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A novel, highly sensitive gold nanowire (AuNW) resistive sensor is reported here for humidity sensing in the
relative humidity range of 11% to 92% RH as well as for breath sensing. Both humidity and breath sensors are
widely needed. Despite a lot of research on humidity and breath sensors, there is a need for simple,
inexpensive, reliable, sensitive and selective sensors, which will operate at room temperature. Here we
have synthesized gold nanowires by a simple, wet chemical route. The nanowires synthesized by us are
4-7 nm in diameter and a few micrometers long. The nanowires are amine functionalized. The sensor
was prepared by drop casting gold nanowires on an alumina substrate to form a AuNW layer with
different thicknesses (10, 20, 30 um). The AuNW sensor is highly selective towards humidity and shows

minimum cross sensitivity towards other gases and organic vapors. At an optimum thickness of 20 um,
Received 11th October 2021

Accepted 6th December 2021 the humidity sensing performance of the AuUNW sensor over 11% to 92% RH was found to be superior to

that of 10 and 30 um thick layers. The response time of the sensor is found to be 0.2 s and the recovery

DOI: 10.1039/d1ra07510a time is 0.3 s. The response of the AUNW sensor was 3.3 MQ/% RH. Further, the AUNW sensor was tested
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1. Introduction

Amongst the various nanostructured materials, gold metal
nanostructures have attracted great attention due to their
interesting and enhanced optical, catalytic and electronic
properties.”” In ancient times, gold was used in making glass
for decorative purposes, without knowing how it produced
attractive magenta, pink, red and other colors depending on its
processing. Now it is known that the particle size and shape,
leading to different spectral positions of surface plasmon
resonance are responsible for these exotic optical properties.
Gold is well known for its non-interactive nature, but at the
nanoscale it enables surface interactions. Research in the 20™
and 21% century has lead to better understanding and use of
gold nanostructures in areas like biosensors, gas sensors, drug
delivery, tissue welding, photo therapy and so on.*** Conven-
tionally, metal oxides like doped SnO,, ZnO etc. are considered
to be good humidity sensors. There are a variety of ways of
humidity sensing viz. gravimetric, capacitive, resistive, magne-
toelastic methods etc. which have been reviewed earlier.®'>**
However, in the last few years gold nanostructures have
emerged as alternative sensors because of their operation at low
temperatures.”® Our group also has reported recently use of
bimetallic core-shell resistors in humidity sensing."> Humidity
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for sensing human breathing patterns.

sensors are required in hospitals, air conditioners, automo-
biles, research laboratories, space vehicles and many other
areas. They are also required for agricultural use like food
packaging, testing of soil moisture or green house mainte-
nance.*'*" Zaihua Duan et al.*® have recently fabricated a hal-
loysite nanotube based sensor for humidity sensing in the range
of 7.2-91.5% RH. Shaukat et al."” have demonstrated a highly
sensitive TiSi, based humidity sensor with all range linear
humidity sensing performance. Yanyi Huang et al.*® have used
halide perovskites as potential humidity-detection materials
due to their sensitivity to water. Here lead-free Cs;Cu,Brs
perovskite microcrystals are used to prepare an environmentally
friendly humidity sensor.

Although many humidity sensors are available, still there is
a lack of highly sensitive, inexpensive and reliable humidity
sensor, which is still a driving force in search of new materials
for humidity sensors.

Our efforts in search of humidity sensor show that gold
nanowires (AuNW) are highly sensitive, selective, stable,
covering large range (11% to 92%) of humidity. Electro-
chemical, optical humidity sensors based on AuNW have been
reported earlier but resistive AUNW humidity sensors are not
reported. AuNWs have a large surface to volume ratio due to
their large aspect ratio viz. large length (few pm) to diameter
(few nm). Moreover, AuNW are able to make a very well network,
which can increase their overall conductance. The resistive
sensors are much easier to operate, portable and user friendly
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compared to other types of sensors. Moreover, the sensor we
propose here is operated at room temperature, which is another
cost reducing factor, making it more useful. Further, we have
demonstrated it as a breath sensor. The idea of using it as
a breath sensor is based on the fact that humans exhale ~5 to
6% (by volume) water vapor while breathing. Therefore, the
material sensitive towards humidity easily works as a good
breath sensor/analyzer." Moreover, if they are compact they can
be portable and useful as wearable device. Breath analyzers are
useful in health monitoring as breath patterns are indicators of
health. Therefore, wearable compact breath analyzers need to
be developed. Recently, breath analyzers using ink jet printed
gold nanoparticle and gold aerogel sensors have also been re-
ported.”®** Nevertheless, the gold nanowire-based sensor
proposed here is more sensitive and easier to fabricate.

2. Experimental
2.1 Materials

Gold chloride (HAuCl,-H,0), oleylamine (OA) (C;sHj3,N),
hexane (C¢Hy4), triisopropylsilane (TIPS) (CoH,,Si) from Sigma
Aldrich and deionized (DI) water were used in this synthesis of
AuNW.

2.2 Synthesis procedure

AuNWs were synthesized using a very simple wet chemical
method.?” In this one step procedure 3 mg of gold chloride was
added to 2.5 mL hexane. Further 100 pL oleylamine and 150 uL
triisopropylsilane (CoH,,Si) were added to it. A yellow colored
solution was obtained. This solution was left undisturbed for 12
hours at room temperature which turns into dark red color. The
resultant product was centrifuged and washed three times with
ethanol to remove excess oleylamine and re-dispersed in
hexane. Final product is oleylamine capped gold nanowires
(AuNW).

2.3 Characterization

The obtained AuNW have been characterized by using various
characterization techniques. UV-Visible analysis was performed
using Jasco V-570 spectrometer. The AuNW solution was placed
in a quartz cuvette and the optical spectrum was then recorded
in the 400 to 800 nm range.

The morphology of the AuUNW sample was investigated using
a Field Emission scanning electron microscope (FESEM) JEOL-
Hitachi S-4800F. The sample was prepared as follows; a drop of
AuNW solution was placed on the Si substrate and dried. The
substrate was inserted in the vacuum chamber of the FESEM
held at ~10~% mbar vacuum.

The structural analysis was performed using X-ray diffraction
analysis. Rigaku Miniflex X-ray diffractometer equipped with
copper target (CuK,1, 2 = 1.5406 A) using nickel filter was used
for the analysis. Few drops of AuNW liquid sample were allowed
to dry on the glass substrate used for the XRD analysis. The
diffraction pattern was recorded from 26 - 20° to 60° angular
range.
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FTIR analysis of AuNW liquid sample in the spectral range
from 400 to 4000 cm™' was carried out using a Bruker
TENSOR37 spectrometer.

2.4 Humidity sensing

For measurement of humidity sensing performance, AuNW
were coated on interdigitated electrodes (IDE) using drop-
casting method (Fig. 1(a)). The IDE is made up of alumina
substrate with silver patterns on it. The thickness of the coating
layer was varied as 10, 20 and 30 micron. The IDE was then
connected to Keithley digital multimeter (DMM 7510) to
measure the change in resistance. The humidity sensing
performance was measured in air tight controlled humidity
chambers containing 50 mL standard supersaturated solutions
with respective specific relative humidity, KNO; (92% RH), KCl
(84% RH), NaCl (75% RH), NH,NO; (62% RH), Ca(NO;),-4H,0
(51% RH), MgCl,-6H,0 (33% RH) and LiCl, (11% RH). The
chambers with standard solution were kept air-tight for 24 h to
attain the equilibrium. For measurement of humidity perfor-
mance, the sample was exposed to each chamber and resultant
change in resistance was recorded on digital multimeter at
room temperature (~30 °C). The chamber exchange process was
done within fraction of seconds to avoid the exposure of sample
to outside environment.

For breathing analysis, the IDE was fitted inside the mask (as
shown in Fig. 1(b)) and connected to the digital multimeter. The
breathing patterns were obtained by exhaling and inhaling over
the sample.

3. Results and discussion

There are several methods by which AuUNW with desired shapes
can be produced. Particle assembly, hydrothermal method,
template assistance or physical deposition are some of the
common methods to synthesize gold nanowires.>**” However,
these methods have several disadvantages. Lengthy reaction
time, high temperature treatment, complicated steps, poor
morphology of the produced nanowires are some of these
problems. Using the single step procedure, following ref. 22, we
could obtain AuNWs.

In Fig. 2(a) UV-Vis spectrum of AuNW solution along with the
actual photograph of as-prepared sample (inset) is shown. The

Fig. 1 (a) AuNW coated IDE (b) AuUNW coated IDE fitted inside mask.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-Visible spectrum (b) FESEM image (c) XRD pattern of AuNW (d) FTIR spectra of TIPS, OA and AUNW.

solution has a dark magenta color and the spectrum shows
a single peak located at ~531 nm, which is matching with the
reported literature.*® Morphology of the sample can be seen
from FESEM in Fig. 2(b). The AuNW have a high aspect ratio.
The diameters of the AuNW varied from ~4 to 7 nm i.e. average
diameter was ~5.5 nm and lengths were 1.5 pm making an
aspect ratio of ~300. The wires were also found to be crystalline
as is evident from the XRD analysis. Fig. 2(c) depicts the X-ray
Diffraction pattern of amine coated gold nanowires of
extremely high aspect ratio. One can notice four characteristic
peaks at 260 = 38.36°, 44.48°, 64.82° and 76.44° corresponding to
(100), (200), (220) and (311) diffraction planes respectively and
can be attributed to FCC structure of gold which is in agreement
with the JCPDS card #04-0784. The other peaks are due to Si
substrate. Apart from these no other impurity peaks are
observed in the XRD. Fig. 2(d) depicts the FTIR spectrum of the

© 2022 The Author(s). Published by the Royal Society of Chemistry

AuNW sample along with that of capping molecule viz. oleyl-
amine and TIPS as reference and used in the synthesis. Oleyl-
amine has peaks at 3324 cm ™" due to N-H stretching, at 2922
and 2851 cm ' due to asymmetric and symmetric C-H
stretching. Peaks at 1565 and 723 cm™ " are due to N-H bending
and C-C bending modes. Band at 969 is due to N-H bending
vibrations. Similarly, TIPS show major characteristic peaks at
3450 cm ™' due to O-H stretching, at 2951 and 2874 cm™* due to
asymmetric and symmetric C-H stretching and at 2097 cm™*
due to Si-H, and at 800 cm ™" due to Si-C. In case of AUNW
sample shows peaks at 2925 and 2860 cm ™" due to asymmetric
and symmetric C-H stretching. Peak at 1458 cm ' is due to
-CH; bending vibrations. The peak at 1047 cm ™" is due to C-N
bending vibrations, which is found shifted as compared to
oleylamine. Thus, FTIR confirms the absence of TIPS and

presence of oleylamine on the gold surface. These

RSC Adv, 2022,12, 1157-1164 | 1159
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identifications of TIPs and oleylamine on AuNW were also re-
ported earlier in similar synthesis of AuNw.>

We now proceed to show the results for the measurement of
the relative humidity on AuUNW samples.
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We investigated the effect of AuUNW coating thickness on the
humidity response. Fig. 3 shows a plot of resistance against
Relative humidity for 10, 20 and 30 pm thick AuNW layer. In
case of AuNWs due to surfactants used in their synthesis to
avoid the lateral growth (oleylamine in this case), the resistance
of the AuNW sample can be rather high. This can be seen from
the thickness dependent resistance of the devices fabricated
here. It can be seen that, as the thickness increased from initial
10 um to 20 um, the resistance dropped from ~1 GQ to 300 MQ
and further to 100 MQ at 30 um thickness of AuNW. This can be
attributed to the increased end to end contact of AUNW.

We can conclude that with increase in the layers of gold
nanowires, thickness of the AUNW coating increases providing
more contacts in between the nanowires, which results in fast
conduction through the material and reduction in the resis-
tance. However, at 20 pm thickness the change in resistance
with respect to humidity is distinctly measurable and ideal for
device fabrication. Thus, we have performed further experi-
ments with 20 pm thick AuNW material coating.

We further tried to find out the effect of humidification and
dehumidification on the above three AUNW coatings. Here we
have plotted the humidification and the dehumidification
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Fig. 4 Response as a variation of relative humidity (RH%) for three different thicknesses of AUNWs.
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sensitivity at different humidity (see Fig. 4), the sensitivity is
obtained by using the following formula (shown in eqn (1))

R, — R

1

S% = x 100 6))]
where, R,: new resistance after change in humidity R,: original
resistance.

In each case, the response increases with relative humidity
almost linearly with similar slopes but dehumidification shows
a hysteresis for 10 and 30 pm AuNW coating. The best result in
this case is for 20 pm AuNW coating, the humidification and
dehumidification sensitivities are more linear. Therefore 20 um
thickness was considered to be optimum and further experi-
ments were conducted using 20 pm thick AUNW coating.

The obtained results are better than the results reported for
carbon nanotube/polymide composite films by Yoo et al. and
recently by Ag ink by Barmpakos et al.>>*° Recently a 3-D porous
network of gold nanoparticles chemically interconnected by
dithiolated ethylene glycol oligomers was proposed as
a humidity sensor.** Although interesting due to high response
and recovery time of few milliseconds, the response of the
material is very low up to ~70% RH. On the other hand, our
material has a very large resistance change or response (3.5
MQ/% RH) over the entire range of ~11% to 92% RH.

In Fig. 5(a) we have shown the graphs of change in resistance
of the material with respect to humidity, with humidity ranging

View Article Online
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from 11% RH to 92% RH. 10 cycles are shown depicting the
repeatability of the material. The sample thickness was 20 um.
As the humidity increases the resistance drops from 370 MQ to
9 MQ vary rapidly. In Fig. 5(b) one such cycle is shown sepa-
rately for detail observation. The cycle represents sharp change
in the resistance during humidification and dehumidification
process. The response and recovery time values are quite
shorter.

From Fig. 5(c) and (d) it can be noticed that ARH = 81%.
Here for ARH = 81% response time is 222 ms and recovery time
is 308 ms. This can be compared with recent work in humidity
sensing using inkjet orienting of gold nanoparticles.”® The
authors report response time of less than 1.2 s and recovery
time of 3 seconds between ARH = 35.1% whereas in the present
work the response and recovery time is 0.2 s and 0.3 s for ARH =
81%. So ten times less response and recovery time has been
achieved for wider range of humidity change.

We have also studied the dynamic response of the material
for various humidity values. The response is as shown in Fig. 6
Here we can see that the material respond to various humidity
levels. As humidity increases the resistance of the material
decreases and vice versa. The outside humidity was around 40%
RH when we conducted the experiments. Therefore, when the
sensor was shifted from outside environment (40% RH) to the
chamber with 11% and 33% RH humidity values, the resistance
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Fig. 5 (a) Change in resistance with respect to humidity for 20 pm thick
curve and (d) recovery time curve.
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was found to be increased. Similarly, when the sensor was
shifted to the chambers with higher humidity values (higher
than ambient humidity i.e. 40% RH), the resistance was found
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to be decreased. These results are in accordance with our
proposed mechanism.

We also investigated the effect of temperature on resistance
for 20 um thick AuNW coating. The resistance also depends on
the humidity of the ambient. The initial resistance was 80 MQ, as
shown in Fig. 7(a). When the measurements were carried out in
the range of 25 °C to 65 °C, the resistance changes to 110 MQ.
Thus overall variation in the resistance is 20 MQ, which is prac-
tically not much when compared with the overall change in the
resistance in response to humidity i.e. from 300 MQ to 9 MQ.

We have also investigated the response of fabricated sensor
towards other gases and organic vapors such as methanol,
ethanol, acetone, ammonia, trimethylamine, triethylamine,
formaldehyde and NOx and the results are displayed in Fig. 7(b).
It is observed that the sensor shows negligible response of less
than 0.2 when compared with humidity which is >1000.

Due to high response of the AuNW towards humidity, we tried
it for the breathing analysis. Humans are known to exhale ~5-
6% (v) water vapor in each breath cycle. Therefore, we expected
that the humidity sensor fabricated here could work as a breath
detector. As illustrated in Fig. 8, breathing cycles of 45 year aged
individual is recorded with two different types of breathing. One
with normal breathing with nose and other with deeply inhaling
and exhaling with mouth. When it is a normal breathing the
initial resistance of the sensor was 80 MQ, which reduced to 23
MQ. The response time and recovery time were found to be 500
ms and 555 ms respectively. Similarly, for deep inhale-exhale
pattern with mouth, the resistance changes from 58 MQ to 1.4
MQ with response and recovery time of 1 s and 5 s respectively.
Thus, this breath sensor is extremely simple, yet very sensitive
and would be very useful in the practical applications.

3.1 Humidity sensing mechanism

Sensing mechanism for humidity and breath sensing are
similar. Here the principle of humidity sensing is based on the
change of electrical resistance of the sensing material as a result
of exposure to moisture.*® The humidity sensing mechanism
can be explained by Grotthus chain mechanism® (Fig. 9). The
Au surface on exposure to humidity, chemisorbed water mole-
cule forming hydroxyl species. As the humidity increases, water
molecules get physisorbed on initially chemisorbed hydroxyl
species through hydrogen bonding. More is the humidity, more
is the formation of chains of physisorbed water molecules.
Proton hopping between adjacent aqua molecules forms series
of dipoles which can conduct charge easily. Hence, the sharp
change of conductance/resistance and consequent high sensi-
tivity can be observed in this region.

As the humidity increases, number of layers of hydroxyl group
being adsorbed increases weakening the electrostatic force between
the chemisorbed layer and the physisorbed layer. Hence, less
hydronium ions are released and small change is detected in the
resistance resulting in smaller sensitivity in higher humid region.

3.2 Breath sensing mechanism

Breath sensing mechanism is similar to the humidity sensing
mechanism. In breathing, inhaling and exhaling processes are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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involved. If we consider inhaling as a normal steady state of air
humidity of the ambient, exhaling involves change in humidity
by breathe. It is demonstrated earlier that there can occur large
resistance changes simply by pressure or even bending.**?’
However, in our case, there is no resistance change observed
when we applied pressure on the AuNW coated IDE. Therefore,
the change in resistance was a result of humidity factor only.

4. Conclusions

We have synthesized ultrathin gold nanowires (AuNW). The
AuNW were capped with polyamine. The AuNW were drop-
casted on an IDE to form coatings with different thicknesses
(10, 20 and 30 pm). The resistance of the material was found to
be decreased by five to six orders of magnitude as the thickness
increased from 10 to 30 um. The sensitivities were also found to
be increased accordingly. The 20 pm thick AuNW coating was
found to be optimum as far as overall performance was con-
cerned. Thermally the material was highly stable in terms of
change in resistance. The response and recovery time were
observed to be 222 and 308 ms for 20 um thickness. The
material also had a very good response towards breath sensing.
Due to their small response and recovery time of 500 ms and
555 ms respectively. The AuUNW material have a great potential

© 2022 The Author(s). Published by the Royal Society of Chemistry

in breath analysis. It would also be possible to make a wearable
device using gold nanowires.
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