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Abstract: Single walled carbon nanotubes were functionalized with carboxyl (–COOH) group using simple acid 
treatment process. Thin films of functionalized SWCNTs were fabricated using drop cast technique from the 
dispersion prepared in de-ionized water. These films were characterized using FE-SEM, FTIR, Raman 
spectroscopy techniques and current-voltage measurements were carried at room and elevated temperature. 
SWCNT chemiresistor gas sensor devices on silicon substrate were fabricated using conventional 
microfabrication technology with pristine and functionalized SWCNTs. Fabricated gas sensors were exposed to 
ammonia in an in-house developed gas sensor characterization system and response was measured at ammonia 
concentration up to 50 ppm at room temperature. Functionalized SWCNTs chemiresistor showed an impressive 
ammonia response of 20.2 % compared with 2.9 % of pristine counterpart. Response enhancement mechanisms 
are discussed in terms of defects and gas molecule adsorption on CNT surface. The achieved results are a step 
towards development of miniaturized, room temperature ammonia sensor for environment pollution monitoring 
and control. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

Carbon nanotubes (CNTs), received great 
attention in almost every field of science and 
technology, since their discovery by Iijima in  
1991 [1]. CNTs and their composites are being 
explored for various applications, namely, gas 
sensors [2-3], supercapacitors [4], explosive 
detection [5], nanoelectronics and bio-sensors [6], 
thermoelectric power generation [7], because of their 
outstanding electrical, thermal, chemical and 
mechanical properties [8-9]. In the past decade, 

CNTs have shown great potential for gas sensing 
applications due to their room temperature gas 
sensing ability. On the contrary, commonly used 
metal-oxide gas sensors operate at higher 
temperature (300-450 oC) for which external heating 
is a requisite [10]. Moreover, complex MEMS 
technology is required for the fabrication of metal 
oxide gas sensors. Sensitivity and selectivity of CNT 
based gas sensors is tuned by attaching selected 
chemical functional groups to the CNTs. Sensing is 
based on adsorption of gas molecules on CNT’s 
surface. On adsorption, charge transfer takes place 
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between the adsorbed gas molecules and the CNTs. 
This charge transfer causes resistivity of CNTs either 
to increase or to decrease depending on the nature of 
the gas molecule. For example, ammonia and carbon 
dioxide being reducing gases, donate electrons to 
CNTs, while oxidizing gases oxygen and nitrous 
oxide accept electrons [2]. There are many sources of 
ammonia released into the environment, namely, 
agriculture, livestock, motor vehicles, food 
processing and chemical industries, excreta of 
humans and animals [11]. Ammonia gas sensing is 
very important to protect the environment and the 
water bodies so as to improve human health and life 
expectancy. Short term exposure limit (STEL) of 
NH3 for human beings is 35 ppm [12-nj]. Single 
walled carbon nanotube (SWCNT) gas sensors are 
able to sense even parts per billion (ppb) 
concentrations of the target gases [13-valentini]. 
CNT gas sensing element may be in the form of 
chemiresistor, field effect transistor (CNTFET) or 
capacitor. Structure of chemiresistive CNT gas 
sensor is simple and can be fabricated using standard 
microfabrication technology. The schematic for 
SWCNT chemiresistor gas sensor is shown in 
Fig. 1(a). It consists of silicon substrate covered with 
silicon dioxide film for electrical isolation. CNT film 
is then deposited over pre-fabricated gold 
microelectrodes forming a random network of CNTs 
between electrodes. CNTs make electrical contacts 
with gold electrodes. Upon exposure to the target 
gas, the change in resistance of the CNT gas sensor 
may arise due to three reasons; charge transfer, 
Schottky barrier modulation at CNT-Au contacts and 
barrier modulation at CNT-CNT junctions present in 
CNT film [14-15]. Sensitivity of chemiresistor gas 
sensor is measured by the percentage change in the 
resistance of the gas sensor upon exposure to the 
target gas. Sensitivity of CNT gas sensor depends 
upon the adsorption of the gas molecules at the 
available adsorption sites on the CNT, and charge 
transfer between gas molecule and CNT. There is a 
weak interaction between gas adsorbate and perfect 
CNT surface. Defects on CNT walls produce 
stronger interaction and provide adsorption sites for 
incoming gas molecules. Different defects may be 
present on the side walls and the end caps of CNTs 
such as, Stone-Wale (pentagons-heptagons) 
vacancies and dangling bonds, and heteroatoms [16]. 
Chemical processes employed for purification and 
dispersion of CNTs create various functional groups 
such as –OH, -COOH, and -NH2 on their surface  
[17-18]. The anchored functional groups further 
enhance the adsorption of gas molecules and improve 
the sensitivity of the sensor [19]. 

Although, much research work has been reported 
on CNT gas sensors, mechanisms underlying the 
sensing and sensitivity improvement using different 
approaches such as functionalization, heating, UV 
exposure, have not been completely understood yet. 
Pristine CNTs, inherently, show poor response to 
ammonia due to very few number of adsorption sites. 
Several chemical methods such as doping [20], 

functionalization [19], composites [21], metal 
nanoparticles coating [22] have been employed to 
enhance the ammonia response of CNTs.  

 
 

 
(a) 
 

 
(b) 

 

 
(c) 
 

 
(d) 

 
Fig. 1. Schematic of SWCNT chemiresistor (a), SEM 
image of Microelectrode structure (b), TEM image of 
SWCNTs (c), FE-SEM image of –COOH functionalized 
SWCNT film over microelectrodes, inset shows larger 
view of the chemiresistor (d). 
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Functionalized CNTs exhibit great potential for 
gas sensing as functional groups attached to the  
CNT surface make them very reactive and gas 
molecules adsorption becomes fast [23]. Functional 
groups which are bound to the backbone of  
CNTs determine their chemical reactivity and other 
properties. The attached functional groups are less 
stable and accelerate chemical reactions between  
the CNTs and the adsorbing gas molecules.  
Hydroxyl (–OH), carboxyl (–COOH), carbonyl  
(–CO) and amino (–NH2) are commonly used groups 
for functionalization. 

In this paper, we have studied the effect of 
carboxyl functional group (-COOH) on ammonia 
sensitivity of SWCNT chemiresistor. Commercially 
available SWCNTs were used in this study. SWCNT 
films were analysed using FE-SEM, TEM, FTIR, 
Raman Spectroscopy and Current-Voltage 
measurements. SWCNT chemiresistors were 
fabricated and ammonia gas sensing measurements 
were performed.  

 
 

2. Experimental 
 

Boron doped 2”, <100>, 1-10 Ohm-cm resistivity 
silicon wafers were used in chemiresistor  
sensor fabrication. Silicon wafers were cleaned using 
standard degreasing in acetone and  
methanol followed by piranha (5 H2SO4:1 H2O2).  
50 nm thick thermal SiO2 was grown on the silicon 
substrate at 1000 oC and its thickness was measured 
using ellipsometry. 30 nm Ti and 200 nm Au films 
were deposited by magnetron sputtering  
(TFSP-840, VST Israel). Microelectrode pattern was 
transferred to substrate by photolithography followed 
by chemical etching of Au and Ti. Gold 
microelectrode pattern after etching step is shown in 
Fig. 1(b), length and width of electrodes are  
100 μm and 10 μm respectively and the gap between 
fingers is 5 μm. There are 20 fingers in the  
electrode pattern. 

SWCNTs (96.5 % purity) were procured from 
Sigma-Aldrich with specified diameter 1.2-1.7 nm 
and length 0.3-5 µm. As per specifications, 70 % of 
the SWCNTs are semiconducting and remaining 
30 % are metallic. TEM imaging was done on  
JEOL-3010 at 300 kV acceleration voltage. Pristine 
SWCNT samples for TEM were prepared on TEM 
grids from dispersion in D.I. water. TEM image of 
SWCNT film is shown in the Fig. 1(c). Solution of 
10 mg SWCNTs in 50 mL 7 M nitric acid was heated 
in reflux condenser for 6 hours at 120 oC. Then, the 
solution was cooled to room temperature and diluted 
with DI water to stop further reaction. SWCNTs 
were filtered using cellulose acetate membrane with 
pore size of 1.2 μm. Finally, a dispersion of 
functionalized SWCNT in DI water was prepared of 
concentration 0.2 mg/mL, using sonication. 
Similarly, dispersion of pristine SWCNTs was 
prepared. These dispersions were used in the 
fabrication of chemiresistors. 

3. Fabrication of SWCNT Chemiresistor 
Sensor 

 
Pristine and functionalized SWCNT thin films 

were prepared by drops casting of the prepared 
suspensions over the fabricated microelectrode 
structures using micro-pippete. Samples were heated 
to evaporate the water content. Thus fabricated 
SWCNT chemiresistor gas sensor was then imaged 
using FE-SEM at 15 kV acceleration voltage.  
FE-SEM image of SWCNT film over 
microelectrodes is shown in the Fig. 1(d), SWCNT 
network can be seen between the electrode fingers. 
Inset shows full view of chemiresistor.  

 
 

4. SWCNT Film Characterization and 
Gas Sensing Measurements 
 
For FTIR measurements, SWCNT:KBr pellet 

were prepared by mixing dried functionalized 
SWCNTs in KBr powder in the ratio (1:200).  
FTIR spectra of the sample were measured  
on Bruker Tensor 37 FTIR spectrometer in  
4000-400 cm-1 range. 

Raman spectra of pristine and functionalized 
SWCNT film were measured using LABRAM HR 
800 micro-Raman spectrometer at wavelength of 
632.8 nm. SWCNT films were prepared on a high 
resistivity (1200 Ohm-cm) silicon substrate. Current-
voltage measurements on fabricated chemiresistors 
of pristine and functionalized CNTs were carried out 
on Keithley 4200 SCS integrated with prober 
SussMicrotek PM8, Switch Matrix and a chiller. 
Ammonia gas sensing measurements on fabricated 
pristine and functionalized SWCNT chemiresistors 
were carried out using in-house developed gas  
sensor characterization system, block diagram is 
shown in Fig. 2.  

 
 

 
 

Fig. 2. Block diagram of gas sensor  
characterization system. 

 
 

Dry air, generated by zero air generator, and test 
gas (NH3) were connected to the gas chamber. Test 
gas and dry air flow were controlled using mass flow 
controllers (MFC). MFCs were interfaced to a 
computer using the developed LabVIEW program. 
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Gas sensor chip was positioned in the gas chamber 
and electrically contacted through metallic probes. 
Resistance of the sensor was recorded continuously 
using a 6.5 digit digital multimeter (Agilent 34410A) 
which was interfaced to the computer. The gases 
were vented out through an exhaust fan connected at 
the outlet of the gas chamber. Gas sensing 
measurements were performed at room temperature. 
Measured data were analyzed and plotted in the form 
of response curves. Achieved results are presented 
and discussed in the following section. 
 
 
5. Results and Discussion 
 

TEM image of SWCNT film, shown in Fig. 1(c), 
showed small bundles of SWCNTs. Measured 
diameter of the smaller bundle is 3.74 and 3.97 nm. 
Acid treatment and sonication procedure yielded 
small bundles containing 2-3 SWCNTs of diameter 
in the specified diameter range 1.2-17 nm. It is 
known that prolonged procedure of acid and 
sonication result in single SWCNT but with shorter 
length and more defects. FTIR spectroscopy has been 
used extensively in the structural identification of 
molecules and groups. FTIR measurements have 
been performed for the identification of different 
groups attached on the surface of CNTs by the acid 
treatment. Fig. 3 shows absorption spectra of 
SWCNT sample refluxed in nitric acid (HNO3) for 6 
hours. The sample shows a distinct band at  
1776 cm-1, which can be assigned to carbonyl-
stretching (C=O) mode. Other bands observed at 
2937 cm-1 and 3318 cm-1 are characteristic of C-H 
and O-H stretches respectively. The band at  
1388 cm-1 is the representative of C=C bond, the C-C 
vibrations occur due to the internal defects. O-H 
vibrations are observed due to the amorphous carbon 
which can easily form a bond with atmospheric air 
[24]. Along with this a stretch C-OH is also clearly 
distinguishable at 1476 cm-1.  

 
 

 
 

Fig. 3. FTIR Spectra of –COOH functionalized SWCNT. 
 
 

Raman spectra measured on pristine and 
functionalized SWCNT films is shown in the Fig. 4. 

Radial breathing mode (RBM) in the sample was 
observed at 167 cm-1. Diameter of SWCNT(dt) is 
calculated using relation [25]: 

 
ωRBM = α/dt, (1) 

 
where α=248 cm-1. From measured RBM, calculated 
SWCNT diameter is 1.48 nm. The characteristic 
graphene band was observed at 1589 cm-1, the 
broadening of G-band appeared because of small 
diameter of single walled carbon nanotubes, also 
observed by Costa, et al. [26]. Defects related  
D-band was observed at 1315 cm-1. The second order 
G-band i.e. G’ – band was observed at 2624 cm-1. 
The intensity of D – band is low, which signifies less 
number of defects in the samples. Further, it was 
observed that Raman spectrum of functionalized 
SWCNTs is shifted towards right with respect to 
pristine SWCNTs spectra. This shift is attributed to 
the –COOH attachment to SWCNTs [24]. 

 
 

 
 

Fig. 4. Raman spectra of pristine and –COOH 
functionalized SWCNTs. 

 
 

Measured I-V characteristics of pristine and 
functionalized SWCNT chemiresistors are shown in 
Fig. 5(a) and Fig. 5(b) respectively. The electrical 
characteristics were measured in temperature range 
from 20 °C to 100 °C. I-V characteristics of both the 
chemiresistors are linear, thus, exhibiting ohmic 
behavior. The percentage change in resistance of 
pristine SWCNT chemiresistor was 6.6 % when the 
temperature was varied from 20 °C from 100 oC, 
whereas, in the case of functionalized SWCNT 
chemiresistor, the resistance changed by 19.66 % 
over the same temperature range. Temperature 
coefficients of resistance (TCR) of pristine and 
functionalized SWCNTs chemiresistors were 
calculated to be -0.00083/K and -0.00246/K 
respectively. TCR of functionalized SWCNTs 
chemiresistor is about three times higher than the 
pristine one. Thus, it is expected that change in the 
base resistance of functionalized CNTs chemiresistor 
will be higher compared to pristine CNTs at elevated 
temperature operation of the gas sensor. 
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(a) 
 

 
 

(b) 
 

Fig. 5. I-V characteristics of Pristine (a)  
and functionalized SWCNT chemiresistors (b). 

 
 

During gas sensing measurement, the resistance 
of pristine and –COOH functionalized SWCNT 
chemiresistors were measured with time at room 
temperature without and with controlled ammonia 
gas flow. The response (or sensitivity) of gas sensor 
is defined as: 

 

100(%)    Response
0

0 ×
−

=
R

RRg ,

 
(2) 

 
where R0 denotes initial resistance of the sensor in the 
presence of air and Rg is the resistance in the presence 
of target gas. Initially, sensor was purged with dry air 
for 15 min and initial resistance was noted as base 
resistance (R0). Sensor responses were measured for 
different concentrations of ammonia from 10 ppm to 
50 ppm in steps of 10 ppm. Exposure time of 
ammonia gas and dry air was 5 min. each. Ammonia 
response of pristine SWCNT and –COOH 
functionalized gas sensor with time for above 
concentrations is shown in the Fig. 6(a). Response 
(or sensitivities) of these two sensors to ammonia are 
plotted at different concentration levels in  
the Fig. 6(b).  

The response curves show the change in 
resistance of SWCNT chemiresistor upon exposure 
to ammonia gas. Ammonia is a reducing gas, 
adsorbed NH3 molecules donate electrons to CNTs 
which are p-type. Excess electrons reduce hole 
concentration in CNTs which results in the reduced 
conductivity, and hence an increase in the resistance. 
As shown in Fig. 6(a), response of functionalized 
SWCNTs is higher compared with the pristine at all 
concentration levels of ammonia. 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 6. Ammonia gas response of Pristine SWCNT 
chemiresistor (a), ammonia response vs concentration (b). 

 
 

At 50 ppm, functionalized SWCNT sensor shows 
response of 20.2 % compared with 2.9 % of pristine 
SWCNT gas sensor, which is a very significant 
improvement. Pattamon, et al. [27] measured 
ammonia response of carboxyl functionalized 
SWCNTs at room temperature and 56 % relative 
humidity. They have reported 2.9 % response at 
62.5 ppm ammonia concentration and maximum 
14.4 % response at a very high concentration of 
1250 ppm. A response of 29 % was measured by F. 
Goudarzi, et al. [20] on Li doped and 
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dielectrophoretically aligned SWCNTs for 500 ppm 
ammonia at room temperature. Room temperature 
ammonia response our –COOH SWCNT sensor has 
improved significantly compared with the pristine 
SWCNT sensor and is comparable with the best 
reported response of SWCNT films [20, 23]. 

Strong carbon-carbon bonding in CNTs 
suppresses their reactivity and limits their sensing 
capability. Structural defects enhance the chemical 
reactivity of carbon nanotubes [28-29]. Pristine 
SWCNTs have very less defects and hence, only 
small numbers of gas molecules are adsorbed during 
exposure. During functionalization process, 
additional defects (removal of carbon atoms, 
breaking of C=C bonds) are created on the side walls 
as well as on the ends of SWCNTs. Functional 
groups (-COOH) are attached to these defect sites 
preferably which further facilitate the adsorption of 
ammonia gas molecules. As a result, more number of 
ammonia gas molecules are adsorbed on the SWCNT 
sensor, contributing to increased charge transfer 
between CNTs and ammonia molecules [30]. This 
results in larger change in the resistance of the 
sensor. Thus, sensitivity of –COOH functionalized 
SWCNT ammonia gas sensor is enhanced. The 
degree of enhancement in sensitivity of SWCNTs 
depends upon type of functional group and the 
amount of functional group attached.  

As seen in the TEM image in Fig. 1(c), our 
SWCNT film contains bundles of few CNTs of either 
identical or different diameters held together by van 
der Waals interactions. In bundles with different 
diameter CNTs, there are more interstitial channels 
than in the bundles of identical diameter. It is 
predicted theoretically that gas molecule adsorption 
on the surface or inside of the SWCNT bundle is 
stronger than that on individual SWCNT [30]. Based 
on this prediction, better gas response is expected in 
bundled SWCNTs sensors than in individual 
SWCNT based sensors. 

Harsh acid treatment at elevated temperatures 
may lead to further damage and shortening of the 
SWCNTs length which pose fabrication and 
reliability challenges. It is also observed that initial 
resistance of sensor increased at increasing ammonia 
concentration levels. It is due to the fact that we have 
given dry air pulse of 5 minutes duration after each 
pulse of increasing ammonia concentration. Some of 
the adsorbed molecules remain on CNT even after 
dry air pulse and manifest in the increased base 
resistance. The adsorbed ammonia molecules may be 
desorbed by; longer dry air pulse, heating the sensing 
film or UV irradiation. This way base line resistance 
will be maintained and recovery of sensor may  
be improved.  
 
 
6. Conclusions 

 
SWCNTs have been functionalized with –COOH 

group using acid treatment and chemiresistor with 
pristine and functionalized SWCNTs were fabricated. 

Increased TCR of carboxyl functionalized SWCNTs 
was observed. Measured ammonia response of 
functionalized SWCNTs chemiresistor gas sensor 
was 20.2 % while with pristine SWCNTs it was 
2.9 % at 50 ppm ammonia. The sensitivity 
enhancement has been discussed and is related to the 
defect and functional group created during acid 
treatment and sonication process. The achieved 
results are important as they demonstrate that the 
sensitivity of a SWCNT gas sensor can be enhanced 
by the presence of attached –COOH group. However, 
apart from sensitivity, selectivity is also a challenge 
for reliable CNT gas sensor development. As 
ammonia gas sensors are intended to be deployed in 
closed as well as in open environment, study of the 
effect of humidity and temperature is very important 
for calibration, interface circuitry and working room-
temperature SWCNT ammonia sensor device.  
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