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In this study, we present a novel humidity-responsive composite film based on the integration of two silver
nanowire (Ag NW) layers deposited via the physical deposition process with an ionomer (Nafion) layer
sandwiched between them. As a result of the ion migration inside the ionomer, the humidity to electrical
transduction displays a fast response and high sensitivity in comparison with previous research.
Meanwhile, the effects of the humidity gradient on the sensing response of the Nafion/Ag NWs

composite film were investigated. Specifically, a higher humidity enables a faster response rate but
Received 21st February 2020 L . .
Accepted 29th June 2020 a slower recovery rate, as compared to a lower humidity level. In addition, breathing tests are performed,
which verified the opportunities for the design and fabrication of high-performance sensors for

DOI: 10.1039/d0ra01650k environment and biophysical monitoring. This research also revealed the potential applications in VOC
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1 Introduction

A reliable and sensitive sensor with the ability to measure and
monitor humidity is indispensable in numerous industrial
applications, including micromachining, semiconductor fabri-
cation, MEMS (Microelectromechanical systems)
manufacturing, and chemical processes. Consequently,
tremendous efforts have been devoted to the development of
low-cost and high sensitive humidity sensors for humidity
detection. Many creative methods based on different mecha-
nisms, including optical, gravimetric, capacitive, resistive, pie-
zoresistive, and magnetoelastic, have been proposed for
humidity sensing applications."” During these current trans-
duction techniques, there is a requirement of auxiliary facilities
to detect and amplify the signal change in their electrical
parameters, some of which are seriously affected by the envi-
ronment and even need signal filtration so as to obtain more
stable and accurate data. Therefore, there is a strong need to
explore a passive and anti-interference humidity sensor.

As one kind of ionomers, Nafion developed by DuPont
exhibits multi-parameter sensitivity characteristics due to its
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(volatile organic compound) detection.

unique ionic properties with a two-phase combination of
a stable polymer matrix backbone interlaced with ion clusters.
The polymer matrix structure provides the mechanical strength
while the ion clusters provide the transfer channels for hydrated
cations, as shown in Fig. 1a. Through the directional migration
of special hydrated cations inside Nafion, Nafion-based
composites with dual-ability of sensing and actuation provide
potential opportunities for the development of future trans-
duction devices, especially to provide a potential passive
sensing technology. Similar to the ion channel-induced trans-
duction mechanism inside Nafion membranes, ion channels
inside the cell membrane formed by the membrane proteins
allow specific ions to pass through the channel pore, realizing
functions such as signal transmission and stimulus percep-
tion.*® Therefore, Nafion-based composites show great poten-
tial in biomimetic applications.

Recently, Nafion-based composites have been widely used in
various fields from energy applications to bio-inspired and
biomedical applications, such as active catheter systems, heart-
assistive devices, and even artificial muscles.'*™*> After the
conductive electrode layers are deposited on both sides of the
Nafion membrane, some special phenomena occurs in the case
of voltage stimulus. The movable ions together with the solvent
molecules inside the membrane are forced to migrate under the
presence of an electrical field, resulting in local strains along
the direction of the thickness. This in turn causes macroscopic
bending deformation of the composite film. In the opposite
case, external physical stimulus results in a macroscopic shape
or structural change, and the corresponding strain gradient is
generated inside the composite film, and then the ions will flow
along the gradient direction, which in turn generates the
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Fig.1 Schematic diagrams of (a) microchannel inside the Nafion/Ag NWs film; (b) humidity electrical response mechanism of the Nafion/Ag NWs

film.

electrical signal. This composite film is often called an ionic
polymer metal composite (IPMC), which is considered to be one
of the popular types of artificial muscles.”*™” Due to the special
solid/liquid two-phase structures inside Nafion, it has a natural
affinity for moisture due to which it undergoes a large volume
change when it is exposed in a humid environment, as shown in
Fig. 1b. This makes Nafion an excellent humidity sensitive
material." Recently, researchers have reported humidity
sensors based on the strain, capacitance, and resistance of the
Nafion composites caused by humidity change.*** Obviously,
changes in ambient humidity can affect the anisotropic swelling
characteristics of the Nafion membrane. According to the
conversion mechanism of the above-mentioned IPMC, the
humidity change will cause local anisotropic distribution of the
ions inside the Nafion membrane, which will inevitably
generate a potential difference. This signal can directly reflect
the change in the ambient humidity, as shown in Fig. 1c.
Kolahdouz et al. studied the IPMC-based capacitive humidity
sensor and then investigated an IPMC humidity sensor that
directly generated electrical signals.**** They used a Nafion-
doped layered double hydroxide nanocomposite as the matrix
and made a humidity sensor prepared by the traditional prep-
aration process of IPMC to study the influence of the content of
the layered double hydroxide on the sensing signal of the
humidity sensor. However, since the dense electrode layer
hinders the water molecules from entering inside Nafion,
traditional IPMC is not suitable for humidity sensing. Further-
more, their research did not clarify the humidity sensing
mechanism of the Nafion-based laminated structure. In
previous studies, our group has carried out a series of studies on
the preparation process, transduction mechanism, and
actuation/sensing model of IPMC.***®* We revealed that the
presence of noble metal electrode layers and the penetrated
interfacial layer of IPMC obtained by the impregnation-reduc-
tion (IR) step can seriously block the exchange between water
molecules and Nafion. During the preparation process of IPMC,
the pretreatment by surface roughening is very interesting. The
purpose of this step is to increase the penetrated depth and
bonding strength between the metal electrode layer and Nafion,
which will inevitably make the junction of the surface and the
interface of IPMC denser. But in the absence of this step, the
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surface electrode layer obtained by the IR step is still dense due
to the smooth surface of the Nafion film. Both these situations
prevent the penetration of water molecules into or from the
IPMC. In order to solve the above-mentioned issue, we proposed
a novel humidity film sensor consisting of Nafion membrane
and Ag NWs, which can clearly sense the change in the ambient
humidity by directly measuring its generated electrical signal.
As one of the most popular ion exchange membranes, Nafion
117 exhibits high stability and ion capacity and Ag NWs as
electrode materials have the advantages of high conductivity,
flexibility, and gas permeability compared with ITO (indium tin
oxide), metal grid, and carbon nanotubes. The rest of our work
is organized as follows. In Section 2.1, we describe the list of
chemicals and the preparation process of the Nafion/Ag NWs
composite film. In Section 2.2, the testing methodology and the
characterization of the composite film are represented. In
particular, we introduce a humidity control device to achieve
rapid switching of the humidity level. Later, the results and
discussions are given in detail, and then the sensitivity of
response of the composite film to humid gas and VOCs from the
human breathing process have been simply tested and analyzed
in Section 3. Finally, some highlighted conclusions are provided
in Section 4.

2 Experimental section
2.1 Material preparation

In our experiments, commercially available Nafion® 117
membrane (N117) with a typical thickness of 183 micrometers,
which served as the middle layer, was selected and purchased
from Dupont™. The cationic nickel(n) complexes prepared in
our lab based on ref. 29 were selected as the specific cations
inside the middle layer. Ag NWs (40 nm in diameter with the
length range of 20-60 nm, concentration at 20 mg mL™~ " using
water as the solvent) were purchased from XFNANO Materials
Tech Co., Ltd (Nanjing, China). The nickel(n)-chelate complexes
were prepared in our lab. Auxiliary reagents such as H,0, and
HCI were obtained from J&K Chemical Inc. (Beijing, China). All
the reagents were used as received without further purification.
All the solutions were prepared with deionized water treated

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The preparation process of the Nafion/silver nanowire composite film.

with a Hitech-kflow water purification system (Shanghai,
China).

To prepare the Nafion/Ag NWs composite film, a key chal-
lenge in this work is the bonding of the Ag NWs layer to the
Nafion membrane. To solve this problem, we have developed
a novel physical coating process, the main steps of which are
shown in Fig. 2. A certain size of the Nafion membrane was cut
and separately boiled in deionized water and hydrochloric
acid, and then soaked in the nickel(u)-chelate complex solu-
tions prepared in our lab (Fig. S1 and S27). Diluted Ag NWs
solution with a certain proportion of deionized water was
poured into a spray gun, which can precisely control the flow
rate. A small amount of the Ag NWs was sprayed evenly on the
surface of the Nafion membrane and then the membrane was
baked with a hot air machine for several minutes. This process
was repeated 3-5 times until the surface resistance of the
baked film was dropped down to 5 ohms 17"

The detailed preparation process of the Nafion/Ag NWs
composite film is as follows.

(a) Sample cutting: a Nafion film with the size of 32 mm
length and 5.5 mm width was cut and rinsed with deionized
water 2-3 times.

(b) Pretreatment: the Nafion film was put into hydrogen
peroxide (3% wt), heated in a water bath (100 °C), and then
rinsed with deionized water 2-3 times. The film was put into
hydrochloric acid solution (0.2 mol L") and then heated in
a water-bath (100 °C) for 2 h. After this, the film was taken out
from the acid solution and rinsed with deionized water 2-3
times.

(c) Ion exchange: the Nafion film was put into the nickel(n)-
chelate complex solutions for 48 h and then rinsed with
deionized water 2-3 times, followed by drying for 2 h in an oven
(80 °C).

(d) Ag NWs spraying: the treated Nafion film was placed on
a glass plate, the spray gun (0.2 mm caliber, 0.15 MPa) was

Half
) cavity

Fig. 3 The real image (lower left) of bare Nafion film, the real image (upper left) and the optical enlarged view (right) of the Nafion/Ag NWs
composite film observed by an automatic focus video microscope (PMS-XHD-AF03).
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placed 10 cm away from the film and used to homogeneously
disperse the silver nanowire solution (0.5 mg mL~") on it.

(e) Hot air drying: the hot air gun was put 10 cm away from
the film and heated at 160 °C. When the water dried, a silver
nanowire electrode layer was formed. Steps (d) and (e) were
repeated to form the electrode layer on the other side.

(f) Post processing: the surface resistance was adjusted by
controlling the spraying time in steps (c)-(e). The film was
trimmed to avoid short circuit and the Nafion/Ag NWs
composite film with 30 mm length and 5 mm was obtained, as
shown in Fig. 3.

2.2 Method and characterization

To date, it is still a convenient and low-cost method to obtain
a constant humidity environment by using a fixed saturated salt
solution. To implement the RH sensing test and to achieve
a rapid switching of the humidity level, we designed and
fabricated a mini-chamber of 6 cm length and 3 cm diameter by
3D printing technology, as shown in Fig. 4. Due to this small
volume inside the mini-chamber, it can not only hold a certain
amount of humidity gas for exchanging but can also easily
achieve fast switching from one humidity level to another.
The total set-up is shown in Fig. 5. Both the tanks RH A and
RH B with fixed humidity were obtained for the specific
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saturated salt solutions by exchange for 24 h, connected into
two ports of the three-way valve, and the remaining port was
connected to the mini-chamber. We obtained different
humidity levels by replacing the tank with another one. In our
experiments, we put excess color changing silica gel into the
tank. If most of the silica gel always stayed blue, we considered
that the humidity level in the tank was close to 0% RH, which is
approximately defined as 0% RH. Two check valves were set
near the inlet and the outlet of the chamber. The film sample
was fixed inside the mini-chamber and the generated electrical
signal due to the change in the humidity level was transmitted
to the PC through an NI acquisition card. In the measurement
process, the side of the Nafion/Ag NW composite film that first
contacts the humid gas was grounded (Fig. 5). It is important to
keep the humidity constant in the mini-chamber during the
test, which was achieved by monitoring the humidity level in the
tanks and the outlet of the chamber. Meanwhile, in order to
eliminate the interference of the electrical signal generated by
the vibration of the sample, we fixed the sample on a stiff frame
to avoid macroscopic deformation brought due to the gas flow.

In order to explore the electrical properties of the Nafion/Ag
NWs composite film's response to humidity, the room humidity
of approximately 64% RH in our laboratory was set as the
reference (room temperature was 20 °C). The humidity levels,
including 0% RH, 23% RH, 43% RH, 84% RH, and 100% RH,

RH monitor RH monitor Check valve RH monitor
PUMP1 (55 PUMP2 ﬂii:}ﬁ
[ ® o ® o0 |
1 BE . o
Nafion/AgNW: * NIUSB- *“r—
— A sample = 6210 b
RHA RHB o =
_ 0 | Mini-chamber| | giqha) wires
Saturated salt Saturated salt
__solutionA _J L__solutonB _J [
Check valve PC
Labview
Three-way valve
Fig. 5 Test platform of the humid environment and the humidity electrical response.
Table 1 Humidity levels and the methods adopted in this work
Approximate relative 0% 23% 43% 64% 84% 100%
humidity (RH/20 °C)
Methods Color changing silica gel =~ Saturated salt solution Saturated salt Room Saturated salt Excess DI
(mostly remained blue) (CH3COOK) solution (K,CO3) humidity solution (KCl) water

Exchange time More than 24 h
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were approximately obtained, as shown in Table 1. Then, the
gas with a fixed relative humidity was filled into the mini-
chamber. The humidity change will cause local anisotropic
distribution of the cations inside the mid-layer so as to generate
an electrical signal change in the voltage (AV) on both sides of
the composite film, which were recorded on the PC.

3 Results and discussions

As shown in Fig. 6, all the response trends corresponding to
humidity change displayed a fast response time of less than 500
ms in the range of 23-100% RH. All the results show that the
change in the voltage (AV) of the composite film exhibits the
relaxed characteristics of a slow recovery after a quick rise,
which is very similar to the actuation and sensing process of
IPMC.**** When the Nafion/Ag NWs composite film is in
a certain humidity state (64% RH, for example) for a long time
(over 24 h), the water molecules inside the composite film and
the moisture of the ambient humidity will exchange until
a dynamic equilibrium is reached. After the high-humidity or
low-humidity gas is charged, the equilibrium state will be
broken. Then, the abundant water molecules in the environ-
ment will be exchanged into the composite film or the water
molecules inside the composite film will go through the Ag NWs
layer into the surroundings, finally reaching a balance again,
which causes the anisotropic swelling of the composite film and
in turn forces the water molecules to drag and move the ions to
migrate along the direction of the strain gradient. Along with
this process, a potential difference is generated. We extracted
the maximum amplitude (AV) of each curve in Fig. 6 and the
time (At) required to reach the maximum amplitude, and then
calculated the response rate (AV/At) in each case in the experi-
ments, as shown in Fig. 7. Both the maxima and the response
rates show an increasing trend with an increase in the humidity.
We fitted the data of electrical response maxima by using the
linear equation y = a + bx step by step. There is an obvious

> [ (64%RH-0%RH
8 A | 64%RH-23%RH
1 ¥ et 64%RH-43%RH
—~ \ |=w—64%RH-64%RH
E 6 \o o 64%RH-84%RH
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< 4k ” .
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Fig. 6 Humidity electrical response curves of the Nafion/Ag NWs
composite film from 64% RH to other humidity levels.
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Fig. 7 The maximum values and the response rate of the Nafion/Ag
NWs composite film. The red line with the square symbols displays the
trend of maximum values extracted from Fig. 6. The blue line with
triangle symbols represents the trend of the response speed values
calculated by AV/At. The green piecewise straight line is obtained by
fitting the response speed data.

linear relationship from 64% RH to 0% RH and 64% RH to
100% RH, which shows a slope of 0.237 mV/% RH during the
humidifying process and 0.0567 mV/% RH during the dehu-
midifying process. According to this equation, the electrical
response of the composite film from 64% RH to other humidity
levels can be predicted. Meanwhile, it can be seen from the
curve of the response rates that the greater the humidity
gradient, the faster the humidity response rate, and accord-
ingly, the stronger the electrical response. It should be noted
that the gas of specific humidity is filled into the chamber so
quickly that the contact time between the sample and the gas
could be neglected due to the minor influence during the
contact process.

There is an obvious linear relationship for the case of 64%
RH to 0% RH but no obvious change in the voltage was observed
when the gas of 64% RH was charged into the chamber after the
sample exchanged for over 24 h at 0% RH. In order to further
confirm the sensing performance of the sample after complete
exchange with the 0% RH environment, the gas with 64% RH
was filled into the chamber every 25 seconds (each filling time
lasts 5 seconds) and the continuous loading time was over 320
minutes. The changes in the voltage (AV) of the sample are
shown in Fig. 8. It can be seen that the total electrical response
curve is composed of two parts: a strain-drift electrical response
(seen in the general trend in the curves) and an electrical
response stimulated by the humidity pulses (zoomed-in
regions). The total electrical response curve can be considered
to be the strain-drift electrical response modulated by the
humidity electrical responses. From the maxima histograms in
Fig. 8, almost no voltage signal is observed in the beginning and
the signal gradually increases with the continuous injection of
the 64% RH gas. After about 140 minutes, the change in the
voltage responding to humidity changes reaches a maximum
value of 5.03 mV and then gradually decreases to a steady-state
change in the voltage, which is about 0.5 mV at 315 min. When
the sample was maintained in 0% RH for a long time, most of
the internal water molecules, including free water, loosely

RSC Adv, 2020, 10, 27447-27455 | 27451
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whole test. The red histograms represent the average maxima in a certain number of consecutive cycles extracted from the blue line. The
enlarged views display the appearance of several electrical response profiles at 60 min, 160 min, and 260 min, respectively.

bound water, and partial strongly bound water molecules,
inside the composite film were exchanged into the external
environment.**?* The cationic complexes were bound to the
charged sulfonic groups of Nafion due to the lack of water. At
the initial stage of evolution, water molecules from the charged
gas with a specific humidity were first absorbed to bond with
the cationic complexes and during this process, almost no
electrical response was detected. As the water molecules were
continuously replenished, the electrical response was gradually
generated and increased. This can be attributed to the excess of
water molecules that provide the medium and the strain
gradient for the migration of cationic complexes. At the final
stage of evolution, when the water molecules inside the
composite film were in equilibrium with the external humid
environment, the composite film no longer swelled and the
electrical response gradually weakened to almost zero. In
addition, the total trend of the humidity electrical response of
the composite film presents a large drift from 0 mV to —41 mvV,
which is probably attributed to the strain charge accumulation
of the composite film. According to the transduction mecha-
nism of the composite film, the humidity change will cause
local anisotropic distribution of the hydrated cations inside the
Nafion membrane, which will inevitably generate a potential
difference. The distribution of the hydrated cations is closely
related to the strain gradient. Before the next humidity loading
begins, the strain gradient is not recovered yet. Thus, the strain
gradient gradually strengthens as the humidity loading
continues and the strain charge gradually accumulates, thereby
generating a large strain-drift electrical response.

According to the above results, we measured the humidity
electrical response of the Nafion/Ag NWs composite film from
0% RH to 100% RH (humidifying process) and from 100% RH
to 0% RH (dehumidifying process), respectively. After the
sample was fully exchanged in the initial humidity (e.g., for 24 h
at 0% RH) environment, the gas with the next higher humidity
(23% RH) was charged into the chamber so as to exchange with
the sample and then record the change in the voltage (AV). The

27452 | RSC Adv, 2020, 10, 27447-27455
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Fig. 9 The humidifying process from 0% RH to 100% RH (blue line
with square symbols) and dehumidifying process from 100% RH to 0%
RH of the Nafion/Ag NWs composite film (red line with filled circle
symbols).

results are shown in Fig. 9. During the humidifying process, the
change in the voltage presents a continuous increase up to
5.54 mV at 100% RH. It is still a special electrical response point
for the sample from 0% RH to 23% RH since the sample did not
absorb enough water molecules to make the cationic complexes
moveable. But for the sample from 23% RH to 43% RH, there is
an obvious electrical response up to 1.1 mV, which indicates
that the critical point of the cationic complexes that absorbed
strongly bound water is below 23% RH. During the dehumidi-
fying process, the absolute value of the electrical response
presents a continuous decrease from 5 mV at 100% RH to
0.565 mV at 0% RH. The electrical response of the dehumidi-
fying sample is higher than that of the humidifying sample at
the same reversible humidity level, similar to that depicted in
Fig. 6. It is noteworthy that the values of electrical response did
not show any hysteresis characteristics although

This journal is © The Royal Society of Chemistry 2020
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dehumidification and humidification are reversible, which is
different from other sensing mechanisms.

Since the Nafion/Ag NWs composite film exhibits fast
response and relatively high sensitivity to high humidity, it can
be expected to be used in humidity monitoring. To this end, we
explored its application in monitoring the humidity levels of
a human's breathing process. We used a healthy adult male as
a volunteer to test his breathing process by blowing into the
chamber, in which the composite film was placed. Before the
breathing test, the sample was first equilibrated at the room
humidity environment (about 64% RH). As shown in Fig. 10, the
breathing zoom-in curve shows a rapid increase, then slowly
decreases, and finally, there is a quick return after a sharp rise,
which corresponds to the exhalation, pause, and inhalation of
a human's breath in the breathing cycle. The maximum elec-
trical response is over 120 mvV, which is attributed to the
numerous droplets in the breathing process rather than the gas
form of the water molecules. Considering that a healthy adult's
breathing rate is about 16-20 beats per minute, we further
tested the electrical response of the composite film at a slow,
normal, and fast respiration rate, respectively, which can also be
clearly perceived from the breathing process. It can be seen
from Fig. 10 that there is an obviously slow relaxation during the
exhalation process. Also, when the inhalation process began,
a sharp peak appeared in each breathing process, which could
be attributed to rapid gas impact from inhalation. It is known
that Nafion in a composite film that not only absorbs water
molecules but also has good absorption for other organic
solvents. We further tested the electrical response of the
composite film towards ethanol and Chinese wine (53% ethanol
content) for drunken detection. The test was still based on the

This journal is © The Royal Society of Chemistry 2020

Time(s)

breathing process, and the results are shown in Fig. S3 and S4,7
respectively. Compared with the normal breathing test, the two
groups have similar trends but have obvious signal character-
istics with differences in the curve profiles. This shows that the
composite film can not only detect the change in humidity but
can also distinguish other volatile organic solvents (VOC), such
as ethanol and its mixtures.

4 Conclusions

In conclusion, a novel responsive humidity sensor was
proposed based on a composite film consisting of Nafion
membranes and Ag NWs prepared by the physical deposition
process, which not only shows good electrical response towards
gas-containing water molecules but also to other organic
solvents. During all the cases of electrical response, the change
in the humidity level from 100% RH to 64% RH generated an
electrical response of over 8 mV, even more than 120 mV that is
generated during the human breathing process without any
amplification. In particular, the electrical response of the
composite film presented a positive and negative voltage during
the humidifying and dehumidifying process, respectively. We
also confirmed that this composite film had a very slow
response in 0% RH, which means that it is difficult to detect
humidity changes in relatively low humidity environments. In
addition, in this work, we built a fast humidity switch device to
test the dynamic electrical response. In order to demonstrate
the humidity response capability, we performed a preliminary
attempt to monitor the human breathing process and drunken
driving detection. The proposed humidity sensor has potential
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for applications in areas such as humidity sensing and VOA
detection.
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