambient conditions have propelled 

CPs as a major class of chemical transducer for high performance sensors with 

desired properties for specific applications. In particular, polyaniline (PANI) 

(Figure 1.1) is one of the most prominent CPs, which is attributed to its wide 

range of tunable conductivity varying from insulating (10-10 S/cm) to nearly 

metallic (1 S/cm) regions depending on the type of counter ion (dopant), the 

degree of protonation, and the oxidative states. Among the three oxidative states 

of PANI - leucoemeraldine (reduced state, LE), pernigraniline (oxidized state, 

PG), and emeraldine (PANI-EM) (Figure 1.1) - the emeraldine is the only form 

that can be reversibly transformed between the conductive emeraldine salt (ES) 

and the insulating emeraldine base (PANI-EB) via the acid/base treatment [1]. 

The dependence of conductivity on oxidation states allows PANI to respond to 

acid/base condition and reductant/oxidant, such as ammonia (NH3) [2], nitrogen 

dioxide (NO2) [3], hydrogen (H2) [4], and vaporized organic species [5] making 

PANI a potent option for sensor applications.  
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1.2 Sensing modes 

To monitor chemical reaction and physical interaction between PANI and 

a target analyte, electrical/electronic, optical, and mechanical properties of PANI 

can be detected and converted into a measurable signal based on modes of data 

acquisition (modality), such as amperometry [6], colorimetry [7], and 

chemiresistor. In an amperometric mode, an electrical potential applied to the 

working electrode versus the standard reference electrode results in a variation 

of electrochemical current that can be monitored and calibrated for the analyte 

concentration. The colorimetric method utilizes dependence of the optical 

properties on the oxidative states of PANI. By measuring light adsorption of the 

PANI structure, presence and concentration of redox active compound can be 

determined. The last mode is chemiresistor that is by far the most desirable 

method of sensing due to its potential for miniaturization, simplicity of operation, 

and simple configuration. A chemiresistor device consists of a sensitive material 

that is sandwiched between two metal contacts. By applying a constant potential 

across the contacts, conductivity of the sensitive unit can be monitored 

converting chemical reaction/physical interaction between sensitive material and 

charge-induced specie into resistance change that is subsequently monitored as 

a sensing signal. The use of PANI structure as a sensitive material in 

chemiresistive sensor has widely been shown in literatures [3,4,8,9].  
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1.3 One-dimensional nanostructures 

The sensitive material is the heart of the chemiresistive sensor since it is 

responsible for device sensitivity and selectivity to a target analyte. One 

dimensional (1-D) nanostructures, such as nanotube and nanowire, are 

examples of ultrasensitive sensing materials owing to their high surface-to-

volume ratio that allows a large fraction of material atoms to participate in surface 

reaction. By having these atoms involved, the surface perturbation on device 

conductivity is maximized [10] making a 1-D nanostructure-based chemiresistor 

highly sensitive.  

Development of the CP-based 1-D nanostructure has been hindered by 

the difficulties associated with material synthesis and device fabrication. A 

number of synthesis approaches such as templateless electropolymerization 

[11], interfacial chemical polymerization [8], and template-directed 

electropolymerization [12] were introduced to elaborate the issues. The 

templateless-growth PANI nanoframework was electropolymerized by applying 

sequential current densities to platinum working electrodes [11]. During the first 

step of applying relatively high current, polymer “seeds” originated on the 

electrode contacts. These seeds further developed into nanoframework, bridging 

across the electrode channel during the two following steps that involve lower 

currents. The total electropolymerization time for the PANI nanoframework was 

longer than 6 hrs. In the interfacial chemical polymerization method [8], an 

organic solvent containing aniline monomer was poured in contact with an 
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aqueous solution of ammonium peroxydisulfate and hydrochloric acid. All the 

three key components were present at the aqueous-organic solvent interface 

where the PANI nanofiber polymerized and migrated into the aqueous phase. 

The nanofibers were filtered from the solution and re-suspended in deionized 

water before being casted on a microelectrode. In the template-directed 

electropolymerization method [12], an alumina membrane was sputter-coated on 

one side with a thin gold layer and was employed as a hard template for 

polypyrrole (PPy) electropolymerization. The PPy started depositing from the 

gold layer and grew further inside the membrane pores into the nanowire shape. 

Once the template had been removed, PPy nanowire was acquired and 

transferred to a microelectrode.  

 Although these techniques have been developed and essentially 

advanced the fabrication of CP based 1-D nanostructure, they are still in their 

early stages of development. A larger scale of device production requires great 

improvements in process reliability and compatibility with traditional 

microfabrication processes. 

 

1.4 Two-dimensional (2-D) nanostructures 

Thin film of PANI has long been studied for its potential as a sensing 

material in the chemiresistive device since it offers durable structure that can be 

processed via simple techniques including chemical polymerization [13] and 

electropolymerization. The latter path is normally preferred due to a good control 
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over the film synthesis and site-specific deposition. However, conventional film 

electropolymerization relies on the cyclic voltammetry/potentiostatic/galvanostatic 

methods [9,14] that cannot monitor the bridging point of the electrode gap. This 

lack of indication results in film over-deposition leading to a low surface area and 

film thickness in micrometer scale that causes poor sensitivity and slow response 

in the conventional film based sensors.  

Bipotentiostatic electropolymerization provides a facile method for 

monitoring the bridging of the gap by the film during electropolymerization. In this 

method, a slight difference in electrical potentials that are applied to each contact 

of the microelectrodes in a monomer solution causes a bifurcation of 

chronocurrent curves (electropolymerization current versus time). The bifurcation 

occurs after a certain time when the film interconnects the electrode contacts as 

a result of Ohmic current flowing across the electrode gap. It is also possible to 

promote film electropolymerization rate in horizontal direction by accumulating 

monomer close to the insulating channel of the microelectrode via silanization 

treatment. This technique did not require cycles of film coating, or film transfer 

like Langmuir-Blodgett [15,16] (LB), layer-by-layer [17] (LBL), and chemical 

polymerization [18]. Using this knowledge, the ultrathin film of PANI and PPy 

were electropolymerized bipotentiostatically by the group of Nishizawa et al. 

[19,20], and were utilized for film-based sensors in biosensing application 

[21,22].  
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However, so far, the film has not been well studied for its surface 

morphology, semiconductor properties, and gas sensing ability. We hypothesize 

that the PANI ultrathin film - a 2-dimensional (2-D) nanostructure with the film 

thickness in nanometer scale - can be an excellent alternative for gas sensing 

applications [23]. It can provide a highly sensitive performance that is 

comparable to that of the 1-D nanostructure with great advantages in simplicity of 

device fabrication and mechanical durability. These advantages can have great 

benefits for in-situ and post-synthesis film functionalization.  

 

1.5 Research objectives 

The overall objective of this dissertation is to develop, characterize, test, 

and validate PANI nanothin film-based chemiresistive sensors for air toxicants. 

Air toxicants selected for this work include ammonia, nitrogen dioxide, 

formaldehyde, carbon dioxide, ozone and nerve agent. The specific aims of the 

work include: 

1. Develop a simple and reliable technique for fabrication of the PANI 

nanothin film bridging the source and drain electrodes using the 

bipotentiostatic technique on n-octadecyltrichlorosilane (OTS) 

pretreated microelectrode, investigate the film thickness and 

morphology by atomic force microscopy (AFM), and evaluate the 

performance of the device for chemiresistive sensing of ammonia and 

nitrogen dioxide and compare to PANI nanowires based sensors.  
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2. Functionalize the PANI nanothin film with specific chemistries to 

develop highly selective and sensitive chemiresistor sensors for 

detection of formaldehyde, carbon dioxide, ozone and nerve agent 

simulant dimethylmethyl phosphonate.  
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Figure 1.1 Molecular structures of (a) aniline monomer, (b) polyaniline (PANI) 
whereas n = 1, m = 0 represents the fully reduced LE state; n = 0, m = 1 
represents the fully oxidized PG state; and n = m = 0.5 represents the 
emeraldine state. 
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Figure 1.2 Emeraldine states of PANI showing (a) the deprotonated emeraldine 

base, and (b) the protonated emeraldine salt. 
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CHAPTER 2 

POLYANILNIE NANOTHIN FILM FOR HIGHLY SENSITIVE 

CHEMIRESISTIVE GAS SENSING 

 

 

 

 

ABSTRACT 

This study developed a facile technique for site-specific fabrication of 

nanometer-thick polyaniline (PANI) film for fabrication of field-effect 

transistor/chemiresistor sensors.  The PANI nanothin film had a thickness of 9-20 

nm and was of carpet-like morphology offering a highly accessible surface 

geometry that enhanced gas adsorption and promoted surface 

reaction/interaction. When applied for sensing of ammonia (NH3) and nitrogen 

dioxide (NO2), the performance of the nanothin film device was comparable to 

that of 1-dimensional (1-D) nanostructure, with a great advantage in ease of 

processing. A field-effect transistor (FET) study indicated electrostatic gating as 

the dominating mode of sensing. 
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2.1 Introduction 

Conducting polymers (CPs) exhibit electrical/electronic, magnetic and 

optical properties of metals or semiconductors while retaining the attractive 

mechanical properties and processing advantages of polymers. For these 

reasons, CPs are at the center of new innovations in electronics, optoelectronics, 

electromechanical and sensing devices. In particular, polyaniline (PANI) is one of 

the most prominent CPs receiving a great deal of attention because of its stability 

in ambient conditions and wide range of tunable electrical conductivity. The 

conductivity of PANI can be varied from insulating (10-10 S/cm) to a nearly 

metallic region (1 S/cm) by modulating its oxidative state through changing the 

type of counter ion (dopant) and degree of doping. The conducting form of PANI 

is the protonated emeraldine (emeraldine salt, ES) whereas the deprotonated 

emeraldine (emeraldine base, EB) is insulating. The ability to switch between the 

conducting and insulating forms makes PANI responsive to acid/base [1] and 

reducing/oxidizing compounds, such as ammonia (NH3) [2], nitrogen dioxide 

(NO2) [3], hydrogen (H2) [4] and some volatile organic compounds [5], enabling it 

to be used as sensing element in resistance type sensors known as 

chemiresistors. 

A chemiresistor is the simplest type of electronic sensor configuration in 

which a semi-conducting material is sandwiched between two solid-state 

electrodes, the source and drain. In the past, PANI and other semiconductor 

based chemiresistive sensors primarily utilized thick/thin film as sensing 
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materials.  In recent years, because of the advantages of high sensitivity and fast 

response attributed to fast diffusion and high surface area to volume ratio, 

nanostructure materials in the form of nanowires (single or network) have been 

investigated for chemiresistive sensors. In the case of PANI and other CPs, 

nanowires synthesized by electrospinning [6], interfacial chemical polymerization 

[7] and template directed chemical and electrochemical [8] polymerization have 

been integrated onto microfabricated electrodes to obtain chemiresistor sensors 

for gases and VOCs. Major drawbacks of these fabrication methods are low 

device yields, limitation of further miniaturization, scalability, costs, and being 

limited to gas sensing. Template-free electropolymerization of nanowire networks 

of CPs for chemiresistors was recently reported [9,10]. While this method helps 

alleviate some of the problems identified above, the technique still suffers from 

low device yields, incompatibility in solution and requires several hours to 

fabricate the device.  

A method for site-specific synthesis of ultrathin conducting polymer film on 

a hydrophobic insulating surface between two solid-state electrodes, i.e. source 

and drain, by electrochemical polymerization was demonstrated by the 

Nishizawa group and applied as a chemiresistor sensor in solution [11,12]. The 

hydrophobicity helped promoting the electropolymerization in lateral direction and 

improving surface adhesion between CPs and substrate, possibly due to 

accumulation of monomer over the SiO2 surface. Furthermore, the slight 

difference in the applied electrical potential of the two microelectrodes provided 
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an indication of the bridging of the film growing from the two sides eliminating an 

over growth, i.e. a thick film [13,14]. Although this electropolymerization approach 

is simple and reproducible, the film morphology, electrical characteristics and 

relative strength when compared to CP nanowire-based chemiresistor sensors 

have not been fully investigated. The objective of this study was to fabricate a 

PANI nanothin film chemiresistor sensor using the bipotentiostatic technique on 

n-octadecyltrichlorosilane (OTS) pretreated microelectrode, investigate the film 

thickness and morphology by atomic force microscopy (AFM), and evaluate the 

performance of the device for gas sensing and compare to PANI nanowire-based 

chemiresistor sensors. Also, the mechanism of gas sensing was studied in field-

effect transistor (FET) configuration. 

 

2. 2 Experimental 

2.2.1 PANI film chemiresistor device fabrication 

All electrochemistry operations were conducted using a CHI760C 

electrochemical workstation (CH Instruments, Inc.). All chemicals were reagent 

grade and used as received.  

Gold microelectrodes were fabricated on a highly doped p-type silicon 

substrate by standard lithographic technique. First, an approximately 300 nm 

dielectric layer of SiO2 was deposited on the substrate by low-pressure chemical 

vapor deposition (LPCVD). Electrodes were patterned by photolithography, 

followed by e-beam deposition of a 20 nm Cr layer and a 180 nm Au layer. The 
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width of the electrode was 200 µm and was separated by a 3-µm gap. Finally, 

standard lift-off techniques were employed to define the electrodes.  

Prior to a formation of PANI film, the silicon chip with gold microelectrodes 

pattern was cleaned in piranha solution (7:3 (v/v) of H2SO4:H2O2), washed in 

deionized (DI) water and dried in vacuum oven at 100°C. Immediately after 

drying, the chip was incubated with a 2% (v/v) octadecyltrichlorosilane (OTS) in 

toluene for 20 min followed by rinsing with fresh toluene and ethanol, 

respectively, for silanization. The synthesis of PANI film bridging the gap 

between the pair of microelectrodes was performed by electropolymerization in a 

standard three-electrode electrochemical cell where the gold microelectrodes 

were employed as working electrodes (WE), a platinum mesh served as the 

counter electrode (CE) and  a standard Ag/AgCl functioned as the reference (RE) 

electrode. Electropolymerization was done using bipotentiostatic mode with the 

two working electrodes poised at 0.6 and 0.8 V (vs. Ag/AgCl) in a deoxygenated 

aqueous solution of 0.5 M aniline and 1 M HClO4. After the completion of film 

formation [PANI-I], the chip was rinsed with DI water to remove the residual 

monomer and acid and kept in a desiccator for a minimum of ten hours to dry. A 

control device [PANI-II] was fabricated following the same procedure but without 

the silanization treatment.  
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2.2.2 Gas sensing  

A 13 mL glass dome with inlet and outlet was placed over the sensor chip 

with a sandwich o-ring and sealed using a clamp, and the electrodes connected 

in series with a load resistance comparable to the initial resistance of the sensor 

to optimize resolution. A bias potential of 1 V was applied across the electrode 

and the current was monitored continuously. By measuring the current flow 

across the sensor, the electrical resistance was determined using Ohm’s law. 

Gas at a flow rate of 200 standard cm3 min-1 was flowed through the glass dome. 

Dry air  (99% purity, Airgas Inc., CA, USA) and 100 ppm NH3 or 10 ppm NO2 in 

dry air (Airgas Inc., CA, USA), respectively, were used as carrier and analyte 

gases. Various concentrations of analyte were obtained by diluting the analyte 

gas with the carrier using multiple mass flow controllers (MFCs, MC-500sccm-

D/10M; Alicat Scientific Inc., AZ, USA). A custom-made LabView program was 

used to control MFCs and monitor the circuit using a Field Point analog module 

(National Instruments, TX, USA). In all the experiments, the sensor was first 

exposed to dry air to achieve the baseline followed by a desired analyte 

concentration and then back to air to complete one analysis cycle.  

 

2.2.3 Morphological characterization 

The morphological characterization of the PANI-I and PANI-II films were 

done using an atomic force microscope (AFM) (Veeco Innova, Santa Barbara, 

CA). The SpmLabAnalysis software was used for line analyses of AFM images. 

19 

 



2.2.4 FET characterization 

FET measurements were performed in presence of air, NH3 and NO2 for 

both PANI-I and PANI-II film devices. A semiconductor parameter analyzer (HP 

model no. 4155A, Palo Alto, CA) was used for FET measurements. The source-

drain potential (VSD) was applied to the gold electrodes across the PANI film 

while the back-gate potential (VG) was applied through the highly doped silicon, 

separated by a 300-nm thick dielectric layer of SiO2. By plotting the source-drain 

current passing through the PANI film (ISD) versus VG, a transfer characteristic 

curve was acquired. 

 

2.3 Results and discussion 

2.3.1 Morphological characterization  

 The PANI-I film was electropolymerized between the microelectrode gap 

modified with OTS by applying constant voltage of 0.6 and 0.8 V to the two 

electrodes. During electropolymerization, PANI started depositing from the gold 

contacts, moved toward the gap area, and bridged the electrode gap. The 

chronocurrent curve (Figure 2.1) for the PANI-I film formation revealed that the 

electropolymerization currents from the two electrode pads ran almost parallel 

and bifurcated from each other after a certain time. The bifurcation of the 

chronocurrent curves indicated completion of the electrode gap bridging with the 

PANI-I film, and attributed to the Ohmic current flow across the electrode. The 

AFM image of PANI-I showed a contiguous film (Figure 2.2a) in the OTS-
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silanized gap between the microelectrodes having a carpet-like structure with 

highly rough surface (Figure 2.2b). The line-analysis of AFM image with the 

SpmLabAnalysis software (Figure S1) revealed the thickness of PANI-I film to 

range from 9 to 20 nm. On the other hand, PANI-II film grown on non-silanized 

surface, i.e. control, was discontinuous connecting only at a few points in the gap 

(Figure 2.3a) and had irregular  multi-layer surface morphology (Figure 2.3b). 

Line-analysis of AFM image revealed the PANI-II film to have significant 

differences in height varying from 40 to 160 nm (Figure S2). It is worth 

mentioning that the total charge required for fabrication of PANI-II (4 µC) was 

almost two time higher than that of PANI-I (~2.7 µC) (Figure 2.1). 

 The thickness and the surface morphology of the PANI film were greatly 

affected by the silanization process. In the case of PANI-I film, the silicon dioxide 

(SiO2) gap between the microelectrodes upon silanization with OTS became 

highly hydrophobic and a preferential spot for accumulation of aniline monomers, 

cation radicals and oligomers. Availability of these species on top of the SiO2 

portion yielded a lateral film growth during the electropolymerization realizing a 

nanothin film of carpet-like nanostructure. On the other hand, in the case of 

PANI-II film the SiO2 surface without silanization was highly hydrophilic after 

piranha cleaning and provided no enhancement for monomers, cation radicals, 

and oligomers accumulation. Hence, the film started electropolymerizing from 

defect sites on the gold electrodes, and grew further in random direction to 

produce the irregular-shape film structure. 
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2.3.2 Gas sensing 

Next, we tested the sensing performance of PANI-I and PANI-II 

chemiresistive sensors by exposing them to NH3 and NO2 analytes. As shown in 

Figure 2.4a, sensor resistance increased rapidly, reaching 90% of its maximum 

in 6.5±2 min for PANI-I and 8±1 min for PANI-II, upon exposure to NH3 and 

gradually recovered when purged with dry air.  Adsorption of NH3 molecules on 

PANI induced NH4
+ formation and resulted in dedoping of emeraldine salt (PANI-

ES) to emeraldine base (PANI-EB) [7,15,16], decreasing the conductivity of PANI 

sensor. However, NH4
+ decomposed back to NH3 and desorbed from the polymer 

when purged with the analyte-free medium. Desorption of NH3 led to signal 

recovery in PANI-based chemiresistive sensors. Figure 2.4b presents a plot of 

normalized response, defined as [(R-R0)/R0], as a function of NH3 concentration. 

Sensor sensitivities, determined from slope of the linear range of calibration 

curves, were ~21 %/ppm NH3 for PANI-I and ~7 %/ppm NH3 for PANI-II devices. 

The detection limit (LOD; 3 times standard deviation of noise divided by the 

sensitivity) were ~37 and ~149 ppb for PANI-I and PANI-II devices, respectively. 

These sensing results are in accordance with the thickness and morphology of 

the films, as presented in the previous section. The significantly improved 

characteristics of PANI-I sensor are attributable to its nanometer thickness and 

highly accessible carpet-like structure.  

Sensing performance of PANI-I and PANI-II sensors were also evaluated 

with NO2. As shown in Figure 2.4c, a large concentration dependent increase in 
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sensor resistance was observed. The interactions between NO2 and PANI are 

not fully understood at this point; however, there are two possible paths for PANI-

NO2 interactions, either doping of PANI-EB [17] or oxidization of PANI-ES [3,15]. 

The former path would increase the sensor conductivity, whereas the latter would 

decrease the sensor conductivity. The resistance increase and irreversibility of 

the response upon air purging validated NO2 acting as an oxidizing agent that 

could convert PANI-ES to its higher oxidation state. The PANI-I showed a 

sensitivity of ~3,760 %/ppm and LOD of ~0.6 ppb for NO2, which were 4-fold and 

2-fold better, respectively, than for PANI-II device (Figure 2.4d).  

Additionally, we compared the sensitivity of the nanothin film (PANI-I) for 

NH3 and NO2 to the conventional thin film and other PANI nanostructures. As 

shown in Table 1, the nanothin film PANI outperforms the conventional thin film 

and scores an equivalent sensitivity to the 1-D nanostructures like nanofibers. In 

addition, with advantages in good reproducibility and simplicity in method of 

processing, the PANI nanothin film could be a competent platform for the 

fabrication of high performance gas and liquid sensor. 

 

2.3.3 FET studies 

To have a better understanding of the sensing mechanism of the film 

device, field-effect transistor (FET) measurements were carried out in dry air, 5 

ppm NH3 and 500 ppb NO2 environment. These studies demonstrated high 

performance of nanothin film as a chemical field-effect transistor (ChemFET) 
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device for gas sensing application and elucidated the effect of film dimension and 

geometry on its sensing performance. As observed in the transfer characteristics 

of the PANI-I film (Figure 2.5(I)), there was a negative shift of ~0.8 and ~1.3 V of 

the threshold voltage (VTH) with respect to air when the device was exposed to 

NH3 and NO2, respectively. Upon adsorption of NH3, due to deprotonation, the 

PANI film converted from more conducting PANI-ES to more insulating PANI-EB 

state. This stated conversion resulted in a decrease in charge carrier (hole) 

concentration (~1.1 x 109 cm-1), thereby causing a reduction in conductivity and a 

negative shift in the VTH of the device. However, in case of NO2 adsorption, the 

oxidation of PANI-I film from conducting PANI-ES to insulating PANI-PG 

decreased charge carrier concentration (~1.8 x 109 cm-1). In comparison, 

mobilities (calculated from the device transconductance, slope of the IDS-VG curve 

[18]) of the PANI-I device in air, NH3 and NO2 remained unchanged with a 

magnitude of ~0.9 cm2/Vs. On the other hand, the gate voltage of the PANI-II film 

device shifted by ~0.3 and ~0.8 V in presence of NH3 and NO2 with respect to 

that of the dry air (Figure 2.5(II)). This shift corresponded to a carrier 

concentration change of ~4 x 108 and ~1 x 109 cm-1 in NH3 and NO2 

environment, respectively, as compared with that of the dry air. There was also 

no significant change in the mobility (~0.4 cm2/V.s) upon exposing PANI-II to air, 

NH3 and NO2. Thus, in both PANI-I and PANI-II devices, the significant change in 

VTH as well as in carrier concentration and negligible change in the mobility 

indicated the domination of electrostatic gating effect in sensing mechanism. The 
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sensing mechanism revealed direct reaction/interaction between the analyte and 

PANI that modulated carrier concentration and caused resistance change in the 

PANI films. Once again, PANI-I showed larger carrier concentration change 

when compared to PANI-II device.  

 

2.4 Conclusions 

In conclusion, we have demonstrated a one step, facile electrochemical 

process for the fabrication of PANI nanothin film chemiresistor sensors. The high 

hydrophobicity of the substrate between the microelectrodes gap brought about 

by self-assembly of OTS is the key to this method which facilitates the lateral 

polymer growth and makes the PANI nanothin film with a carpet-like film 

structure and high surface-to-volume ratio. Due to its unique dimension and 

geometry, the PANI nanothin film exhibits excellent sensing performance, as 

observed by LOD value (37 ppb for NH3 and 0.6 ppb for NO2), and sensitivity (21 

percent/ppm for NH3 and 3760 percent/ppm for NO2). The sensing performance 

of the nanothin film is comparable to that of the 1-D nanostructure based 

devices, with a great advantage in simplicity of sensor fabrication. Further, the 

FET analysis revealed that the sensing mechanism of the PANI device toward 

NH3 and NO2 is governed by the electrostatic gating effect. This one step 

fabrication of 2-D nanostructure film and the possibility of in situ/post-synthesis 

functionalization open up an opportunity for production of highly sensitive and 
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selective chemiresistor nanosensors for a wide variety of gas sensing 

applications. 
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Morphology 

 

Dimensions Fabrication 
method 

 

NH3 
Sensitivity 

% / ppm 

NO2 
Sensitivity 

% / ppm 
 

Nanothin film 

[This study] 

 

9-20 nm thick film Bipotentiostatic 
electropolymerization 

on silainized 
microelectrode 

21 3760 

 

Thin film [20] 

 

4-µm thick film Cyclic voltammetry 
electropolymerization 

>0.7 
 

 

Nano-network 
[21] 

 

Interconnected 
nanofibers (30-50 
nm in diameters) 

Galvanostatic 
electropolymerization 

on gold-sputtered 
substrate 

75 
 

 

Nanoframework 
[9] 

 

Interconnected 
nanofibers (40-80 
nm in diameters) 

Galvanostatic 
electropolymerization 

120 
 

 

Nanofibers [7] 

 

Nanofibers with 
40-120nm in 

diameters 

Interfacial chemical 
polymerization 

followed by assembly 

28 
 

 

Nanofibers [3] 

 

Nanofibers with 
30-80nm in 
diameters 

Interfacial chemical 
polymerization 

followed by assembly 

 
220 

 

Ultrathin film 
[22] 

 

~150 nm thick film Langmuir-Blodgett      
 

3.9 

 

Table 2.1 Comparison of analytical performance of different PANI-based 
chemiresistor for NH3 and NO2 sensing. 
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Figure 2.1 Chronocurrent curves for electropolymerization of PANI on silanized 
(PANI-I) and unsilanized (PANI-II) substrate. 
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Figure 2.2 AFM images of PANI-I (a) bridging between the electrode contacts 
and (b) showing carpet-like film morphology. 
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Figure 2.3 AFM images of PANI-II (a) partially filling in the electrode gap and (b) 
showing chunky film structure. 
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Figure 2.4 Dynamic responses to (a) NH3 and (c) NO2, and calibration plots for 
(b) NH3 and (d) NO2 for PANI film sensors. The sensing data from PANI(I) and 
PANI(II) are presented as (I) and (II), respectively. 
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Figure 2.5 Transfer characteristic curves for (I) PANI-I and (II) PANI-II in (a) air, 
(b) 5 ppm NH3, and (c) 500 ppb NO2. 
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Supplementary 

 

 
1 µm 

 

Figure S1 Line analysis of PANI-I  film. 
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2 µm 

 

Figure S2 Line analysis of PANI-II film.  
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CHAPTER 3 

PRIMARY AMINE-FUNCTIONALIZED POLYANILINE NANOTHIN 

FILM SENSOR FOR DETECTING FORMALDEHYDE 

 

 

ABSTRACT 

 Formaldehyde is a suspected carcinogen, an allergen, and a contributor 

for the sick-building syndrome (SBS) with the Occupational Health and Safety 

Administration (OSHA) permissible exposure limit (PEL) of 750 ppb. Thus, there 

is a need for sensor for sensitive, selective and real-time monitoring. Herein, we 

reported a primary amine-functionalized polyaniline (PANI) nanothin film 

chemiresistor sensor based on nucleophilic addition of amines of the sensor to 

the carbonyl group of formaldehyde. The addition reaction produced water and 

Schiff base that changed the resistance of the PANI film as a function of 

formaldehyde concentration. The sensor response was investigated as a function 

of nucleophilicity of the functionalizing primary amine and humidity and 

temperature of the background medium. The lysine-functionalized polyaniline 

nanothin film sensor exhibited the best sensor performance with a limit of 

detection of 350 ppb, two-fold lower than the PEL and very good selectivity 

against acetaldehyde, acetone and formic acid.   
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3.1 Introduction 

Formaldehyde is the simplest and most reactive aldehyde available. It has 

been utilized as a solvent and precursor for production of plastic resins present in 

numerous construction materials [1, 2]. Unfortunately, chemical and thermal 

degradation of these formaldehyde-based resins cause emissions of 

formaldehyde, a suspected carcinogen, an allergen, and a contributor for the 

sick-building syndrome (SBS). Long-term exposure to the compound also leads 

to severe headache, eyes itching, and irritation in respiratory organs. The 

formaldehyde emission to an indoor environment, then, has become a great 

concern. Consequently, the Occupational Safety and Health Administration 

(OSHA) has set a permissible exposure limit (PEL) for formaldehyde at 0.75 

ppm. To comply with the regulation, the indoor air needs to be monitored 

continuously by a sensing device that can detect sub ppm of formaldehyde. In 

addition, for a practical use, such a sensor must be specific/selective and operate 

on low power to minimize maintenance.  

Current approaches for detection of formaldehyde vapors include high-

pressure liquid chromatography, ion chromatography, voltammetry, 

amperometry, spectroscopy, enzyme electrodes and solid-state sensors. Many of 

these techniques require the formaldehyde to be captured/transferred into a 

liquid solution or on a membrane before analysis and hence unsuitable for real-

time monitoring. Additionally, many of the techniques require expensive 

instrumentation, rely on trained personnel, are slow and are not portable/field-
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deployable [2, 3]. Solid-state chemical field-effect transistor (ChemFET) sensors 

based on semiconductor metal oxide, such as nickel oxide [4], zinc oxide [5], and 

tin oxide [6], have been reported. Major limitations of metal oxide sensors are 

high operating temperatures and hence high power requirement and cross-

sensitivity to alcohols and other interferences.  

Aldehydes react with primary and secondary amines at ambient conditions 

via nucleophilic addition reaction to produce Schiff bases and water. The type of 

Schiff base is governed by the amine type, with primary amine forming imine 

whereas secondary amine yielding iminium (Figure 3.1 (a) and (b)) [7, 8]. The 

imine formation generates change in color and pH. The color change forms the 

basis of most of colorimetric detection methods while the pH change was used 

recently by the Suslick group for formaldehyde detection [3]. The latter method 

had a very high sensitivity; however, it was not suitable for real-time monitoring.  

Conducting polymers polypyrrole (PPy) and polyaniline (PANI) are amine 

rich and thus can be used as selective layers in a solid-state CHEMFET or 

chemiresistor sensor for formaldehyde detection. Conducting polymer polypyrrole 

thin film sensor for room temperature detection of formaldehyde was reported [1]. 

However, the sensor suffered from low sensitivity and selectivity. This was 

attributed to polypyrrole having only secondary amine and a smooth compact low 

surface to volume ratio polymer film as a result of the plasma polymerization 

method used in this work. To alleviate these problems we propose to use a 

nanothin film with high surface area to volume, similar to the one reported in 
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Chapter 2, and functionalize the film with strongly nucleophilic primary amine rich 

compound to promote the nucleophilic addition reaction [9].  

 

3.2 Experimental 

 Aniline (Sigma-Aldrich), camphorsulfonic acid (D-CSA; 99%, Acros), 

phenylenediamine (PDA; 1,2-phenylenediamine, 99.5%, Aldrich), poly-l-lysine 

(PLY; 0.1% (w/v) in water, SIGMA-ALDRICH), L-lysine Hydrochloride (LYS; 

Fisher Scientific) and paraformaldehyde (96%, Acros) were used as received. 

 

3.2.1 Fabrication of the polyaniline (PANI) nanothin film device 

 PANI nanothin film device was fabricated on a highly-doped p-type silicon 

substrate with a 300 nm silicon dioxide (SiO2) film dielectric layer with gold 

microelectrodes acting as source and drain electrodes separated by a 3-µm gap. 

The gold electrodes of 100 x 200 µm2 and were separated by a 3-µm gap were 

patterned using standard photolithography. To prepare the substrate for PANI 

electropolymerization, the chip with patterned microelectrodes was first cleaned 

in piranha solution (a mixture of 3 parts of H2O2 and 7 parts of concentrated 

H2SO4), rinsed by deionized water, and heat-dried in an oven at 100°C. 

Immediately after removing from the oven, the substrate was incubated in a 

solution of 2% (v/v) octadecyltrichlorosilane (OTS) in toluene for 20 min followed 

by washing with toluene and then ethanol, to make the SiO2 region of the gap 

highly hydrophobic. PANI electropolymerization was performed in a standard 

three-electrodes electrochemical cell with the gold electrodes as two working 
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electrodes poised at 0.6 V and 0.8 V vs. standard Ag/AgCl reference and 

platinum mesh as counter electrode in a deoxygenated solution of  0.5 M. aniline 

+ 1 M. D-CSA [10]. A CHI 760 electrochemical workstation was used to control 

the potential and monitor the current as a function of time. The 

electropolymerization was terminated when the current vs. time curves for the 

two working electrodes bifurcated, in approximately 25 s corresponding to a 

charge of ~1 µC.  

To functionalize the film with primary amines, the device was incubated at 

room temperature in a 5 mM solution of PDA, PLY1, or LYS in water adjusted to 

pH 1 with D-CSA for 1 hr followed by drying in a desiccator.  

 

3.2.2 Gas sensing experiments 

For gas sensing, the device was placed inside a 13 mL glass dome with 

inlet and outlet ports held in place by a clamp. The source and drain electrodes 

were connected in series with a load resistor approximately equal to the device 

starting resistance and a potential of 1 V was applied across the electrode and 

the resistor. The sensor resistance was measured continuously using a 

FieldPoint analog system (National Instruments, TX, USA) by monitoring voltage 

over the load resistor and applying the Ohm’s law. A stream of saturated 

formaldehyde vapors (~1600 ppm at 25oC) generated by flowing air over solid 

                                                 
1 In case of PLY, determination of amine concentration was based on the molarity of the 
repeating unit, instead of the whole polymer chain. 
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paraformaldehyde placed in a container and maintained at 25oC was diluted with 

dry air (99% purity, Airgas Inc., CA, USA) carrier gas to produce desired 

formaldehyde concentration and flowed through the glass dome at 200 standard 

cm3 min-1. The flow rates of carrier and saturated formaldehyde vapors were 

controlled by two mass flow controllers (MFCs, MC-500sccm-D/10M; Alicat 

Scientific Inc., AZ, USA). A custom LabView program controlled the MFCs and 

recorded device resistances as function of time. In all experiments sensing 

started with stabilization of film device in flowing dry air followed by exposure to 

desired analyte for 15 min purging with dry air for 20 min and then the next 

concentration.  

 

3.3 Results and discussion 

3.3.1 Formaldehyde sensing 

PANI is an amine-rich conducting polymer that has been widely involved in 

various gas sensing applications. Its huge window of tunable conductivity is 

modulated by varying oxidative state, depending on protonation/deprotonation 

state and degree of doping. This tunability yields PANI abilities to respond to 

acid/base and react with charge-induced species such as ammonia, nitrogen 

dioxide, and some volatile organic vapors.  

We initially, evaluated sensing performance of the pristine PANI nanothin 

film chemiresistor device to formaldehyde vapors. As shown in Figure 3.2, the 

resistance of pristine PANI film sensor decreased when exposed to 

formaldehyde vapors and recovered to the original value when purged with air. 
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Further, the response magnitude was a function of formaldehyde concentration. 

However, the sensitivity was very low and the limit of detection was high (Table 

3.1). This was attributed to PANI containing mainly secondary and tertiary 

amines that were not vey reactive as nucleophiles. The sensor sensitivity 

improved slightly when the film was treated with acid (D-CSA at pH 1) prior to 

sensing (Figure 3.1(c) and Table 3.1, acid-treated PANI). This improvement was 

explained by the acceleration of the nucleophilic addition reaction due to 

protonation of the electrophile, carbonyl group of aldehyde to increase amine 

accessibility [8].  

The decrease in resistance can be explained as follows. As shown in 

Figure 3.1, aldehyde reacts with amines to form water and Schiff base. The water 

protonates PANI and decreases the resistance [12], whereas, Schiff base 

deprotonates PANI and increases the resistance [3]. The decrease in resistance 

of the PANI device on exposure to formaldehyde suggested the sensing 

response being dominated by the water protonation in comparison to Schiff base 

deprotonation. Then, the signal recovery observed during dry air purging was 

attributable to water desorption from the PANI film.  

As stated earlier, PANI comprised mainly of secondary and tertiary 

amines, which were less nucleophilic than the primary amine. In order to improve 

sensor performance, we investigated functionalizing PANI nanothin with primary 

amines that were stronger nucleophiles. Figure 3.4 shows the structures of the 

three selected primary amines, L-lysine (LYS) a diamine with alkyl backbone, 

phenylene diamine (PDA) with aromatic ring and poly-L-lysine (PLY, MW = 
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150,000 - 300,000). Further, based on the findings that pristine PANI sensor in 

which the amines were protonated exhibited higher sensitivity (Figure 3.1(c)), the 

PANI devices were functionalized from the acid (pH ~1) solution of primary 

amine. Figure 3.2 shows the dynamic response profiles for the three different 

primary amine functionalized PANI sensor to different concentrations of 

formaldehyde in dry air. The corresponding calibration plots and performance 

characteristics are given in Figure 3.3 and Table 3.1, respectively. As shown in 

the figure and table, the LYS-PANI sensor had the highest sensitivity and lowest 

limit of detection followed by PDA-PANI and then PLY-PANI. The observed trend 

can be explained by the nucleophilicity of three amines: PLY is the least 

nucleophilic since it has one primary amine per molecule, followed by PDA which 

is an aromatic diamine and then LYS which is an aliphatic diamine [8].  

According to Figure 3.3, the calibration plot of LYS-PANI is the best 

responding chemiresistor sensor for formaldehyde vapors in dry air. The sensor 

had a broad dynamic range and the plot followed the Langmuir-like absorption 

law [11], where the response (ΔR/R0) was related to the concentration (c) by the 

equation  

ΔR
RO

=
ΔR
RO

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

max

•
c

k + c
                                                           (1) 

The (ΔR/R0)max - the maximum resistance change during saturation regime and k 

– the affinity constant determined by fitting the data in Figure 3.3 with correlation 

coefficient of 0.999, were 87.77 and 426.2, respectively.  The limit of detection 

(LOD) was determined to be ~0.35 ppm, which was ~2 fold lower than the PEL 
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value of 0.75 ppm. Furthermore, the sensitivity and the LOD was superior to the 

polypyrrole thin film [1] and some metal oxide based chemoresistor such as zinc 

oxide (ZnO) [12] and nickel oxide (NiO) [13], but was lower than amine-based 

colorimetric [3] and mercaptophenol functionalized microcantilever [14] sensors.  

 

3.3.2 Humidity and temperature effects 

Figure 3.5 shows the effect of humidity and temperature on the sensor 

response to formaldehyde. As shown in the figure, 1) increasing the temperature 

from 25oC to 50oC resulted in a decrease in the response magnitude for the 

same concentration of formaldehyde and 2) the sensor response in presence of 

humidity was opposite (resistance increase when exposed to formaldehyde) to 

that of in dry air (resistance decrease when exposed to formaldehyde) and the 

magnitude of the signal (resistance increase) increased at higher humidity. The 

former was attributed to reduction in the water content of PANI film due to 

evaporation of product water at higher temperature [15] and the reduction in the 

extent of the exothermic nucleophilic reaction. As for the effect of humidity, under 

humid conditions, the response of the PANI film to formaldehyde was not 

dominated by water formed but rather the Schiff base formed by the nucelophilic 

addition reaction; because Schiff base deprotonated PANI, the resistance of the 

sensor was increased [13].  

Variation of humidity and temperature in environment is problematic to the 

PANI-based device [10]. If needed, humidity can be removed from the sampling 

air by using a desiccant material such as silica gel or molecular sieves.  In order 
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to cope with the temperature change, calibration plots can be generated at 

different temperatures to determine the analyte concentration.  

 

3.3.3 Selectivity of the sensing devices 

The ability to discriminate between the target analyte from other 

interferences is important for sensing. The selectivity of LYS-PANI chemiresistor 

sensor for formaldehyde over other weak electrophiles acetaldehyde and 

acetone, weak nucleophile formic acid and water vapors was evaluated. As 

shown in Figure 3.6, the LYS-PANI exhibited a 6, 18, 3 and 3.6 fold higher 

response to formaldehyde compared to acetone, acetaldehyde, formic acid and 

water vapors, respectively. This was a significant improvement over the pristine 

PANI-film device (data not shown) and polypyrrole film based sensor. 

 

3.4 Conclusions 

 We demonstrated the use of primary amine-functionalized PANI nanothin 

film device for low-powered, compact/miniaturized, easy to use real-time 

detection of formaldehyde. The sensing mechanism relied on amines-

formaldehyde nucleophilic addition reaction with water being dominant for the 

sensing response. The reaction rate was governed by nucleophilicity of the 

primary amine and accelerated significantly in presence of acid. The LYS-PANI 

sensor showed selective detection for formaldehyde over the other electrophiles 

such as acetaldehyde and acetone. The impressive LOD value of 350 ppb 

formaldehyde was two-fold below the PEL of 700 ppb.   
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Amines Sensitivity  

(%/ppm) 

LOD  

(ppm) 
 

PANI 

Acid-treated PANI 

PDA-PANI 

PLY-PANI 

LYS-PANI 

 

-0.054 

-0.083 

-0.148 

-0.109 

-0.196 

 

9.34 

7.36 

1.48 

1.10 

0.35 

 

Table 3.1 Comparison of sensitivity and limit of detection of various PANI 
sensors for formaldehyde detection. 
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Figure 3.1 Nucleophilic addition reaction of formaldehyde and (a) primary amine; 
(b) secondary amine; (c) primary amine in presence of acid. 
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Figure 3.2 Dynamic responses of (a) pristine PANI, (b) acid-treated PANI, (c) 
PLY-PANI, (d) PDA-PANI, and (e) LYS-PANI sensors to formaldehyde. The y-
axis of these curves has been shifted for clarity. 
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Figure 3.3 Calibration plots of pristine PANI (     ), acid-treated PANI (     ), PLY-
PANI (     ) and PDA-PANI (     ), LYS-PANI (     ) sensors for formaldehyde. Each 
data point is an average from 5 sensors and the error bar represents ±1 standard 
deviation. 
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Figure 3.4 Molecular structures of primary amines used for PANI 
functionalization; (a) PDA, (b) PLY, (c) LYS. 

 

 

 

 

 

 

53 

 



 

Figure 3.5 Effect of humidity and temperature on response of LYS-PANI to 
formaldehyde at (a) 25°C, 50 %RH;(b) 25°C, 5 %RH;(c) 50°C, 50 %RH; and  (d) 
25°C, dry air.  
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Figure 3.6 Selectivity of LYS-PANI sensor, responding to 80 ppm vapors at room 
temperature. Data points are average of 5 readings and error bars represent ± 1 
S.D.  
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CHAPTER 4 

A MINIATURIZED CARBON DIOXIDE CHEMIRESISTIVE SENSOR 

USING POLYETHYLENEIMINE-FUNCTIONALIZED POLYANILINE 

NANOTHIN FILM 

 

 

 

ABSTRACT 

 The carpet-like nanostructure polyaniline (PANI) nanothin film 

functionalized with polyethylene imine (PEI) was used here as a miniaturized 

CO2 sensor basing on simple configuration of chemoresistor. At room 

temperature, good sensing performance was observed upon exposure the PEI-

PANI device to 50-5,000 ppm CO2 in presence of water with negligible influences 

from ammonia (5 ppm), carbon monoxide (50 ppm), methane (50,000 ppm) and 

nitrogen dioxide (50 ppb). The sensing mechanism relied on acid-base reaction, 

CO2 dissolution and amine-catalyzed hydration between PEI and CO2 that 

yielded carbamates and carbonic acid for a subsequent pH detection. The 

sensing device showed an adequate reliability in detecting an unknown 

concentration of CO2 from the compressor air. 
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4.1 Introduction 

A miniaturized CO2 sensor holds great promises in a wide spectrum of 

applications, including breath and blood analysis for medical diagnosis [1-3], 

portable gas detector for personal protection, and gas monitoring for climate 

control [4]. In particular, CO2 detection in ambient air has continued to be a 

critical challenge due to stability of the compound and interferences from other 

active species, such as nitrogen dioxide (NO2) and carbon monoxide (CO). A 

selective, highly sensitive and low-powered CO2 sensor with an ability to be 

installed in a compact area or implemented in a sensor array is still required. 

Current approaches including non-dispersive infrared (NDIR) [4] and solid 

electrolyte electrochemical sensors [5] are limited by their costly components, 

bulky size and high energy consumption, letting the Severinghaus electrode [4,5] 

the most prominent option for miniaturization of CO2 sensor. The Severinghaus 

principle relies on CO2 dissolution in aqueous electrolyte, generating carbonic 

acid that can be monitored via a pH sensing unit. The issue here regards base 

line shift in the Ag/AgCl reference of the potentiometric pH detector that requires 

a regular maintenance to keep the device well calibrated.  

Following the Severinghaus’s approach, certain kind of alkyl amines, such 

as polyethylene imine (PEI) [1,6] and 3-aminopropyltrimethoxysilane [7,8], have 

also been employed as CO2 recognition layers, producing carbamates [9] and 

carbonic acid that contribute to the pH change. Depending on types of the amine 
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sorbents (primary, secondary or tertiary) and relative humidity, CO2 adsorption 

occurs through three possible paths (Figure 4.1) including acid-base reaction, 

CO2 dissolution, and base-catalyzed CO2 hydration [10]. The primary and 

secondary amines are favored for the acid-base reaction generating carbamates 

while the tertiary amine is a preferred catalyst in CO2 dissolution accelerating 

carbonic acid formation via the base-catalyzed hydration. When considering 

reaction rate, the base-catalyzed hydration is slower than the acid-base reaction; 

however, it captures more CO2 (1 mol of CO2; 1 mol of amine) and regenerates 

faster (lower heat of regeneration) in comparison [10]. One practical approach is 

to employ the PEI, containing primary, secondary and tertiary amines, as the CO2 

recognition layer combining advantages and balancing disadvantages from all 

different amine types. In addition, a branched-structure of the PEI offers steric 

effect that inhibits acid-base reaction prompting the amines for the base-

catalyzed hydration and resulting in a high CO2 loading capacity and a good 

amine recovery. 

Polyaniline (PANI) is an attractive material for sensor applications owing to 

its excellences in mechanical flexibility, reductant/oxidant reactivity, acid/base 

sensitivity, and huge range of tunable conductivity (>10 orders of magnitude). 

When applied for a pH sensing, acid/base conditions induce 

protonation/deprotonation in PANI chains causing a reversible transformation 

between the conductive state PANI-ES (emeraldine salt) and the insulating state 

PANI-EB (emeraldine base) [11,12]. Our group has previously demonstrated a 
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highly-sensitive chemiresistive gas sensor based on 2-D nanostructure PANI 

nanothin film. The device exhibited an excellent sensing performance at the 

same scale as those of the 1-D nanostructures, as a result of nanometer-thin film 

and carpet-like surface morphology that helped enhancing surface perturbation. 

Furthermore, the device was easy to fabricate in high yield and scalable. In this 

work, our goal was to fabricate a miniaturized CO2 sensor utilizing CO2 

recognition ability of the PEI and pH sensitivity of the PANI nanothin film. The 

thin film was electropolymerized in one step on hydrophobically-modified 

microelectrodes and further functionalized with the PEI via a dip coating process. 

The sensing device was employed for CO2 detection, and also tested against 

selected analytes such as ammonia (NH3), methane (CH4), and carbon monoxide 

(CO) to investigate its cross reactivity, i.e. selectivity. The sensor was validated 

by measuring CO2 in compressor air and comparing to the standard method 

(Nondispersive Infrared Spectrometry, NDIR). The effects of humidity and 

temperature on CO2 sensing were also studied.  

 

4.2 Experimental 

4.2.1 Device fabrication 

Unless stated otherwise, all compounds were reagent grade, and used 

with no further treatment. The details regarding on PANI nanothin film fabrication 

and characterization can be referred to the chapter 2.  
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In brief, the device was prepared as follows. A pair of gold microelectrodes 

(100 x 200 um2) separated by a 3-μm gap was fabricated on heavily doped p-

type silicon coated with silicon oxide dielectric using standard photolithography. 

Firstly, the chip with patterned microelectrodes was cleaned in piranha solution 

(1.5 ml H2O2:3.5 ml H2SO4), rinsed with deionized water, and dried under 

nitrogen stream. Next, the dried substrate was silanized in 2% (v/v) 

octadecyltrichlorosilane (OTS) in toluene, followed by rinsing with fresh toluene 

and ethanol, respectively. Hydrophobicity of the OTS-silanized substrate has a 

potential in attracting aniline monomer and enhancing electropolymerization rate 

of PANI film in lateral direction [13]. The monomer accumulation is the key to a 

realization of the nanothin film nanostructure. Subsequently, the chip was placed 

in a standard electrochemical cell along with the Ag/AgCl reference and platinum 

strip counter electrodes and submerged in an aniline monomer solution (0.5 M. 

Aniline + 1 M. HClO4). The electropolymerization was performed by applying 

constant potentials of 0.6 V and 0.8 V to the two gold electrodes, (versus 

Ag/AgCl). During electropolymerization, chronocurrent curves (polymerization 

current vs. time) bifurcated at a certain point indicating a complete film 

connection across the 3-μm gap channel. The result was a uniform and 

nanometer-thick PANI film (9-20 nm) with a carpet-like structure. Functionalizing 

of the PANI with PEI was achieved by dip coating the device in a pH controlled 

0.5% (w/v) PEI solution (PEI: Mw ~750,000: pH ~7) followed by drying in a 
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desiccant chamber. After functionalization, a thin layer of PEI was observed 

under optical microscope as transparent gel on top of the PANI nanothin film. 

 

4.2.2 Gas detection system 

In order to investigate the CO2 sensing performance of the device, the 

PEI-PANI nanothin film was mounted into a custom-made gas sensing system 

that provided a temperature controlled chamber with mass flow controlled gas 

streams (mass flow controllers, MFCs; Alicat Scientific Inc., AZ, USA).  Electrical 

resistance of each device was acquired via a FieldPoint module (National 

Instrument, TX, USA) by continually measuring current passing through the 

sensor at a bias potential of 1 V. All recording, displaying and controlling were 

performed by a LabVIEW® interface, which was installed on a personal 

computer. Multiple PEI-PANI devices were allowed to stabilize under humid air 

before introduction of CO2. Background medium was prepared by mixing dry air 

and water vapor-saturated air flowing at a total flow rate of 100 standard cm3 min-

1. Various concentrations of CO2 were generated by diluting a stream of 10,000 

ppm CO2 (1%) from a certified cylinder using dry air. Exposure time and recovery 

time were set constant at 15, and 20 min, respectively. 

 

4.3 Results and discussion 

4.3.1 PEI and CO2 detection 

PEI is an amine-rich molecule that contains 46% primary, 23% secondary, 
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and 31% tertiary amines (Figure 4.2). As stated earlier, combination of the three 

amine types and the branched structure yields the base-catalyzed hydration of 

CO2 that enhances the acid production rate upon CO2 exposure and ensures 

good amine recovery in absence of CO2.  

Figure 4.3 shows real-time responses of pristine and PEI-functionalized 

PANI devices to different concentrations of CO2 at 50% relative humidity and 

25°C. As illustrated in the figure, the PEI-functionalized PANI sensor exhibited a 

good response to CO2 (Figure 4.3(b)). A decrease in device resistance indicated 

pH reduction in the PEI recognition layer as a result of carbamates and carbonic 

acid formation that potentially doped and increased conductivity of PANI 

(conversion of PANI-EB to PANI-ES). The acids generated during CO2 exposure 

decomposed when purged with CO2-free medium, leading to resistance recovery 

in the sensing device (conversion of PANI-ES to PANI-EB). At these specific 

conditions, sensor sensitivity was determined as ~7.14 x 10-3 %/ppm CO2 from 

the linear region of the plot of sensing responses [(R-R0)/R0] versus CO2 

concentrations (Figure 4.4(a)). The sensing signal reached 90% of its maximum 

response in 7.34±5.21 min. and achieved 90% of its total recovery in 10.01±4.86 

min. Limit of detection (LOD) was calculated as ~40 ppm CO2, revealing a 99% 

confidence of CO2 detection down to 40 ppm level. The operation at lower CO2 

concentrations (50-500 ppm), Figure 4.3 (inset), revealed distinguishable sensing 

responses at the concentration close to the LOD value.  

The CO2 detection experiment on a pristine PANI thin film device at 50% 
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relative humidity and 25°C (Figure 4.3(a)) showed no significant change in device 

resistance upon exposure to 500-5000 ppm CO2. This was expected since PANI 

reacts poorly with CO2 and can not generate sufficient acid for the pH detection 

[14]. 

 

4.3.2 PEI-PANI dependence on humidity and temperature 

Dependence on water and heat production of CO2-PEI reaction prompted 

an investigation to the humidity and temperature effects on the CO2 detection. In 

order to observe these effects, the devices were prepared and mounted in the 

sensing system as described above, and further stabilized at a fixed humidity and 

temperature. Various concentrations of CO2 were introduced within the detection 

range of the device. As shown in Figure 4.4(a) and (b), the sensing response 

decreased as relative humidity decreased or temperature increased. These 

results were in accordance with the three reaction paths for CO2-PEI reaction. As 

shown in Figure 4.1, the dissolution and base-catalyzed hydration of CO2 

required water, making them very dependent on humidity. Decrease in medium 

humidity reduced water content in the PEI layer as well as the nanothin film, 

slowing down reaction rates in the dissolution and base-catalyzed hydration. On 

the other hand, the acid-base reaction was independent of water, but was easily 

reversed by excess heat. Moreover, the increase in temperature can also hinder 

CO2 adsorption on the PEI layer causing deterioration in magnitude of the 

sensing response.  
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4.3.3 Selectivity of PEI-PANI 

To evaluate selectivity of the PEI-PANI, the sensor device was tested 

against 50 ppm CO, 5 ppm NH3, 50,000 ppm CH4, and 50 ppb NO2 at 50 %RH 

and 25 °C. No significant response was observed (Figure 4.5) against any of 

these gasses indicating no cross sensitivity and adequate selectivity of the PEI-

PANI device to CO2. The concentrations of the above species tested are either 

occupational safety relevant concentrations (CO, NH3, and CH4) or 

environmental protection agency regulation (NO2).  

To validate the newly developed sensor, CO2 was measured in laboratory 

compressed air and compared to measurement by NDIR system (LI-840A 

CO2/H2O Analyzer). Before analysis by both methods, the laboratory compressed 

air was prepared by passing through HEPA filter followed by dry molecular 

sieves packed in an HPLC column and was collected in a Teflon bag. The 

compressed air was diluted by half (50% v/v) and introduced to the PEI-PANI 

sensor that was stabilized at 50% relative humidity and 25°C. Figure 4.6 shows 

the real-time responses of the PEI-PANI sensor to the unknown (left) and 500 

ppm CO2 from the certified cylinder (right). Comparing the two responses, the 

CO2 concentration in the compressor air was determined to be ~380 ppm. This 

was less than 9% from the value (350 ppm) determined independently by the 

NDIR system that was shown in Figure 4.7.  
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4.4 Conclusions 

To conclude, we demonstrated a simple-fabrication and high-sensitivity 

miniaturized CO2 sensor using the PEI recognition element and the pH-sensitive 

PANI nanothin film transducer. The sensing mechanism relies on the formation of 

carbamates and carbonic acid during PEI-CO2 reactions; acid-base reaction, CO2 

dissolution, and base-catalyzed hydration, that causes pH change in the PEI 

layer. Role of the PANI nanothin film is to monitor the pH change and not involve 

directly in the reactions with CO2. The sensor device exhibits a sensitive and 

selective detection toward 500-5000 ppm CO2 (LOD = 40 ppm) with no 

significant interferences from the other analytes, such as CO, CH4, and NO2. The 

sensing readout of an unknown CO2 concentration showed a 9% positive error 

as compared to the NDIR measurement value. These excellent performances in 

CO2 detection pose the PEI-PANI chemoresistor as a low-powered, highly-

sensitive, and simply-operating miniaturized CO2 sensor that can be used in a 

portable multi-analyte detector, for breath analysis purpose, or for environmental 

monitoring. 
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 Figure 4.1 Three reaction paths for amines-CO2. 
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Figure 4.2 Molecular structure of Polyethyleneimine (PEI). 
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Figure 4.3 Dynamic responses of (a) the pristine and (b) PEI-functionalized PANI 
devices upon CO2 exposures. The inset shows sensing response of the PEI-
PANI at lower CO2 concentration range. 
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Figure 4.4 Sensing responses, (∆R/R0) (%), of the PEI-PANI versus CO2 
concentrations (ppm), showing sensing dependences on humidity (a) for 
25°C;50%RH (  ), 25°C;35%RH (   ), and 25°C;10%RH (   ), and temperature (b) 
for 25°C;50%RH (   ), 35°C;50%RH (   ), and 50°C;50%RH (   ). 
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Figure 4.5 Dynamic responses of the PEI-PANI sensor to (a) 50 ppm CO and (b) 
5 ppm NH3 (I), 50 ppb NO2 (II) and 50,000 ppm CH4 (III). 

72 

 



 

Figure 4.6 Real-time sensing results from the PEI-PANI device to an unknown 
concentration of CO2 (I) and 500 ppm CO2 (II). 
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Figure 4.7 The measurement result from the nondispersive infrared sensor 
(NDIR) to (I) air in lab environment, (II) synthetic air, (III) compressor air, and (IV) 
750 ppm CO2 from the certified cylinder. 
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CHAPTER 5 

AN ULTRASENSITIVE OZONE SENSOR USING POTASSIUM 

IODIDE-FUNCTIONALIZED POLYANILINE NANOTHIN FILM 

CHEMIRESISTOR  

 

ABSTRACT 

 Chemiresistor based on conducting polymers have been investigated 

widely as gas and vapor sensors. These sensors, however, lack the desired 

sensitivity and selectivity for air quality monitoring. Recently, we reported a novel 

method for electrochemical growth of conducting polymer polyaniline nanothin 

film across a pair of gold microelectrodes on Si/SiO2 and demonstrated the 

superior sensing performance that was comparable to sensor made with PANI 

nanowires. In this paper, we report further progress in the application of PANI 

nanothin film chemiresistor device for room temperature detection of ozone (O3) 

down to 230 ppt (parts per trillion) and selectivity against nitrogen dioxide and 

sulfur oxide by modifying PANI with potassium iodide (KI). The sensor showed a 

decrease in resistance as a function of O3 concentration with a linear dynamic 

range from 0-35 ppb and upper detection limit of 180 ppb. The increase in 

conductance is attributed to the doping of PANI by the iodide ions produced 

iodometric reaction with KI. The sensing performances as well as the 

discriminating ability project the KI-PANI chemoresistor as a high potential 

tropospheric O3 sensor for environmental monitoring, and occupational safety. 
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5.1 Introduction 

Detection of tropospheric ozone (O3) has long been a serious issue in the 

field of climate control since O3 is a potential threat to living organisms, a main 

contributor for the greenhouse effect, and a key component in various 

atmospheric reactions [1-3].  

The most common approach for determining atmospheric O3 

concentration relies on UV photometry [3,4]. This technique involves costly and 

heavy equipment that requires regular maintenance [1] and hence not suitable 

for field study or in situ measurement in compact areas. An alternate lower cost 

sensor based on metal oxide has been reported. Although fast and sensitive, the 

sensor suffers from drift due to fluctuating ambient oxygen levels and has high 

power consumption because of high operating temperature [5,6], thus, making 

them less than perfect options for air quality control. Other techniques for 

measuring atmospheric O3 reported in the literature include chemiluminescence 

[7], fluorescence [8] and electrochemistry [9]. Chemiluminescence and 

fluorescence techniques, like UV photometry, require elaborate instrumentation, 

whereas electrochemistry methods are seriously interfered by nitrogen dioxide. 

In the present paper we report a simple, low power and low cost 

chemiresistor sensor for ultrasensitive determination of atmospheric ozone at 

room temperature. The sensor was based on our previously reported highly 

sensitive and high surface to volume ratio carpet-like structure polyaniline 

nanothin film functionalized/modified with potassium iodide as the sensing and 

transducing element. The combination of highly sensitive transducer and 
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selective chemistry of reaction between O3 and KI resulted in a sensor that was 

able to detect O3 down to 230 ppt with a sensitivity of ~0.67 %/ppb without 

interference from sulfur oxide and distinguishable sensing for nitrogen dioxide. 

 

5.2 Experimental 

5.2.1 KI-PANI nanothin film device 

PANI nanothin film sensor was prepared according to the protocol described 

previously (Chapter 2). In brief, a pair of 100 μm x 200 μm microelectrodes 

separated by 3-μm gap was patterned on heavily doped p-type silicon with 300 

nm silicon dioxide dielectric layer using standard photolithography. The chip was 

cleaned in piranha solution (3:7 (v/v) of H2O2:H2SO4), rinsed with DI water, and 

dried under nitrogen stream. The dried chip was immediately silanized to make 

the gap between the gold electrode pair highly hydrophobic by submerging in a 

2% (v/v) octadecyltrichlorosilane (OTS) in toluene for 20 min, followed by rinsing 

with toluene and ethanol. PANI nanothin film bridging the gold microelectrodes 

was deposited by electrochemical polymerization of aniline from a deaerated 

solution of 0.5 M aniline and 1 M perchloric acid using the gold electrodes as the 

two working electrodes, Ag/AgCl as reference electrode and platinum mesh as 

counter electrode. An electrochemical workstation (Model CHI 760C, CH 

Instruments, Inc., Texas, USA) was used to control the potentials of the two 

working electrodes at 0.6 V and 0.8 V vs. Ag/AgCl and monitor the current as a 

function of time. Then, the microelectrodes, Ag/AgCl reference electrode, and 

platinum mesh were submerged in a deaerated solution of 0.5 M. aniline and 1 
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M. perchloric acid (HClO4). The electropolymerization was terminated when the 

chronocurrent curves (current vs. time) bifurcated from one another. The 

bifurcation indicated completion of the electrode gap bridging with the PANI film 

as a result of Ohmic current flow. 

To modify the PANI nanothin film with KI, the device was incubated at room 

temperature in a freshly-prepared 5 mM KI (pH ~7) in water followed by drying in 

a low-vacuum desiccant.  

 

5.2.2 Gas sensing experiments 

Gas sensing operations were performed inside a temperature-controlled 

system wherein the film devices were sealed inside a 13 mL glass dome. Bias 

potential of 1 V was applied across the film in a chemiresistive transduction mode 

[10] while the device resistances were acquired using Field Point analog module 

(National Instrument, TX, USA). Mass flow controlled gas streams (mass flow 

controllers, MFCs; Alicat Scientific Inc., AZ, USA) were mixed and introduced to 

the sensor at a total flow rate of 100 cm3/min. Gas sensing parameters, including 

gas flow rate and exposure/purging time, were controlled by the LabVIEW® 

program, which was installed in a personal computer. OREC ozone generator 

(OSMONNICS, SP series) was pre-calibrated via the iodometric procedure [11] 

and installed onsite for O3 generation. Various concentrations of NO2 and SO2 

analytes were generated by diluting either 10 ppm NO2 or 10 ppm SO2 from a 

certified cylinder using dry air. The analyte exposure time of 15 min. and analyte-

free purging time of 35 min. were used in all sensing experiments.  
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5.3 Results and discussion 

5.3.1 Ozone sensing  

Detecting O3 with high sensitivity, low power consumption and facile 

operation has remained a target of interest in environmental monitoring and 

occupational safety. A group of conducting/conjugated polymers, including 

polypyrrole (PPy) [12,13], polyaniline (PANI) [14,15], and polythiophene 

(PEDOT) [16], were reported to have reactivity towards O3 at ambient conditions. 

In particular, PANI, consisting of three oxidative states - leucoemeraldine (PANI-

LE), emeraldine (PANI-EM), and pernigraniline (PANI-PG) - was found to be 

oxidized by O3 from PANI-EM to PANI-PG along with formation of nitrate and 

nitrite [14]. Thus, a sensor based on PANI as a sensing element integrated with a 

transducer that can monitor transformation of state or production of nitrite and/or 

nitrate can be used for room temperature O3 monitoring. We initially investigated 

the sensing performance of the pristine PANI nanothin film resistor to O3. As 

shown in Figure 5.1 (solid line), the device did not show detectable signal, 

resistance change, until O3 concentration exceeded 20 ppb, however, showed 

large resistance changes from 75 to 175 ppb. As expected, the resistance of the 

device increased with increasing O3 concentration and did not recover upon 

purging with air, i.e. the response was irreversible. The irreversible resistance 

increase was attributed to irreversible oxidation of more conductive PANI-EM to 

more resistive PANI-PG. Further, as shown in Figure 5.2, the detection was 

interfered by nitrogen dioxide, which can be explained by the fact that like O3, 

NO2 also oxidizes PANI-EM to PANI-PG.  
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A number of iodometric procedures have been used extensively for 

determination of O3 concentration. The procedures involve bubbling O3-laden gas 

into an aqueous solution of excess potassium iodide (KI) and monitoring liberated 

iodine (I2) or the pH change [11,17,18]. Iodometric O3 detection was reported to 

be not interfered by three to four times as much NO2 as normally found in air 

[19]. In order to improve the sensitivity and selectivity of PANI chemiresistor 

device for O3 detection, we investigated functionalizing PANI with KI. Figure 5.1 

(dotted line) shows the transient response of the KI-functionalized PANI nanothin 

film chemiresistor sensor signal to different concentrations of O3 in air at 25°C 

and 50% relative humidity. As shown in the figure, the resistance of the device 

rapidly decreased upon exposure to O3 and recovered to the original value when 

purged with humidified air. The resistance decrease, opposite of that observed 

for pristine PANI, can be explained as follows [20-23]. Potassium iodide in the 

PANI reacts with O3 to form iodate (eqn. 1) which then reacts with additional KI in 

presence of water to form iodine and KOH (eqn. 2). The liberated I2 vapor can 

further combine with iodide (I-) from KI in presence of water (Lewis acid-base 

reaction) and become triiodide (I3-) (eqn. 3). The I2 and I3- are strong dopants and 

therefore increase the PANI conductivity. On the other hand, KOH dedopes PANI 

and decreases the conductivity.  

3 O3 (g) + KI (s)   KIO3(s) + 3 O2 (g)  (1) 

KIO3 + 5 KI + 6 H2O   3 I2(s) + 6 KOH (s)  (2) 

I2 + I-    I3-    (3) 
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The decrease in resistance of the PANI device on exposure to O3 

suggested the sensing response being dominated by the I2 and I3- doping in 

comparison to KOH dedoping.  

Figure 5.3 shows the calibration plot of the KI-PANI chemiresistor sensor 

for O3. The sensor exhibited a broad dynamic range that was linear from 0 to 35 

ppb. The sensitivity (slope) in the linear region was ~0.67% per ppb. The 

estimated limit of detection (defined as LOD = 3 SD/m, where m is the slope of 

the linear part of the calibration curve and SD is the standard deviation of the 

blank) was 0.23 ppb. This LOD is far superior to reported values of 6 ppb and 15 

ppb for carbon nanotubes [24] and metal oxides sensors [25], respectively, and is 

attributed to high reactivity between iodine and O3 and highly porous-surface 

nanothin film.  

 

5.3.2 Selectivity 

The selectivity of KI-PANI device was evaluated by checking the response 

to NO2 and SO2, two oxidizing gases found widely in the environment (Figure 

5.3). The sensor showed no response over a wide range of SO2 concentration 

(25-150 ppb). However, the sensor exhibited a small response to NO2 above 25 

ppb. This response, however, was opposite to that for O3, i.e. the resistance 

increased instead of decreased, and the sensitivity and LOD were ~0.08% per 

ppb and ~2 ppb, respectively. These values were significantly lower to that for O3 

on the same sensor and also for NO2 on pristine PANI sensor. The NO2 

interference can be alleviated by trapping the NO2 in potassium permanganate 
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(KMNO4) through pretreatment of the air sample. Alternatively, the sensor can be 

used for selective detection of NO2 by oxidizing O3 with manganese oxide 

(MnO2) catalyst. 

 

5.3.3 Effect of humidity and temperature 

Figure 5.4 shows the responses of KI-PANI sensor to different 

concentration of O3 operating at three different RH (10, 35 and 50%) at constant 

temperature (25°C). As shown in the figure, lowering the humidity from 50% to 

35% decreased the sensor response but the response was still a resistance 

decrease, however, when the humidity was lowered to 10% the response of the 

sensor switched, i.e. the resistance increased. The former is attributed to the 

small reduction in the amount of available water for the conversion of KIO3 

formed by the reaction of KI and O3 to I2 (eqns. 1 & 2) and the reduced amount of 

available KI because of the self-passivation from the oxidized interface of KIO3 

[20,21]. On the other hand, at 10%RH the iodometric reaction was suppressed 

significantly compared to the PANI oxidation by O3 resulting in domination of the 

sensor response by the PANI oxidation and a switch of the sensing signal from 

resistance decrease to increase (Figure 5.4).  

Figure 5.5 shows the response of KI-PANI to O3 operating at three 

different temperatures (25, 35 and 50°C) at constant (50%) humidity. As 

illustrated in the figure, the sensor response switched, i.e. the resistance 

increased instead of decrease, when the sensing temperature was raised from 

25°C to 35°C and 50°C. This switch is ascribed to the domination of sensor 
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response by PANI oxidation over iodometric reaction because of lower 

conversion of the exothermic iodometric reactions at high temperatures. 

 

5.4 Conclusions 

To summarize, we have demonstrated the use of KI-functionalized PANI 

nanothin film chemiresistor for a highly sensitive, real-time, and low-power O3 

detection. KI particles serve as the O3 recognition materials producing I2 that 

further interacts with PANI nanothin film. The Iodometric chemistry between KI 

and O3 in presence of water is the key to the remarkable performances in the KI-

PANI film device wherein as low as 230 ppt of O3 can be detected over a wide 

dynamic range with high sensitivity without interference from SO2 and NO2 

distinguished. The sensing experiments are conducted close to the actual 

concentration ranges (NAAQS values) of O3, SO2 and NO2 in the atmosphere 

providing the evidence that the KI-PANI nanothin film chemoresistor O3 sensor 

has potential for applications in environmental monitoring and occupational 

safety.  
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Figure 5.1 Dynamic response of KI-PANI (dotted line) and pristine PANI (solid 
line) sensors to 7-35 ppb of O3 at 50%RH and 25°C. The inset show sensing 
response for 75 to 180 ppb of O3. 
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Figure 5.2 Calibration plots of the pristine PANI sensor for (    ) O3, (    ) NO2, and 
(    ) SO2 at 50%RH and 25°C. 
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Figure 5.3 Calibration curves of KI-PANI device for (    ) O3, (    ) SO2 and (    ) 
NO2 at 50%RH and 25°C. 
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Figure 5.4 Effect of humidity on the detection of O3 by KI-PANI at 25°C and (   ) 
10%RH, (   ) 35%RH, and (   ) 50%RH. 
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Figure 5.5 Effect of temperature on the detection of O3 by KI-PANI device at (    ) 
50%RH and 50°C, (    ) 35°C, and (    ) 25°C. 
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CHAPTER 6 

NERVE AGENT DETECTION USING A CUCPRIC ION-

FUNCTIOANLIZED/COORDINATED POLYANILNIE NANOTHIN 

FILM CHEMIRESISTOR 

 

 

 

 

 

ABSTRACT 

A chemiresistor for the detection of nerve agent sarin precursor/simulant 

dimethyl methylphosphonate (DMMP) at room temperature is presented. The 

sensor consisted of an electrochemically polymerized nanothin film of polyaniline 

(PANI) bridging a 3 µm gap between two gold electrodes by bipotentiostat 

technique functionalized with cupric ions (Cu2+).  Upon exposure to DMMP the 

composite sensor produced an increase in resistance, several folds higher than 

the noise, giving an excellent limit of detection, sensitivity and selectivity. The 

sensor detected DMMP with good selectivity against methanol, dichloromethane, 

tetrahydrofuran and water vapors. Field-effect transistor analysis revealed 

electrostatic gating effect as the dominating sensing mechanism.  
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6.1 Introduction 

Conducting polymers (CPs) have been widely recognized as highly 

competitive materials in microelectronics device, anticorrosive coating, and metal 

recovery, etc. They offer electronic, magnetic and optical properties of metals 

and inorganic semiconductors while retaining the attractive mechanical 

properties and processing advantages of polymers. Besides, CPs can be 

functionalized through simple surface and structural modifications; metal 

decoration, chemical treatment, and copolymerization, etc., yielding composite 

material with desired properties for specific applications. These features along 

with their chemical sensitivity in ambient conditions have propelled CPs as a 

major class of chemical transducer for high performance sensors. Polyaniline 

(PANI), a member of the conjugated polymer family, due to the modulation of its 

conductivity as a result of doping or dedoping upon interaction with chemicals is 

one of the most promising CPs used for sensor development. Using this 

property, PANI has been successfully applied as sensing layer in sensors for 

detection of acid/bases and oxidizing/reducing compounds in gases and 

solutions. 

Nerve gases/agents are chemical warfare agents that act by affecting the 

transmission of nerve impulses in the nervous system. The majority of nerve 

agents belong to the family of organophosphates. Dimethyl methylphosphonate 

(DMMP) is an organophosphonate compound, commonly used as a simulant and 

a precursor for the nerve agent sarin. It has been designated by the U.S. Army 
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for toxicology and carcinogenesis studies. Current methods of detecting 

organophosphate nerve agents are based on enzyme electrodes [1] and gas 

chromatography. While very sensitive, these techniques have limitations. 

Enzyme electrodes can only detect these agents in liquid/solution, whereas gas 

chromatography is not field-deployable and costly [1]. Chemiresistor/field-effect 

transistor devices for DMMP based on and polyaniline coated carbon nanotubes 

[2] and conducting polymer polypyrrole film [3] have been reported. The low 

sensitivity and poor selectivity were the major limitations of these devices. This 

may be due to non-specificity of the interaction between DMMP and PANI or 

polypyrrole.   

It has been reported cupric (Cu2+) salts and its chelates/complexes 

catalyze the hydrolysis of ester moiety of organophoshorus compounds. The 

hydrolysis reaction is a two-step process. First, the copper complex binds the 

phosphorus ester reversibly due to a strong affinity of phosphoryl group (P=O), 

followed by irreversible hydrolysis of the adduct-product by water [4]. Using this 

knowledge, Guilbault et al. (1981 and 1985) [5,6] and Kepley et al. (1992) [7] 

demonstrated highly sensitive and selective sensing of diisopropyl 

methylphosphonate (DIMP) vapors in air using copper complexes/chelates 

modified quartz crystal microbalance and surface acoustic wave transducers. In 

these sensors the hydrolysis reaction is not occurring on copper catalyst as the 

humidity content of air is low.  
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Coordination complexes of transition metal salts and emeraldine base of 

PANI (PANI-EB) were previously studied by Sobczak et al. (1999) [8] and 

Dimitriev et al. (2004 and 2005) [9,10], and were further utilized by Kaner et al. 

(2005 and 2009) [11,12] for detection of hydrogen sulfide (H2S) and Arsine 

(AsH3) gases. The Cu2+ complexed PANI can be utilized as a sensing material 

for DMMP detection relying on the strong affinity of Cu2+ to the phosphoryl group 

of DMMP to enhance the vapor adsorption rate and thereby sensor sensitivity.  

In this work, we investigated the performance of complexes of Cu2+ and 

PANI nanothin film as a chemiresistor for nerve agent sarin simulant DMMP. A 

systematic study was done to evaluate sensing performances of the pristine and 

Cu2+-coordinated PANI transducer toward DMMP and other chosen VOCs, 

including methanol (MeOH), dichloromethane (DCM) and tetrahydrofuran (THF) 

and water vapor. Further, field effect transistor (FET) studies on the composite 

device were conducted in presence of dry air and DMMP vapors to understand 

the sensing mechanism.  

 

6.2 Experimental 

6.2.1 Fabrication of the Cu2+-PANI complex nanothin fim 

 All chemicals were reagent grade and used with no further treatment. The 

PANI film was electropolymerized on prefabricated gold microelectrodes using a 

pair of gold electrodes (100 x 200 µm2) defined on a highly-doped silicon chip 

with a 100 nm silicon dioxide (SiO2) layer. The gold electrodes were separated by 
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a 3-µm gap, and were patterned using standard photolithography. Prior to the 

electropolymerization, the chip with the microelectrodes was cleaned by piranha 

solution (3.5 mL H2SO4:1.5 mL H2O2) rinsed by de-ionized water and finally dried 

with nitrogen gas. Subsequently, it was incubated with 2% (v/v) octadecyl 

trichlorosilane (OTS) in toluene for 20 min, followed by rinsing of fresh toluene 

and ethanol to get a highly hydrophobic surface. The electropolymerization was 

carried out in a standard electrochemical cell employing the microelectrodes as 

working electrodes, an Ag/AgCl as reference electrode and a platinum mesh as 

counter electrode. The electropolymerization of the PANI nanothin film was 

performed using bipotentiostat mode wherein constant potentials of 0.6 and 0.8 V 

were applied individually (vs. Ag/AgCl) to each gold electrode by an 

electrochemical workstation (CHI 760C, CH Instruments, TX, USA). A deaerated 

solution of 0.5 M aniline and 1 M HClO4 was used as electrolyte. During 

electropolymerization, the applied potentials caused PANI film to grow laterally 

towards the center from both electrodes and provided an indication of completion 

of the electrode gap bridging with PANI film by the bifurcation in chronocurrent 

curves as a result of Ohmic current. The result was a 9 to 20 nm-thick film with 

highly porous surface morphology (carpet-like structure) that provided a high 

surface-to-volume ratio promoting surface reactions. Film characterizations and 

sensing performance of the nanothin film-based device were previously reported 

in chapter 2.  Further, the film was dedoped in a basic solution of 0.1 M NaOH 

and then bathed in a 5 mM CuCl2 aqueous solution to form Cu2+-PANI 

96 

 



complexes film [11]. The film was gently rinsed with DI water and dried inside a 

desiccant chamber before use. 

 

6.2.2 Gas sensing experiments 

To evaluate the performance of sensors we used a custom-made sensing 

system as mentioned earlier in chapter 2. Multiple film devices were loaded on a 

bread board, sealed inside a 13 mL glass dome, and positioned in a 

temperature-controlled oven (25°C). A constant potential of 1 V was applied 

across the film device and a load resistor which was adjusted to an 

approximately equal value to the initial resistance of the film device. The sensor 

resistance was obtained by monitoring voltage over the load resistor and 

applying Ohm’s law using FieldPoint analog module (National Instruments, TX, 

USA). Background medium was made by mixing dry air and liquid-vapor 

saturated air using the mass flow controllers (MFCs MC-500sccm-D/10M; Alicat 

Scientific Inc., AZ, USA) that deliver the medium to the sensor at 200 standard 

cm3 min-1. A liquid-vapor saturated stream was produced by passing dry air 

through a bubbler that contained the liquid compound and immersed in a 

temperature-controlled water bath. All the sensing operations and data displaying 

were commanded through a standard LabView program which was installed in a 

personal computer. All the sensing experiments were performed after the sensor 

achieved a stable base line in an analyte-free background medium. The analyte 

exposure time and sensor purging time were set at 15 and 20 min, respectively.   
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6.2.3 X-ray photoelectron spectroscopy (XPS) analysis 

 The PANI nanothin film was prepared on the microelectrodes, dedoped, 

and further coordinated with the CuCl2 metal salt. The composite film was dried 

inside a low-vacuum desiccant and kept under nitrogen environment for later 

studies. XPS spectra were collected using a Kratos Axis ULTRA X-ray 

photoelectron spectrometer (Manchester, UK) with monochromatic Al Ka 

excitation, 120 W (12kV, 10 mA).  Data were collected using the hybrid lens 

setting with the slot aperture (300 x 700 mm2 analysis area) and charge 

neutralizer settings of 2.1 A filament current, 2.1 V charge balance and 2 V 

filament bias. Survey spectra were collected at a pass energy of 160 eV and high 

resolution spectra were collected using a pass energy of 40.  The data were fitted 

with Gaussian-Lorentzian line shapes.  The binding energy scale was referenced 

to the aliphatic C 1s line at 285.0 eV. 

 

6.2.4 FET analysis  

Modes of sensing and semiconductor properties of the Cu2+-coordinated 

film were acquired using a back-gated FET measurement. Constant source-drain 

potential (VSD) was applied across the film transducer while the gate potential 

(VG) was scanned from the back side of the microelectrodes chip (300 nm-thick 

SiO2 dielectric layer). The source-drain current (ISD) was plotted versus the 

scanning VG in presence of dry air and DMMP-laden medium using a 

semiconductor parameter analyzer (HP4155A, Palo Alto, CA).  
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6.3 Results and discussion 

6.3.1 CuCl2-PANI complex film and XPS analysis 

The PANI nanothin film in its conductive emeraldine salt state (PANI-ES) 

showed an initial resistance of ~125 kΩ which increased and exceeded the 

detectable range of the semiconductor parameter analyzer used in the research 

after the PANI-ES was transformed to the insulating PANI-EB by treating with 0.1 

M NaOH solution (Figure 1). The basic treatment enhanced the subsequent 

metal salt coordination, wherein the CuCl2 coordinated with PANI-EB film yielding 

the Cu2+-PANI complexes with a resistance of ~3 MΩ. The increase in film 

conductivity after complexation was attributed to a partial doping of PANI due to  

the coordination of metal cation to the imide/imine nitrogen of PANI (benzonoid 

and quinoid groups) [9,11] forming a metal salt-PANI composite with a 

conductivity that was several orders of magnitude lower than that of the acid-

doped PANI.  

The XPS revealed the oxidative state of copper ion after coordinating with 

PANI film to be mixed valance states of the Cu+ and Cu2+ at ~933.12 and 935.5 

eV of binding energy, respectively (Figure 6.2). Occurrence of Cu+ specie was 

attributed to a redox active ability of the PANI [12] that potentially reduced Cu2+ 

to Cu+. Since cupric ion (Cu2+) was the only specie that had an affinity toward 

phosphoryl group of DMMP, having a large fraction of total copper as cupric ion 

in the Cu2+-PANI film  would promote DMMP adsorption leading to a great 

enhancement of sensing performance. 
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6.3.2 DMMP detection 

 Figure 3 exhibits real-time sensing responses (∆R/R0 = [(R-R0)/R0]) of the 

pristine PANI and Cu2+-PANI complexes to DMMP vapors. The vapor 

concentration was calculated using the vapor pressure data from Butrow et al. 

(2009) [13]. As shown in the figure, there was a rapid increase in resistances of 

both pristine PANI and Cu2+-PANI complexes when exposed to DMMP vapor, 

reaching 90% of the maximum in 2.79±4.16 min. The resistance increase was 

ascribed to partial charge transfer and polymer swelling [2,14]. A comparison of 

the calibration curves (Figure 4) showed a significant enhancement of the 

sensitivity of Cu2+-PANI complexes (0.50 %/ppm) over pristine PANI (0.14 

percent/ppm). Further, the sensing response of the composite film  (ΔR/R0) and 

vapor concentration was in accordance with the Langmuir-like adsorption 

isotherm [15] (equation 1). By fitting the equation to the data in the calibration 

plot, constants (ΔR/R0)max - the maximum normalized resistance change in the 

saturated region and k - the sensor affinity were determined to be 87.77 and 

426.2 ppm, respectively.  
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whereas C represents concentration of the DMMP vapor in ppmv.   

A strong interaction between DMMP phosphoryl group and Cu2+ sites 

facilitated DMMP adsorption on the Cu2+-PANI matrix yielding a better sensitivity 

for the Cu2+-coordinated sensor. The composite device exhibited a detection limit 
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of 240 ppbV. Due to the superior sensing performance of the composite sensor, 

later studies were focused only on the Cu2+-coordinated PANI film. 

 

6.3.3 Selectivity of the complex sensor 

Sensor selectivity was evaluated by exposing the Cu2+-PANI complexes to 

other selected VOCs, including MeOH [14], DCM, and THF, and water vapors 

[12]. No significant responses were observed against these vapors (Figure 5). As 

presented in the figure, the Cu2+-PANI film was ~200 folds more sensitive to the 

DMMP vapors compared to the other vapors tested, revealing its high selectivity 

to DMMP. 

 

6.3.4 FET studies 

All FET measurements were performed by exposing the sensor to dry air 

followed by 55 ppmv and 275 ppmv of DMMP vapors. Transfer characteristic 

curves (ISD-VG) were obtained during each run, and used to determine electron 

transfer properties of the complex material. As displayed in Figure 6, the Cu2+-

PANI complex film exhibited a negative shift in threshold voltage (VTH) of ~4.1 V 

and ~5.9 V upon exposure of the Cu2+-PANI complexes to 55 and 275 ppmv of 

DMMP, respectively, with respect to air. This was ascribed to electron donation 

from the vapor to a p-type semiconductor material [16] as well as polymer 

swelling [2]. This VTH shift caused a reduction of ~1.8 x 1010 cm-1 and ~2.6 x 1010 

cm-1, respectively, in carrier concentration. Moreover, a negligible change in 
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transconductances, determined from the slope of the transfer characteristic curve 

(dISD/dVG), led to no significant change in carrier mobility. This change in carrier 

concentration and no change in mobility indicated the electrostatic gating effect 

as a dominating sensing mode for the Cu2+-PANI complex sensor [17], revealing 

a direct electron transfer upon DMMP adsorption on the complex material 

decreasing conductivity of the sensor.  

 

6.4 Conclusions 

In conclusion, we have fabricated a sensitive and selective DMMP sensor 

using the PANI nanothin film functionalized with Cu2+. The sensor is able to 

detect as low as 240 ppbv with a sensitivity of ~0.5 %/ppmv and excellent 

selectivity against MeOH, water, DCM and THF. The high selectivity and 

sensitivity is attributed to favored chemistry between Cu2+ sites and phosphoryl 

group of DMMP facilitating the vapor absorption resulting in enhanced electron 

donation and swelling effects that modulate conductivity of the sensor. The FET 

analyses suggest electrostatic gating effect as a dominating mode in sensing 

mechanism. The results show transition metal salt-PANI coordination complexes 

to have a great potential in expanding the applications of conducting polymers for 

highly sensitive and selective chemiresistor sensors for various chemicals and 

sensor arrays that can monitor and discriminate multiple analytes in a mixture.  
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Figure 6.1 ISD vs VSD curves for (a) a synthesized PANI nanothin film, (b) 
dedoped (treatment with 0.1 M NaOH) PANI nanothin film, and (c) after soaking 
of dedoped PANI with  CuCl2. 
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Figure 6.2 X-ray photoelectron spectra of the Cu2+-functionalized PANI complex 
film showing mixed potions of cupric (Cu2+) and cuprous (Cu+) ions in the 
material. 
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Figure 6.3 Real-time response curves of (a) the Cu2+-coordinated and (b) pristine 
film upon exposure to DMMP vapors. 
 

 

 

 

 

 

 

 

107 

 



 

 

Figure 6.4 Calibration curves of (∆) Cu2+-PANI complex and (  ) pristine PANI 
chemiresistor sensors for DMMP.  
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Figure 6.5 Histograms showing the discriminating power of the Cu2+-PANI 
sensor. Each bar represents the sensitivity determined upon exposing the sensor 
to 5% saturated vapors of a vaporized compound. 
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Figure 6.6 IDS-VG curves of Cu2+-PANI complex sensor in presence of (a) air, (b) 
55 ppmv DMMP and (c) 275 ppmv DMMP. 

 



CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Polyaniline (PANI) has been a target of studies for decades due to its 

stability in ambient conditions and a huge range of tunable conductivity (10-10 - 1 

S/cm) that can be tailored depending on oxidative states, degree of protonation, 

and type of the counter ion (dopant). As a result, PANI offered an amazing 

potential as a sensitive material for detecting pH condition and reducing/oxidizing 

compounds in solution phase or gas phase. 

The 1-D nanostructure of PAN has received much attention as a prime 

candidate for an ultrasensitive sensing material, based on its high surface-to-

volume ratio that focuses path of electron transportation and maximizes effect 

from surface perturbation. However, a large scale production of PANI 1-D 

nanostructure device is inhibited by the complexity in material synthesis and 

device fabrication. To tackle with the difficulty issue, a 2-D nanostructure PANI 

nanothin film was proposed as an alternative sensing material relying on 

nanometer film thickness and surface roughness that helped promoting gas 

accessibility to the film device. The nanothin film was employed as a highly 

sensitive material in a chemiresistive sensor showing the same sensing 

performance as the 1-D nanostructure with great advantages in simplicity of 

device fabrication and film mechanical durability. 
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7.1 Summary 

A one-step electropolymerization of the nanothin film was demonstrated 

utilizing the bipotentiostat technique on the alkylsilane-treated microelectrodes 

chip (chapter 2). The nanothin film showed a carpet-like nanostructure as 

observed under the AFM to be 9-20 nm thick with highly-rough surface 

morphology. To evaluate the sensing performance of the nanothin film 

chemiresistive sensor, multiple film devices were exposed to NH3 and NO2 

analytes whereas the sensitivities were determined to be ~21 and ~3,760 %/ 

ppm for NH3 and NO2, respectively. Film sensitivity was equivalent to reported 

values from the 1-D nanostructure, which was ascribed to the nanoscale film 

thickness and the highly-rough surface morphology that promoted gas 

accessibility making the film susceptible to surface perturbation. The back-gated 

FET studies revealed electrostatic gating as a dominating mode in sensing 

mechanism. 

To enhance its sensitivity and selectivity to the target analyte, the film was 

further functionalized by dipping it in an aqueous solution of specific recognition 

element whereas the element absorbed and remained in the film matrix providing 

a functional group that underwent specific reaction path with target analyte. 

Using this knowledge, a primary amine-functionalized PANI film sensor was 

prepared and applied for a detection of formaldehyde gas (chapter 3). The 

amines-formaldehyde reaction relied on nucleophilic addition reaction producing 

Schiff base and water that can subsequently modulate conductivity of the PANI 

112 
 



film. The sensing results revealed dependences of the reaction rate on 

nucleophilicity of the primary amine and acid catalyst. The L-Lysine-

functionalized PANI sensor exhibited an excellent sensitivity of ~-0.2 

percent/ppm formaldehyde and an impressive detection limit of ~350 ppb (2 folds 

lower than the PEL value of 750 ppb) with a good selectivity against other 

electrophile such as acetaldehyde and acetone. 

 A branched-amine structure of polyethylene imine (PEI) was also used as 

a recognition layer for CO2 detection in chapter 4. The acid-base reaction, CO2 

dissolution, and base-catalyzed hydration between PEI and CO2 in presence of 

water yielded carbamates and carbonic acid causing local pH change that can be 

monitored via the PANI film sensor. The PEI-functionalized PANI film showed a 

sensitive and selective detection to CO2 (LOD = 40 ppm) with no significant 

interferences from the other analytes, such as CO, CH4, and NO2. The film 

device also showed adequate reliability in detecting an unknown concentration of 

CO2 from the compressor air as compared to the NDIR measurement value.  

In chapter 5, we demonstrated the use of potassium iodide (KI)-

functionalized PANI nanothin film for a highly sensitive O3 sensor. The KI-PANI 

film sensor can detect O3 with detection limit of 230 ppt without interference from 

SO2 and distinguishable response from NO2. Sensing mechanism relied on the 

liberated iodine (I2) from the iodometric reaction that can further combine with 

iodide (I-) and become I3- and dope PANI decreasing resistance of the sensor.  
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In the last chapter (chapter 6), a nerve agent simulant DMMP sensor was 

fabricated using the PANI film functionalized with cupric chloride (CuCl2). The 

Cu2+-coordinated PANI film sensor showed a good sensitivity to DMMP vapors 

with a detection limit of 240 ppbv, and also offered good selectivity against other 

VOCs such as MeOH, water, DCM and THF. The excellence performance in 

DMMP sensing was attributed to a strong affinity of cupric ion (Cu2+) to the 

phosphoryl group of DMMP that facilitated vapor adsorption and enhanced 

sensitivity of the complex transducer. The FET measurements indicated 

electrostatic gating as a dominating mode in sensing mechanism. 

 

7.2 Future directions 

Based on these results we demonstrated, it is evident that the PANI 

nanothin film chemiresistive sensor has a great potential for gas sensing 

applications which is ascribed to its highly sensitive nanostructure and 

mechanical durability. The simple, reliable, and reproducible technique for film 

fabrication can greatly benefit a larger-scale production as opposed to the CP-

based 1-D nanostructure that has been struggled due to process difficulties.  

Mechanical durability of the film enables post-synthesis functionalization 

via easy path of modification such as dip coating, metal decoration, and 

covalently attachment through a carbodiimide linker rendering a production of 

composite material with sensitivity and selectivity to a specific analyte. Besides, 

based on the film electropolymerization technique, an in situ functionalization is 
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also possible. By using the monomer solution that contain recognition material 

and entrapping the material inside the film matrix during electropolymerization, 

the film synthesis and functionalization can be performed in one step. 

The nanothin film chemiresistive sensor holds a great promise for a 

sensitive, miniaturized and low power device that can be installed in a compact 

area or assembled into a sensor arrays for multi-analyte detection. Its future 

should rely on portable device that can be used for personal safety, indoor-

pollutant detection, and environmental monitoring. 
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