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ABSTRACT: As wearable electronics have gained momentum in the past few years, there is a dire need for smart, responsive,
and, most importantly, affordable sensors for biological monitoring. One such noninvasive method to gauge body metabolism is
via breath analysis. In a successful attempt to sense and record relative humidity levels (%RH) in nasal and oral breath, this
work presents an economical route to fabricate a wearable humidity sensor with high sensitivity and a response time of ~1 s.
The sensor consists of a flexible backbone of electrospun poly(vinylidene fluoride)/reduced graphene oxide (PVDF/rGO)
nanofibers which have been selectively sensitized to humidity via surface polymerization of aniline using the inexpensive
successive ionic layer adsorption and reaction (SILAR) technique. We report a high sensitivity and a full response range (0—
95% RH) supported by a low working voltage and minimalistic circuitry as an attractive feature for integration into wearable
electronics. Moreover, as the device sensitivity is adequate even up to 95% RH, it is conducive to detect nasal breath and
saturated humidity conditions accurately. As the method utilizes electrospinning, this work involves the preparation of such
humidity sensors on a large scale (up to 400 units using 8 mg of rGO) with the benefit of having affordable and cost-effective
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devices.
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B INTRODUCTION

Measurement of humidity is important from several
perspectives. Industries such as that of electronics, food,
medicine, materials, and metallurgy are concerned about
varying humidity levels.'~* Relative humidity levels also have
a significant impact on the survival rates of airborne infectious
agents” and hence need to be monitored and controlled
accordingly. On the other end of the spectrum, humidity levels
in exhaled breath is a reliable marker of the quality of body
metabolism and health.>’ Although it can be controlled, breath
rate is almost always synchronous with heart rate. Hence, a
subject’s breath rate, tidal volumes, and exhaled air quality can
be tied to various parameters such as their age, quality of living,
and even heart rate and its condition.'” This rich collection of
data obtained in a noninvasive manner paves the way to
monitor various hidden symptoms and diagnose conditions
much before they manifest physically. For a technology of this
kind to be available across the world, it must be sensitive and

-4 ACS Publications  © 2019 American Chemical Society 951

selective with fast response time while, most importantly, being
affordable. We demonstrate a methodology for making this
possible.

Electrospinning is a simple, yet powerful tool for obtaining
nanofibers which are used in many applications, varying from
water purification and air filtration to production of anodic
materials in solar cells and in batteries and capacitors."' ~"*
Briefly, it is a technique wherein a high electrical potential is
applied between a droplet and a collector plate, and as a result,
the voltage overcomes the surface tension at the solution—air
interface and causes the liquid droplet to change its shape to
form a cone. The droplet then elongates, followed by
continuous “drawing”, leading to the formation of nanofibers.
Electrospun fibers with hierarchical structures of one or many
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Figure 1. (a) Schematic showing electrospinning setup. (b) Zoomed-in schematic, elaborating the sensing process at the electrode junction. (c)
Grotthuss mechanism of proton hopping: (i) adsorption of H,O onto PANi ES backbone; (ii) proton transfer from partly protonated PANi
backbone to H,O, where (iii) proton hops from H;O" species to PANi ES.

constituents can be obtained by this technique. This process
yields robust fibers, which can be replicated easily in large-scale
once parameters such as flow rate, working voltage, sample
distance, and number of revolutions of the collecting surface
are optimized. In this work, we have prepared a poly-
(vinylidene difluoride) (PVDF) nanofiber backbone via
electrospinning as it has been proven to be a durable and
flexible substrate material for wearable electronics."> We have
used the successive ionic layer adsorption reaction (SILAR) or
the successive ionic layer deposition (SILD) as a cost-effective,
simple, and versatile technique for obtaining thin film coating
on PVDF fibers. This method was first introduced by Nicolau
in the mid-1980s and has been used for the growth of quantum
dots (QDs) such as CdSe, ZnS, and CdTe'® for the fabrication
of nanocrystal films'’ and gas sensors.'®’ It is a highly
versatile procedure involving the immersion of a substrate
separately in two different precursor solutions and washing in
water after each immersion to remove weakly bound species.
Thus, one SILAR cycle consists of adsorption of the cation
precursor, rinsing with water, and adsorption of the anion
precursor, followed by a chemical reaction and another rinsing,
in the process of synthesizing the above quantum dots. This
self-limiting procedure gives good control of the layer growth.
When these cycles are performed in succession, we observe the
growth of a thin layer of the desired material.
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Polyaniline (PANi) has been used for decades due to its
versatility as a conducting polymer. Although other conducting
polymers such as polypyrrole and porphyrin complexes have
been used as sensors,’’”*° the reliability, stability, and
hydrophilicity of PANi***” combined with the sturdy back-
2739 and biocompatibility of PVDF’'™*® makes it
conducive to prepare a sensing element tailored toward
atmospheric and breath moisture. Previous reports of metal
oxide nanostructures, graphene, and other active materials in
humidity sensors indicate a response in the nanoamperes
range, warranting expensive device fabrication, rectification,
and amplification circuitry and energy-intensive method-
ologies.”*™*’ Primary assembly of the sensor requires multiple
steps starting from the preparation of metal oxide nanostruc-
tures, heat treatment to obtain the required phase, and finally
the assembly of the electrode.*’

Many reports on breath humidity sensors present faster
response and good sensitivity, but these methods face
economic challenges due to their complexity in the process
of upscaling for mass production.* ™ The use of common
materials and room temperature operation conditions with fast
response time of ~1 s makes our material ideal for breath
monitoring."**> We further enhanced the performance by
incorporating rGO in the electrospun fibers. There have been
reports of improved conductance when rGO is introduced into
a polymer matrix***” Also, in contrast to recent reports,48 our
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sensor uses minimal circuitry, and the material is optimized to
be cost-effective. We have demonstrated a stark and previously
unreported difference in nasal and oral breath humidity and
breath patterns and established the advantage of increased
sensitivity at higher RH levels.

B EXPERIMENTAL SECTION

Detailed experimental conditions for synthesizing rGO can be found
elsewhere (see the Supporting Information).

Preparation of Nanofiber Backbone. PVDF (3.29 g) was
dissolved in DMF (13 mL) and stirred for 3 h until homogeneity was
obtained. Simultaneously, rGO (8 mg) was ultrasonicated in DMF (2
mL) for 30 min to obtain a uniform dispersion. This dispersion of
rGO was subsequently added to the stirring solution of DMF to result
in an 18 wt % PVDF solution in DMF. The final electrospinning
solution was left to stir further for 6 h under ambient temperature.
Nanofibers were prepared by using the ESPIN-NANO electro-
spinning machine by loading the e-spin solution into a 2 mL capacity
syringe. Spinning parameters were set to a flow rate of 2 mL h™, a
working distance of 13 c¢m, and a voltage of 13 kV for a period of 1 h.
These PVDF/rGO nanofibers were thus spun onto a series of glass
slides as shown in Figure la.

Surface Polymerization of Aniline on the Nanofibers. .
Aniline (1 mL) [A] and APS (1.45 g) [B] were added separately to
two beakers, each containing preprepared 1 M aqueous HCI (40 mL)
solution. The electrospun fiber mat was then taped to the supporting
glass slide to fix it in position. SILAR was then performed by
alternatingly dipping and withdrawing the glass slides between
solutions A and B. The dwell period was 3 min in solution A and 2
min in solution B. After each cycle, the slides were washed in
deionized water to remove excess reactants. This was performed for
10 cycles, and the color change of the slides indicated the
polymerization of aniline to PANi-emeraldine base (EB) and its
phase change to the more conducting emeraldine salt (ES) form by
the acid doping process. Finally, the chemically treated fibers were left
to dry under ambient conditions for 2 h.

Other experimental details and characterization techniques are
presented in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis of Nanofibers and Imaging by Scanning
Electron Microscopy (SEM). Electrospinning was used to
fabricate the humidity sensor, wherein PVDF/rGO in DMF
was electrospun under a voltage of 13 kV and a flow rate of 2
mL h™! as previously discussed in the Experimental Section. A
schematic representation of the SILAR protocol for deposition
of PANi on the PVDF fibers is shown in Figure 2a. The initial
diameter distribution of the fibers and their surface
morphology are shown in the SEM micrograph shown in
Figure 2b. The fibers had a smooth surface, without any
discontinuities. Figure 2c presents an even deposition of PANi
on the fiber surface after SILAR, which explains the lateral
widening of the fibers. The surface morphology has now been
altered to attain a rough exterior, which is believed to aid in the
adsorption—desorption process. The fiber diameters of the
bare electrospun fibers were in the range 200—380 nm before
and 525—550 nm after SILAR, with an average fiber diameter
of 255 and 528 nm, respectively, as given in Figure 2d.
Conventionally, the width of the fibers has been represented as
the diameter of the fibers.

Raman Spectral Analysis of Nanofibers. To confirm the
presence of PVDF and rGO, Raman spectra were collected as
shown in Figure Sla. Solutions of PVDF and PVDF-rGO were
drop-casted separately onto microscope slides and were left to
dry. Once dried, the spots were viewed under a Raman
microscope. The peaks present at 790 and 886 cm™ confirm
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Figure 2. (a) Steps performed to surface polymerize aniline via
SILAR: (1) PVDF/rGO fibers immersed in 0.28 mM aqueous
solution of A, (2) fibers immersed in water to remove excess A, (3)
fibers immersed in 0.15 mM aqueous solution of APS to initiate the
polymerization, (4) fibers in water to remove the unreacted APS, and
(5) PANi EB doped to ES. SEM of PVDF/rGO nanofibers (b) before
SILAR treatment, (c) after SILAR treatment, and (d) diameter
distribution extracted from the images.

the presence of @ and f phases of PVDF, respectively. The
ratio of their intensities indicates the predominance of the a
phase, which was observed in commercial grade PVDE.** The
peaks at 1345 and 1595 cm ™" in PVDF-rGO blend indicate the
D and G bands of rGO. To confirm the formation of rGO, the
prepared sample was drop-casted onto microscopic glass slides,
and Raman spectra were collected as shown in Figure Sla. The
corresponding D, G 2D, and D+G bands of rGO have been
indicated. The PANi-treated electrospun fiber mat was placed
under a 20X objective of the Raman microscope for collecting
the time lapse spectra. Initially, the sensor was saturated with
humidity by continuous oral exhalation before placing it under
the microscope. The Raman spectra with saturated humidity
are shown in Figure S1b. Also, the peak at 831 cm™
corresponds to the f phase of PVDF, and the absence of a
peak at 790 cm™' suggests the complete conversion of the a
phase to f phase of PVDF, which possibly occurs during
electrospinning.”* A high voltage of 20 MV/m is usually
applied for the phase transformation of @ to f due to the
dipolar arrangement.”> The peaks at 1174 and 1344 cm ™ are
assigned to the S(CH) in-plane bending and 2(C—N*)
stretching, respectively. The peak at 1507 cm™" corresponds
to the S(NH) bending, and the peaks in the 1660—1645 cm™
have been attributed to substituted phenazine™ structures.
This is understood to be crucial in the formation of the 2D
polymer framework. The broad peak at 3000 cm™" is attributed
to the grouped stretching frequencies of C—H and N-H
stretching at 3300 cm™'.>" The hydrogen bond present in
water holds a key role in many biological and chemical
processes. This can be studied by monitoring the OH
stretching frequencies.”® As water molecules have a tendency
to form water clusters, the hydrogen bonding in water cluster
could be classified into proton donor (PD) or proton acceptor
(PA). A strong peak around 3002 cm™' corresponds to the
strongest hydrogen-bound OH for a single donor—double
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Figure 3. (a) Real-time Raman spectroscopy indicating desorption of water. (b) Variation of the 3002 cm™" peaks with time.
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Figure 4. (a) Nyquist plot to determine the R, and R, of the sensor under room (RH = 44%) and nasal breath (RH = 88%) conditions and under
N, (absence of humidity RH = 0%). (b) Bode plot of the sensor to understand the phase of C capacitance. Inset: circuit arrangement used for
fitting the Nyquist plot. (c) Capacitive and resistive parameters for the setup constant phase element (CPE) under various humidity conditions.

acceptor cluster.”” We suggest that there could be a hydrogen
bond between the —(NH)"— of PANi and H,O as it is
necessary for proton hopping. The peaks at 1344 and 3002
cm™' support the adsorption and proton hopping mechanism.
The decrease in the intensity might be due to the loss in
hydrogen bonding as water desorbed. Time lapse Raman
spectra were collected for a total duration of 15 s in which the
decrease in the intensity of the peak at 3002 cm™ was
observed (Figure 3a). This change is graphically shown in
Figure 3b. The intensity decreased by~ 66% within 1 s upon
exposure to humidity. However, for a complete decrease in the
peak intensity it took ~16 s. The prevailing temperature and %
RH during the time of collecting the spectra were 20 °C and
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50% RH, respectively. The low temperature during testing
made it convenient to capture the entire sorption over time.
IR/ATR Spectral Analysis of Nanofibers. IR spectral data
were obtained for the nanofiber sample before and after SILAR
treatment to confirm the presence of PANi as shown in Figure
S2. The peak at 1400 cm™" observed in both the samples can
be assigned to C—F stretching. The peaks at 1065 and 880
cm™ indicate C=C trans-conformer of vinylidene and C—C—
C asymmetrical stretching modes,”' respectively. The charac-
teristic peaks at 1566 and 2115 cm™" correspond to the N—H
and the C=N stretching frequencies which are not visible in
the PVDF/rGO sample. The C—N bond appears at 1299
cm™". The presence of both C—N and C=N is a hallmark of
PAN:i in the emeraldine base form as its polymeric backbone is
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Figure S. Chronoamperometric studies highlighting differences between (a) sensor response to nasal breath immediately after 15 min of moderate
cardio exercise and (b) sensor response to alternating slow and fast nasal breath cycles (manually induced). (c, d) Testing the sensitivity at nearly

saturated humidity levels caused by oral exhalation.

1 can be

partly protonated. The broad peak at 2690 cm™
attributed to the intermolecular N—H stretch which is evident
only in the PANi-coated fibers, indicating adsorption of
atmospheric moisture post SILAR treatment. Additionally, an
out-of-plane (oop) N—H bend was visualized at 800 cm.™ The
weak signal at 1995 cm™" suggests the presence of a ketenimine
C=C=N group.”> All of these correspond to the PVDF
backbone and the emeraldine structure of PANI.

TEM Analysis of RGO and PVDF/RGO Nanofiber. TEM
micrographs of the as-prepared rGO and PVDE/rGO
nanofiber are shown in Figure S3. Figure S3a shows a low-
magnification TEM image of rGO. A single sheet is transparent
to the electron beam, wrinkled, and also folded at the edges.
The corresponding image in the inset shows a high-
magnification TEM image of rGO; the transparency and
wrinkles are evident. A low-magnification TEM of PVDE/rGO
nanofiber is shown in Figure S3b; the fiber diameter from this
image does match the fiber diameter from the SEM. A high-
magnification TEM image of a nanofiber is shown in Figure
S3c,d. We observe the rGO flake protruding out from the
PVDF fiber. Because of the low concentration of rGO (8 mg),
we do not observe a uniform covering of rGO on the PVDF
fiber.

PANi Phase Characterization by Cyclic Voltammetry
(CV). To phase characterize the PANi that was coated on the
fibers, PANi was coated on indium-doped tin oxide (ITO)-
coated glass via SILAR. This glass slide was subjected to cyclic
voltammetry using 0.5 M H,SO, as electrolyte, at a scan rate of
50 mV s™' and cycled between 0.4 and 0.8 V. The
corresponding CV is shown in Figure S4; the corresponding
voltammogram has two peaks at 0.7 and —0.2 V. The broad
peaks could be due to nonuniform coating of PANi on ITO.
Upon coating of PANi on ITO, a slight greenish coloration was
observed on ITO glass, which confirmed the coating. The
presence of a peak at 0.7 V confirms the presence of PANi in
the emeraldine salt form.*”*°
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Contact Angle Measurements. Optical images obtained
during contact angle measurements for the nanofiber sample
before and after PANi coating via SILAR are presented in
Figures S8a and S8b, respectively. The corresponding contact
angles were 125° and 76° without and with PANi coating. This
confirms the change in physical affinity toward moisture from a
hydrophobic backbone surface to a hydrophilic one.

Impedance Measurements and Studies. Impedance
spectroscopy was conducted to investigate the conduction
mechanism of humidity sensing, and results are shown in
Figure 4a—c. A complex impedance spectrum was measured by
applying an ac signal (20 mV) along with a dc voltage (2 V)
between two silver metallic contacts formed on the PANi-
coated nanofibers. The frequency of the ac signal was varied
from 7 MHz to 10 Hz, and the subsequent change of
impedance was recorded as a function of frequency. This sets
up a constant phase element (CPE). Figure 4a shows the
Nyquist plot which describes the charge transfer resistance
between two electrodes in the absence/presence of humidity.
Because of the adsorption of N, gas onto the fiber mat, a
double-layer capacitor is formed. This is attributed to high
charge transfer resistance (R,,) as well high surface capacitance
(C) of the mat. Figure 4c displays these parameters along with
the parameters Q and a which appear in the constant phase
element’s impedance equations. However, under room
conditions (25 °C, RH ~ 44%) and humid conditions (RH
~ 88%), R was reduced drastically in the presence of exhaled
nasal breath. The capacitance C in the absence of humidity was
73 X 1077 F, and this decreased drastically in the presence of
humidity. We attribute R, to the surface resistance of PANi
fibers and R, to the resistance associated with proton hopping
due to the aforementioned changes. In the presence of
humidity, water molecules were adsorbed onto the electrode
surface and formed an electrical double layer containing OH™.
The change in phase angle (Bode plot) as a function of
frequency has been depicted in Figure 4b. Under N, gas, the
phase angle was found to be 90° at higher frequencies (close to
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Figure 6. (a) Chronoamperometric studies of nasal breath indicating sensor’s signal stability and response. Proximity drop test conducted for pure
(b) acetone and (c) ethanol. In (b) and (c), the drop was shifted toward and then away from the sensor element. Sensor response was captured at

the various elevations mentioned above.

7 MHz) and nearly zero at lower frequencies, exhibiting the
capacitive nature of the material. Whereas, in humid
conditions, the phase angle decreased, attributing to the
resistive behavior of the active surface of the material. Thus,
the sensing mechanism is mostly influenced by a change in
resistance of the material in the presence of humidity. The
sensor response is presented in terms of sensitivity, where
sensitivity is obtained by dividing the Ipy; with Ip,, ;.. Here, Iyy
represents the current value obtained at that particular %RH,
and Ip,, ,;, represents the current value obtained by the sensor
in the presence of pure N, gas.

Oral Breath Analysis. Chronoamperometric testing was
performed initially by alternating between three levels of
relative humidity (%RH) to observe the response current
range and response time hysteresis. Although oral breath
presents a near humidity saturation, on shorter bursts, we
achieved sensor response even at levels >90% RH. After each
oral exhalation, the calibrated response measured at >95%. The
sensor was then left undisturbed for desorption to occur.
Although not complete due to possible saturation effects, the
desorption occurred consistently to reach 92% RH in 3 s,
which was subsequently marked as our baseline. Diffusing N,
gas onto the sensor surface caused a forced desorption to reach
90% RH. The response time was inversely proportional to the
change in %RH exposure; i.e., sorption kinetics was faster
when alternating between the “consistent baseline” (92% RH)
and “oral breath”(>95% RH) when compared to switching
between “forced desorption” (90% RH) and “consistent
baseline” (92% RH) as shown in Figure Sab. Through these
repeated cycles of switching, we were able to establish a full
range of sensitivity toward humidity, specifically from 90% RH
to saturation. Peng et al. fabricated a breath sensor for
obtaining a static response from breath in the offline mode and
analyzed it for detecting lung cancer.”” We propose a real-time
operating sensor relying on the continuous breath in contrast
to static analysis. Hence, this range is highly crucial in
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determining various health aspects tied to the breath rate.
Furthermore, conducting oral breath measurements in addition
to controlled humidity calibration experiments is crucial to
establish the utility of the sensing element under exaggerated
humidity and dynamic breath conditions. Experiments
involving controlled humidity calibration can be found
elsewhere (see Figure SS).

Nasal Breath for Health Monitoring. As the sensor setup
was shown to provide quick and crisp data from breath tests,
further examinations were conducted to verify its flexibility for
health monitoring. Data were collected after 15 min of
moderate cardiovascular exercise to study the changes in
breath responses and are presented in Figure Sc. Sensor
characteristics reveal a very clear demarcation of three stages of
breathing post workout. Starting with the initial stage of rapid
breathing, which is found to be at 56 breaths/min for a period
of 45 s, a gradual decrease in breath rate as well as humidity
saturation was observed. This decrease was attributed to a
period of breath stabilization, lasting for around 15 s. Finally,
the volunteer’s breath rate returned to normal breathing as
seen evidently. A blank was also conducted by manually
alternating between fast and slow breath cycles and is
presented in Figure Sd. Thus, a clear difference is observed
between natural and artificially simulated breath cycles. This
distinguishing ability is essential “smart” feature for wearable
electronics. An image of the final setup layout during breath
sensing is shown in Figure S7b. As the sensor responds
appropriately to breath rate and regularity, it may find
applications in various fields such as interrogation and
polygraph testing.”’

Sensor Response and Material Stability. Additional
tests were performed to confirm sensor response and stability
over time. Sensor data were collected for a longer duration of
~10 min of continuous monitoring as shown in Figure 6a. An
expanded view of this data is shown in Figure 6a (right); the
response between 4 and 6 min shows a consistent response in
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current. The sensor was subjected to continuous breathing
cycles for a period of 10 min during which the volunteer was
relaxed. Data collected conformed to a fixed response range,
indicating no drastic or sudden changes. Although minor
variations were detected and can be attributed to the
uniqueness of each breath cycle, this does not affect the
breath rate and humidity levels visualized. The SILAR-treated
nanofiber mat had been stored in atmospheric conditions for a
period of 1 week before this experiment was conducted. In
comparison to a freshly prepared sensor element, the sensor
aged for a duration of 1 week under laboratory conditions
showed the same characteristics because of the stability of
polyaniline.

Sensor Response Selectivity. Proximity drop tests were
conducted to check for other interfering commonplace volatile
organic compounds (VOCs) such as acetone and ethanol as
shown in Figures 6b and 6c, respectively, also present in traces
in the oral breath of those who have recently imbibed alcohol
and those who are diabetic, respectively.’”** Test results reveal
that although we detected sensitivity toward the analytes, the
signal was negligible compared to that of moisture. In contrast
to the sensor response observed for humidity, we observe an
increase in resistivity when either an acetone or ethanol drop is
brought closer to the sensor element. This elucidates that the
proton hopping mechanism is not at play while sensing these
analytes and is valid only for atmospheric humidity. Testing
settings and procedure can be found elsewhere (see the
Supporting Information).

Sensing Mechanism. By embedding rGO within the
PVDF structure, we observed better sensor characteristics in
terms of both response time and current, confirming previous
reports of Borini et al.** The current response originates from a
charge transfer mechanism based on ionic conductance. As
mentioned before, we believe that the underlying mechanism
for sensinsg is to follow the Grotthuss method of proton
hopping.”” The adsorption is driven by intermolecular
hydrogen bond formation followed by the completion of
conduction channels throughout the surface for proton
transport and, finally, quick desorption due to the hydro-
phobicity of the PVDF/rGO backbone. Out of the three
phases of PANi, the emeraldine salt (ES) possesses partly
positive and partly neutral charged polymeric backbone, which
ultimately results in switch-like positions throughout its
structure. Once the H,O molecules have adsorbed onto the
surface, the switches close instantaneously, which results in a
current increase with rising %RH levels. This occurs due to the
transient formation of H;O" species. The proton is then
transferred across to the next nitrogen atom, by what is
characterized as a “hop”. This hop or exchange occurs due to
an interplay between polarity and hydrophilicity and is
necessary for the transfer of electrons within the network of
PANi as explained through nuclear magnetic resonance
(NMR) studies performed by Nechtschein et al.”° Moreover,
Stejskal et al. have elaborated on the variable-range hopping
(VRH) mechanism which is observed in polyaniline and other
amorphous semiconductors.”” During the proton free
induction decay study of PANi, they observed two peaks
corresponding to the protons in the rigid polymer and also the
protons of water absorbed in the polymer network. They
proposed that electron conduction in PANI is by removal of
one electron from one reduced unit and transferring to the
oxidized unit.”® For this transfer of electron, a proton must be
exchanged between —(NH)'— and H,O forming H;O" as
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shown in Figure 1b,c. We have found rGO to play key roles in
enhancing this conductance during the proton hop as
previously discussed. Indeed, this two-pronged approach to
increase ionic and electronic conductivity in our material has
resulted in good selectivity at higher humidity levels. In the
event that there are multiple conduction channels on the PANi
surface, the proton hop occurs even via neighboring H,O
molecules, resulting in the formation of H;O" and OH~
species as explained by Farahani et al.®* To understand the
effect of rGO within the fibers, PVDF was spun without rGO
and with 4 mg of rGO. These fibers were coated with PANi via
SILAR and examined for humidity response by a chronoam-
perometric study. The response of fibers without rGO is shown
in Figure S6a. The current output under 90% RH of oral
breath was 10 nA with a response time of 25 s. However, there
was a stark increase (~65%) in the current output in the
presence of rGO (4 mg) and a decrease in response time to 7 s.
This output along with the response time was further improved
by doubling the concentration of rGO to 8 mg; the rise in
current output was ~1000 times, and the response time for
sensing humidity reduced to ~1 s. Additionally, a table
comparing our sensor features with other reports is available in
Table S1.

Sensor Portability. For personal use, the sensor was
combined with a prototyping circuit board (Arduino) to
perform the chronoamperometric study. Although the device
can be powered externally by a small battery source (2 V), it
was tethered to a laptop system via universal serial bus (USB)
cable to acquire data. The chronoamperometric response
collected in the presence of breath humidity is shown in Figure
S7a. After a period of inactivity (100 s), breath cycles were
suddenly initiated and continued for another 300 s to observe
the response characteristics of the sensor. The current output
rose to 0.8 mA as soon as the fibers were saturated with nasal
breath. The increase in current output in the presence of rGO
is appreciable in terms of response time. Because of increased
current, the device may face higher power loads. Although not
encountered while testing, future work involved reducing the
bias voltage and reducing noise. The circuit diagram explaining
the sensor element arrangement with Arduino is shown in
Figure S7c. Further data refinement, in the form of long-term
data acquisition, will provide a deeper understanding of various
underlying patterns and parameters in our day-to-day breath
cycles.

B CONCLUSION AND OUTLOOK

The PANj-coated PVDF/rGO nanofibers have been shown to
provide a robust response to humidity and can be calibrated to
measure %RH levels from desiccated to saturated conditions
(10—95% RH). Sensor characteristics reveal high sensitivity,
especially under near-saturated conditions of 70—95% RH,
confirming its viability for breath sensing. The sensor response
can be sustained at higher current ranges (~mA—pA).
Moreover, based on materials optimization, small quantities
of rGO (8 mg) can be used to fabricate up to 400 viable sensor
elements, making it cost-effective on a large scale. A repeatable
dynamic response has been recorded before and after physical
activity which supports its use in health monitoring. In parallel,
the device can replace most commercially available humidity
sensors due to its superior characteristics and stability. We
combined our sensing element with an Arduino module that
can collect the chronoamperometric data, with the objective of
using the device under lower operating voltages of <1 V.
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Future work would involve collecting such breath data from
multiple individuals for long spans of time, recognizing
patterns, and tying the information to vital clinical conditions.
The device may find applications in tracking calories burnt
during exercise via breath rate and humidity levels, as well as in
hospitals as low-cost and low-energy alternatives for patient
monitoring.
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