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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-flexible-
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 as an example. 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.

mmonium nitrate is present in many explosives and is known to gradually decompose and release trace

amounts of ammonia. It is, therefore, essential to detect a trace of the gas to prevent the fatal accidents. The

variation of conductivity of metal oxides and conducting polymers has been explored for the detection of
ammonia in ppb (parts-per-billion) range. The conventional solid state and conducting polymer sensors suffer
from ultralow detection at room temperature'*°. 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. It has been shown that the graphene and carbon nanotube based detectors can operate at room
temperature”—>>. However, it is required to supply air or oxygen along with ammonia and apply either a current of
100 mA or UV illumination in order to clean the adsorbed gas molecules for sensor recovery”**. A self-activated
highly sensitive graphene® or metal oxide nanostructures® have been reported where the response time is few
minutes.

An ideal sensor should possess the following significant 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. We have previously reported
the aqueous ammonia sensing of guar gum/silver nanoparticles (GG/Ag) solutions based on the variation of the
surface plasmon resonance (SPR) peaks*. Limitations of the method are that the solution cannot be reused and
the detection limit is ppm level. Here, we report an ultrasensitive chemiresistor sensor based on GG/Ag nano-
composite for ammonia detection. The conductance of the sensor increases and the change is shown to be
improved by increasing the loading of Ag nanoparticles. Our experimental investigation reveals that GG and
nanoparticle interface is an active site for ammonia sensing (GG alone cannot sense ammonia), and the envir-
onment especially oxygen play a significant role. Our experimental findings indicate that the sensor in all aspects
qualifies to be considered as an excellent sensor. Sensitivity, stability, reproducibility and durability studies reveal
excellent device properties that can be explored as ammonia sensor for explosive and medical applications. The
most important advantages of the sensor are the room temperature operation in ambient and wide range of
detection ranging from few parts-per-trillion (ppt) to few hundred ppm.

Results

Ammonia sensing study. The sensing properties of the GG/Ag nanocomposite films are tested against increasing
ammonia concentration in the range of 500 ppt-1300 ppm by monitoring the changes in current through
current (I)-voltage (V) measurements in ambient. Optical micrograph of the film I (obtained from 15 mM of
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Figure 1| Ammonia sensing of GG/Ag film I. (a) Optical micrograph of the film on a flexible substrate. Optical micrograph of the film with electrical
leads is shown in the inset. (b) Schematic representation of the experimental set up. The distance from the source to film 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.

Ag precursor) on a flexible substrate is shown in Fig. 1a. The sensor
GG/Ag nanocomposite film with electrical leads is shown in the inset
of Fig. 1a. The ammonia sensing experiments are carried out using a
testing chamber as shown in Fig. 1b. It may be noted that ammonia
gets generated from aqueous ammonia as NH,;OH — NH; + H,O0.
Figure 1c shows the I-V characteristics of film I at room temperature
for different ammonia concentration. It is interesting to note that the
current and hence, the conductivity increases when exposed to
ammonia. In this context, it may be noted that the conductivity of
porous silicon*® and B-Fe,O; nanoparticles™ increases with the
interaction of NH; molecules, while the conductivity decreases for
chemiresistor films comprised of gold or platinum nanoparticles and
1,9-nonanedithiol®® and Ag mesowires'®. No change of current was
observed for polysaccharide without Ag nanoparticles. Temporal
response for different ammonia concentration is shown in Fig. 1d.
The current is found to increase with the increase of ammonia
concentration as shown in Fig. le.

It is evident that the sensing of ammonia vapor by the GG/Ag
nanocomposite film has good reproducibility. Reproducibility with
800 ppm ammonia concentration for 3 cycles is shown in
Supplementary Fig. S1. The sensitivity is defined as s = Ad/ago, Ac
= 0 — 0y, where g, and ¢ are the conductivity without and with
ammonia exposure. Figure 1f shows the dependence of ammonia
concentration on the sensitivity of film I It can be noted that the
sensitivity increases in the wide range of concentration. This is in
good agreement with the theoretical prediction of sensitivity of res-
istive sensor that is proportional to the concentration of the analyte™.
The response as well as recovery time are comparable and found to
increase with the increase of ammonia concentration as shown in the
inset of Fig. 1.

Shown in Fig. 2a are the temporal responses of GG/Ag film II
(obtained from 30 mM Ag precursor) to different ammonia concen-
tration of 500 ppt, 50 ppb, 1 ppm, 20 ppm and 50 ppm. The current
increases with ammonia concentration (Fig. 2b) as is the case with
film I'and the variation of sensitivity is shown in Fig. 2c. Interestingly,
the sensitivity increased almost 1.5-fold with identical response and
recovery time as for film I. The response of film II to 500 ppt clearly

indicates that sub-ppb ammonia concentration can easily be
detected. The response time is ~50 s. The response as well as recov-
ery time are comparable and found to increase with the increase of
ammonia concentration as is the case of film I and shown in Fig. 2d. It
may be noted here that both the detection limit and the sensitivity
can also be improved further by reducing the distance between the
sensor and the source.

In order to test the durability and stability of the sensing prop-
erties, the films were aged at ambient conditions for several weeks
and the response to 800 ppm was monitored. It is seen that the
sensitivity decreases by 4% for 90 days aged film depicting the high
stability of the films (Supplementary Fig. S2). It is also observed that
the chemiresistor based ammonia sensing is found to be stable after
several measurements. SEM images of the film taken after sensing
studies (Supplementary Fig. S3) clearly reveals the stability of the
film.

Discussion
It is well established for metal oxide semiconductors that oxygen
chemisorbs on the sensor surface and the resistance changes are
monitored with and without the analytes. In order to understand
the mechanism associated with the GG/Ag nanocomposite film,
the effect of different environment (ambient, nitrogen and oxygen)
on the conductivity/current of film I has been studied. Temporal
response in different ambient is shown in Fig. 3a,b. It can be noted
from Fig. 3a that the current decreases in ambient for ~5 s and
remains stable, while the current continues to decrease even after
100 s under the oxygen supply. However, the current does not
change in nitrogen environment. The current decrease in ambient
or oxygen may be due to the chemisorbed oxygen due to applied
voltage. The decrease in the current in oxygen environment is almost
four times more than in ambient. The extent of decrease in current
possibly depends on the oxygen concentration. It may be noted that
ambient environment contains ~21% oxygen which is four times
lesser than 100% pure oxygen gas.

In another batch of experiments, ammonia sensing at 500 ppm
were performed by sequential altering the environmental conditions
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Figure 2 | Ammonia sensing of GG/Ag film II. (a) Temporal response to different ammonia concentrations. Ammonia ON and OFF are indicated by
arrows. (b & ¢) Current and sensitivity as a function of ammonia concentration in log-log plot. Solid lines are guide to the eye. (d) Response time and
recovery time as a function of ammonia concentration. Solid lines are guide to the eye.

and the results are presented in Fig. 3b. It is evident that the excellent
repeatability in the sensor response and recovery both in ambient
and in oxygen is observed with a greater than 99% recovery after 1-
3 min. However, the sensor does not respond in nitrogen atmo-
sphere even though the films are treated with oxygen plasma
(Supplementary fig. S4). As the sensing behaviors are identical in
ambient and oxygen environments, our sensor can be excellent
ammonia detection in ambient environment.

Based on the experimental results, the plausible mechanism of
ammonia sensing has been established. Chemisorptions of oxygen
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Figure 3 | Ammonia sensing at different environment. (a) Current
stability and (b) ammonia sensing study at different environments;
ambient, nitrogen and oxygen.

onto GG/Ag nanocomposite interface acts as an active species (Fig. 4)
as is the case of metal oxide semiconductors. It is also seen that the
sensitivity increases with the increase of Agloading in the film. This
signifies the more interfacial active sites available for oxygen adsorp-
tion and subsequent ammonia sensing. Here, the role of Ag nano-
particles could be the breaking of hydrogen bonding®~** and -OH
groups so that the oxygen gets adsorbed onto interface of the GG/Ag
nanocomposite as O, (Fig. 4). The ~OH groups free form hydrogen

NH,

Figure 4 | Sensing mechanism. Oxygen chemisorbs on the sensor surface.
The interfacial active sites are available for oxygen adsorption. Higher is the
Ag loading, more is the active site for the oxygen adsorption, thereby
increasing the sensitivity. When the sensor is exposed to ammonia, the
oxygen gets released and the conductance/current increases.
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Figure 5 \ Ammonia evolution from chemical reaction. (a) Temporal response of ammonia evolution for different NH,Cl concentrations (1, 2, 4, 5,
6 mM). Current as a function of NH,Cl 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.

bonding in the GG/Ag nanocomposite possibly get hydrogen bonded
with O, . The chemisorbed oxygen extracts electron from the sensor
resulting in the decrease in current. It may be noted that the sensor
behaves like n-type semiconductor (Supplementary Fig. S5) with an
electron carrier concentration and mobility of ~4.5 X 10" cm™ and
4.6 X 10* cm?/ Vs, respectively. The incoming ammonia vapors take
away the adsorbed oxygen releasing the electron to the sensor.
Therefore, the current/conductivity increases with the exposure to
ammonia. It was also observed that there is no response in nitrogen
environment (Fig. 3¢c). Furthermore, we have obtained nearly the
same atomic percentage (~1.4 at%) of nitrogen in the GG/Ag films
before and after ammonia sensing experiment (Supplementary fig.
S6). The results clearly depict that there is no direct interaction
(either chemisorptions or physisorption) of ammonia with the sens-
ing film. The presence of nitrogen can be attributed to the protein
impurities (~5 wt%) present* in the commercial guar gum.

The influence of humidity on the ammonia sensing for GG/Ag
nanocomposite film has been studied under different natural humid-
ity (%RH) conditions (Supplementary fig. S7). A monotonic increase
in the sensitivity (within 12%) is observed for a concentration of
500 ppm when the humidity is between 25 and 70%RH. This is
expected for n-type materials due to the “donor effect” of water
molecules***. Overall, the humidity has to be known for accurate
detection of the ammonia concentration or else the senor should be
calibrated at a humidity of 50%RH so that the variation in the sens-
itivity will be within 6%.

We have also carried out the sensing studies under flat and bend-
ing conditions. The I-V characteristics of film in nitrogen and ambi-
ent with different bending angles (0 to 40°) are shown in
(Supplementary fig. S8a,b). The current through the film decreases
in ambient environment while no change is observed in presence of
nitrogen. This can be due to the stretching of the flexible film upon
bending which increases the active interfacial sites for oxygen
adsorption leading to a decrease in the current. The temporal res-
ponse (Supplementary figure S8¢c,d) with different bending angles
(0-40°) indicates that the sensitivity increases (about 7.5% upon
bending of 0-20°) initially followed by a decrease in the sensitivity
(about 22.7% for a bending angle of 40°). This can be understood by
the initial increase in the active sites upon bending which increases
the sensitivity of the film. At higher bending angle, the average dis-
tance between film and the analytes increases leading to a lower
sensitivity of the film. Similar increase in the sensitivity of the sensor
with the bending angle is being reported by other groups***.

A clear demonstration of advanced functional properties of GG/
Ag film for real-life applications of ammonia sensing has been per-
formed. A fundamental well known chemical reaction in chemistry is

used for ammonia evolution. Ammonia evolves when NH,Cl reacts
with NaOH. The reaction in equation (i) as:

NH,Cl+ NaOH—NH; + NaCl+ H,O (i)
It may be noted that one mole of NH,Cl generate one mole of NHj.
Hence, the amount of NH; should be proportional to the amount of
NH,CI. We have examined the ammonia evolution by increasing the
concentration of NH,Cl in the range of 1-6 mM and monitoring the
changes in current. Figure 5a shows the temporal response of film I
for different concentration of NH,CL. It is interesting to note that the
current i.e. the amount of ammonia evolution increases linearly with
the concentration of NH,CI as shown in the inset.

In another experiment, we examine a reaction proposed in
the literature. It is believed that hexamethylenetetramine (HMT,
C¢H;,N,) decomposes by water to form formaldehyde and ammonia
vapour above 60°C, which dissociates further to form ammonium
cations and hydroxyl anions as shown in equation (ii)***":

C6H12N4+6H20—>6H2CO+4NH3 .
ii
NH; +H,0->NH,OH—>NH; + OH ™~ (1)
HMT has been widely used in the preparation of oxides such as
Co0504, CeO,, ZnO, CuO, ZrO, and HfO, nanostructures**->*, In this
context, it may be noted that the growth of these oxides takes place
above ~60°C. Surprisingly, no change in the current has been
observed till the temperature of the solution reaches 60°C as shown
in Fig. 5b. Above this temperature, there is a gradual increase in the
current till 95°C beyond which it intends to saturate. It signifies the
reaction starts at above 60°C that corroborates with the reported
literature*>’. In the absence of HMT, the current increases above
45°C and saturates around 80°C. It may be noted the saturation
current is almost half in the absence of HMT. The increase of current
above 45°C may be due to water vapour evolves during heating. Over
all, the kinetics of any laboratory reaction with ammonia or any other
reducing gas evolution and any other harmful gases can easily be
monitored.

To confirm the selectivity of the sensor, we have performed sens-
ing studies for various organic vapors such as methanol (CH;OH),
ethanol (C,HsOH), acetone (C3HgO), carbon tetrachloride (CCly)
and trichloroethylene (C,HCl;) as shown in Fig. 6. The concentra-
tion of all the analytes is 500 ppm. No change in current was
observed and hence, the sensitivities are closed to zero for ethanol,
methanol and acetone. On the other hand, the sensitivities for carbon
tetrachloride and trichloroethylene are found to be 0.16 and 0.10
respectively which are much lower compared to ammonia (~60).
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Figure 6 | Selectivity of the sensor. Selectivity of GG/Ag nanocomposite
for ammonia sensing. Inset shows the response to different analytes. The
concentration of different analytes is 500 ppm.

This suggests the selectivity of the sensor toward ammonia.
Ammonia is known to be a strong reducing agent among the analytes
investigated, takes away the chemisorbed oxygen present on the
sensor surface efficiently resulting in a high sensitivity.

Ultimately, a sensor based on GG/Ag nanocomposite film has
been developed which can not only be used for the detection of
sub ppb but also for few hundred ppm. A sensing mechanism for
the ammonia detection has been established which can also be
applicable for other reducing analytes such as hydrogen, methane,
etc. The main advantages of the sensor are its operation at room
temperature over the wide range and working under ambient envir-
onment. Apart from this, the sensor does not require any external
stimulus for response/recovery. The sensitivity, reversibility, stability
and reproducibility of the sensors are superior as compared to the
sensors reported in the literature. The conductance change is ~600
for a concentration of 1300 ppm. It has also been demonstrated that
the sensor can be used for the investigation of ammonia evolution
from chemical reactions. One of the most important advantages of
the sensor is the change in current in yA range which can even be
detected by a multimeter without using sophisticated source-mea-
sure-unit. The overall paramount performance of the sensor can
conveniently be fixed into portable hand-held devices and could be
deployed for a variety of applications, such as environmental mon-
itoring, industrial applications such as in chemical processing plants,
and homeland security for counter-terrorism, and leak detection in
research laboratories.

Methods

Materials. AgNO; was purchased from Aldrich and used without farther
purification. Guar gum was purchased from Merck, India. All aqueous solutions were
made using ultrahigh purity water purified using a Mill-Q Plus system (Millipore
Co.).

Preparation of GG/Ag nanocomposite. The precursors used to prepare Ag
nanoparticles are GG and Ag nitrate. 2.5%w/v of GG was dissolved in 10 ml distilled
water with the help of magnetic stirrer. After complete dissolution, the temperature of
the reaction medium is raised to 70°C. Now 10 ml of 15 mM Ag nitrate solution was
then added drop wise. The reaction mixture was kept under continuous stirring for
90 min. The synthesis takes place at pH 6. Short time after addition of Ag nitrate, the
reaction medium acquires a clear yellow color indicating the formation of Ag
nanoparticles. In order to make the double loading, 30 mM Ag nitrate are used,
keeping all the conditions same. The details procedure has been reported elsewhere*.

Characterization of GG/Ag nanocomposite. The GG/Ag nanocomposites were then
characterized by X-ray diffraction (XRD) using Bruker D8 Advance powder
diffractometer operating in the reflection mode with CuKa radiation. The
morphology of the films was investigated by scanning electron microscope (SEM)
using a FEI-SIRION. The size and shape of the nanoparticles were obtained using
transmission electron microscope (TEM) with a TECHNAI T20 microscope. For
TEM studies, the samples were prepared by directly dispersing the colloidal solution

on a carbon coated copper grid. Fourier transform infrared spectroscopy (FTIR)
spectrum was recorded in FTIR spectrophotometer (Spectrum-100, Perkin-Elmer,
USA) to confirm the presence of the required functional groups in the GG and GG/Ag
nanocomposite.

TEM image shown in Supplementary Fig. S3a reveals that Ag nanoparticles are
spherical and encapsulated by the GG as shown in the inset of Supplementary Fig.
S3a. The corresponding size distribution histogram obtained for 542 particles is
shown in the inset of Supplementary Fig. S3a which clearly illustrates that the size of
the particles is in the range of 4-14 nm with an average particle size of 8.5 nm.
HRTEM images shown in Supplementary Fig. S3b & c indicate single crystalline
particles with a lattice spacing of 0.237 nm, matching with the d-spacing in the (111)
plane of Ag with a face-centered cubic (fcc) structure. SEM images of GG/Ag
nanocomposite films are shown in Supplementary Fig. S3d & e. Ag NPs embedded in
GG are clearly seen and the particle density is found to be ~10"" #/cm>.

FTIR spectra were recorded for the structural characterization of GG and GG/Ag
nanocomposite in order to identify the significant functional groups of GG
(Supplementary Fig. S9, Table S1). Shift in the absorbance peaks from 1426 to
1398 cm ™' suggests the binding of Ag ions with carbonyl groups of GG**. However,
the shift in the alcoholic groups (1046 to 1024 cm™') suggest the reduction of the
silver ions by the oxidation of the hydroxyl and carbonyl groups. Over all, it can be
concluded that both hydroxyl and carbonyl groups of GG are involved in the syn-
thesis of Ag nanoparticles™.

Electrical conductivity of GG and GG/Ag nanocomposite film I was performed
under ambient environment. Normal film (Film I) is obtained with 15 mM and the
other film (film II) is prepared with 30 mM. Particle density of GG/Ag film (film II) is
higher as compared to film I which indicates that the density can easily be varied by
controlling the AgNO; concentration without disturbing the particle size.
Conductivity of thin film of GG, (film I & II) was found to be 8.45 X 107°,1.7 X 10~°
and 1.84 X 107> Q 'cm™', respectively. This clearly indicates that the conductivity of
the films can be enhanced by increasing the loading of Ag nanoparticles in GG
(Supplementary Fig. $10). Furthermore, the change in the conductivity of GG/Ag
nanocomposites upon exposure to aqueous ammonia prompted us to explore the film
as chemiresistor sensors and investigate the underlying mechanism. SEM image of
film II after several measurements is shown in Supplementary Fig. S3f, which suggests
that the films are stable to ammonia exposure. X-ray photoelectron spectroscopy
(XPS) analysis has been carried out by using Kratos AXIS ULTRA DLD spectrometer.

Sensor measurements. Thin films of GG/Ag nanocomposite were formed on a
flexible transparency slide (1 cm X 1 cm) by a drop-cast method and dried in air.
Once the films are formed, Ag paste is used to make electrodes for electrical
measurements. The optical micrograph of the film on a flexible substrate is shown in
Fig. 2a. The sensor GG/Ag nanocomposite film with electrical leads is shown in the
inset of Fig. 2a. An Agilent device Analyzer B1500A was employed to serve as both
voltage source and current meter. Aqueous ammonia sensing experiments were
carried out in a simple home-made testing chamber whose net volume ~800 cm’
(10 cm X 10 cm X 8 cm) as shown in Fig. 2b. The distance of ammonia solution
from sensor film is kept 1 cm. The concentrated ammonia vapors of different
concentration were introduced into the testing chamber manually at the humidity of
~48% and temperature of 20-25°C.

In order to understand the sensing mechanism, we have carried out experiments
under different environmental conditions (ambient, oxygen and nitrogen) and
studied the field effect transistor (FET) characteristics of the sensing film on a Si/SiO,
(300 nm thickness) substrate.
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