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Abstract
Room temperature operation, low detection limit and fast response time are highly desirable for a wide
range of gas sensing applications. However, the available gas sensors suffer mainly from high
temperature operation or external stimulation for response/recovery. Here, we report an ultrasensitive-
�exible-silver-nanoparticle based nanocomposite resistive sensor for ammonia detection and established
the sensing mechanism. We show that the nanocomposite can detect ammonia as low as 500 parts-per-
trillion at room temperature in a minute time. Furthermore, the evolution of ammonia from different
chemical reactions has been demonstrated using the nanocomposite sensor. Our results demonstrate the
proof-of-concept for the new detector to be used in several applications including homeland security,
environmental pollution and leak detection in research laboratories and many others.

Introduction
An ideal sensor should possess the following signi�cant features: \(i) operation at room temperature; \(ii)
working in ambient environment and no requirement of oxygen or air supply; \(iii) no external stimulus
such as Joule heating or UV illumination for response/recovery; \(iv) low detection limit; \(v) high
sensitivity and reproducibility; \(vi) fast response and recovery; \(vii) low cost and eco-friendly, etc. The
commercially available conducting polymer sensors require high power consumption since they provide
adequate sensitivity only at high temperatures. Intense research is underway to develop new sensing
materials and devices for a wide range of applications, especially, at room temperature.

Reagents
i. Silver nitrate 99.9999% trace metal basis \(Sigma-Aldrich, cat. No. 204390-50G) ii. Guar gum \(Merck
Chemicals, cat. No. 6183510500) iii. Ammonia solution 25% \(Merck Chemicals, cat. No. 105432) iv.
Silver conductive paste \(Sigma-Aldrich, cat. No. 735825-25G) v. N-butyl acetate extra pure \(S D Fine
chem. Limited, India, cat. No. 37502 ) vi. Ammonium chloride \(NH4Cl) \{Merck Chemicals, cat. No.
101145} vii. Sodium hydroxide pellets GR \(Merck chemicals, cat. No. 106482) viii.
Hexamethylenetetramine \(C6H12N4) \(Sigma-Aldrich, cat. No. 398160) ix. Methanol \(CH3OH) extra
pure \(Merck Chemicals, cat. No. 6184389051) x. Ethanol Absolute 99.9% \(C2H5OH) \(Changshu
Yanguan Chemical, China, cat. No.GB678-90) xi. Acetone \(C3H6O) extra pure \(Merck chemicals, cat. No.
6000139200) xii. Carbon tetrachloride \(CCl4) \(Merck chemicals, cat. No. 8223059200) xiii.
Trichloroethylene \(C2HCl3) \(Merck chemicals, cat. No. 6175740500) xiv. All aqueous solutions were
made using ultrahigh purity water puri�ed using a Mill-Q Plus system \(Millipore Co.) xv. Copper wire \
(0.1mm) xvi. Transparency �exible sheet \(thin sheet of transparent �exible material, typically cellulose
acetate)

Equipment
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i. Magnetic stirrer \(IKA C-MAG HS7) ii. Humidity meter \(FLUKE 971, USA) iii. UV-VIS Spectrophotometer \
(HITACHI U 2900 model no. 2J1-0004, Japan) iv. FTIR spectrophotometer \(Spectrum-100, Perkin-Elmer,
USA) v. X-ray diffraction \(XRD) Bruker D8 Advance powder diffractometer vi. Scanning electron
microscope \(SEM) using a FEI-SIRION vii. Transmission electron microscope \(TEM) with a TECHNAI
T20 microscope viii. Gatan plasma system \(Gatan Model 950 advanced plasma system) ix. X-ray
photoelectron spectroscopy \(XPS) analysis has been carried out by using Kratos AXIS ULTRA DLD
spectrometer x. Agilent device Analyzer B1500A Source-measure-unit \(SMU) xi. 75 Multimeter \(waco)

Procedure
Preparation of GG/Ag nanocomposite a) The precursors used to prepare Ag nanoparticles are GG and
silver nitrate. b) 2.5 %w/v of GG was dissolved in 10 ml distilled water with the help of magnetic stirrer. c)
After complete dissolution, the temperature of the reaction medium is raised to 70 oC. d) 10 ml of 15 mM
silver nitrate solution was then added drop wise to the solution. e) The reaction mixture was kept under
continuous stirring for 90 min. f) The synthesis takes place at pH 6. g) Short time after addition of silver
nitrate solution, the reaction medium acquires a clear yellow color indicating the formation of Ag
nanoparticles. h) In order to make the double loading, 30 mM silver nitrate were used at the identical
condition. Characterization of GG/Ag nanocomposite a) The GG/Ag nanocomposite was characterized
by XRD operating in the re�ection mode with CuKα radiation. b) The morphology of the �lms was
investigated by SEM. c) The size and shape of the nanoparticles were obtained using TEM. d) For TEM
studies, the samples were prepared by drop-casting dispersed colloidal solution on a carbon-coated
copper grid. e) FTIR spectra were recorded to con�rm the presence of the required functional groups in
the GG and GG/Ag nanocomposite. f) Normal \(�lm I) and double loaded �lms \(�lm II) were prepared by
drop-casting 15 mM and 30 mM GG/Ag nanocomposite solution on �exible transparency slide \(1cm x
1cm) followed by dried in air. g) Particle density of �lm II is higher as compared to �lm I which indicates
that the density can easily be varied by controlling the silver nitrate concentration without disturbing the
particle size. h) For electrical characterization, �lm I & II were electrically connected to a copper wire as
electrodes with the help of silver paste. The optical micrograph of the �lm with the electrical leads on a
�exible substrate is shown in Fig. 1a. Electrical measurements were taken with an Agilent SMU as
voltage-source and current-meter. i) Electrical conductivity of GG �lm, �lm I & II were carried out and it
was found to be 8.45x10-9, 1.7x10-5 and 1.84x10-5 Ω-1cm-1, respectively. This clearly indicates that the
conductivity of the �lms can be enhanced by increasing the loading of Ag nanoparticles in GG. j) XPS
and �eld-effect transistor \(FET) analysis has been carried out in order to con�rm the sensing
mechanism. Sensor measurements a) Upon exposure to aqueous ammonia of different concentrations,
the conductivity of GG/Ag nanocomposite �lm is found to increase which prompted us to explore the �lm
as chemiresistor sensors and investigate the underlying mechanism. An Agilent SMU was used to study
the temporal response behaviour. b) Aqueous ammonia sensing experiments were carried out in a simple
home-made testing chamber whose net volume ~800 cm3 \(10 cm x 10 cm x 8 cm) as shown
schematically in Fig. 1b. c) The ammonia vapors of different concentrations were introduced into the
testing chamber manually at the humidity of ~48% and temperature of 20-25 0C. The distance of
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ammonia solution from sensor �lm is kept 1 cm. d) In order to understand the sensing mechanism, we
have carried out sensing experiments under different environmental conditions \(ambient, oxygen and
nitrogen) and studied the �eld effect transistor \(FET) characteristics of the sensing �lm on a Si/SiO2 \
(300 nm thickness) substrate. e) The kinetics of a chemical reaction such as generation of ammonia
from hexamethylenetetramine \(HMT) in water at different temperatures is studied by the sensing �lm.
Similarly in another experiment, the evolution of ammonia from the reaction between ammonium chloride
and sodium hydroxide has been investigated.

Timing
i. For synthesis of GG/Ag NP nanocomposite : 90min ii. For ammonia sensing: 4-5 min

Anticipated Results
\(1) Ultimately, a sensor based on GG/Ag nanocomposite �lm has been developed which can not only be
used for the detection of sub ppb but also for few hundred ppm at room temperature under ambient
environment \(Fig. 1). \(2) It is interesting to note that the current and hence, the conductivity increases
when exposed to ammonia. It is found that the sensing of ammonia is only possible in presence of
oxygen \(Fig. 2). \(3) It is observed that only GG cannot sense ammonia. \(4) A sensing mechanism for
the ammonia detection has been established which can also be applicable for other reducing analytes
such as hydrogen, methane, etc. \(5) The main advantages of the sensor are its operation at room
temperature over the wide range and working under ambient environment. Apart from this, the sensor
does not require any external stimulus for response/recovery. \(6) The sensitivity, reversibility, stability
and reproducibility of the sensors are superior as compared to the sensors reported in the literature. \(7)
The conductance change is ~600 for a concentration of 1300 ppm. \(8) It has also been demonstrated
that the sensor can be used for the investigation of ammonia evolution from chemical reactions such as
hexamethylenetetramine with boiled water or ammonium chloride with alkali \(Fig. 3). \(9) One of the
most important advantages of the sensor is the change in current in A range which can even be detected
by a multimeter without using sophisticated source-measure-unit. \(10) The overall paramount
performance of the sensor can conveniently be �xed into portable hand-held devices and could be
deployed for a variety of applications, such as environmental monitoring, industrial applications such as
in chemical processing plants, and homeland security for counter-terrorism, and leak detection in
research laboratories.
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Figure 1

Ammonia sensing of GG/Ag �lm I. (a) Optical micrograph of the �lm on a �exible substrate. Optical
micrograph of the �lm with electrical leads is shown in the inset. (b) Schematic representation of the
experimental set up. The distance from the source to �lm is 1 cm. (c) Current-voltage characteristics with
different ammonia concentrations. (d) Temporal response to different ammonia concentrations for an
applied voltage of 20 V. Ammonia ON and OFF are indicated by arrows. (e & f) Current and sensitivity as a
function of ammonia concentration in log-log plot. Response time and recovery time are shown in the
inset. Solid lines are guide to the eye.
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Figure 2

Ammonia sensing at different environment. (a) Current stability and (b) ammonia sensing study at
different environments; ambient, nitrogen and oxygen.
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Figure 3

Ammonia evolution from chemical reaction. (a) Temporal response of ammonia evolution for different
NH4Cl concentrations (1, 2, 4, 5, 6 mM). Current as a function of NH4Cl concentration is shown in the
inset. (b) Ammonia evolution from HMT as a function of temperature. The current is measured at a
constant bias of 20 V.


