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Facile assembly of flexible humidity sensors based
on nanostructured graphite/zinc oxide-coated
cellulose fibrous frameworks for human
healthcare¥
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Aboud Ahmed Awadh Bahajjaj, ©© ¢ Rashida Batool,” Nazmina Imrose Sonil,© Irfan Alif
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The development of flexible, cost-effective, highly efficient, and reliable humidity monitoring sensors is in
high demand owing to their wide-range of applications in industrial domains. In this study, a humidity sensor
was fabricated based on graphite/zinc oxide nanoparticle (G/ZnO-NP)-coated cellulose paper. A bar device
was designed using computer software, and its sketch was printed on cellulose paper, with graphite bars
then added using the pencil-drawing method, and then ZnO-NP paste was coated on the graphite
patterns. Scanning electron microscopy and X-ray diffraction analysis were used to respectively inspect
the morphological and structural features of the samples. For sensor fabrication, copper wires were
attached to the electrodes using copper tape. The fabricated device was placed into a chamber with
varying relative humidity (RH) levels of 11%, 24%, 43%, 62%, 84%, and 97%, controlled using the salt
solutions inside the chamber. The response of the sensor was recorded in terms of the change in
resistance of the device upon exposure to different humidity environments. The sensor delivered
a response time as short as 4.31 s for the 24% RH condition, and a recovery time as short as 10.05 s for
43% RH. Moreover, the sensor exhibited a sensitivity of 717% for the 97% RH condition. The sensor was
also evaluated for human breath monitoring, showing distinctive responses for inhalation and exhalation.

1 Introduction

There is increasing interest in the facile assembly of cost-
effective ultrasensitive humidity sensors due to the rising
demand for them in a diversity of emerging applications."
Flexible and environmentally friendly sensors have been
demonstrated that can easily be integrated into many desired
places.»* Carbon materials are playing a revolutionary role in
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this scenario, particularly due to their flexibility and stretch-
ability.*® As one key such material, graphite possesses high
electrical conductivity, good mechanical strength, and suitable
chemical properties, which make it a popular choice for the
fabrication of sensors.® Moreover, the layers in layered graphite
are coupled to one another by weak van der Waals forces of
attraction, in which the electrons are delocalized due to the
small energy gap between the valence and conduction bands;
this makes graphite an excellent conductor. Although graphene
and carbon nanotubes can be superior to graphite, their prep-
aration is rather complicated and expensive.”

Water vapor in air is essential for life on earth but can affect
the comfort level of living things. Beyond such typical signifi-
cance, humidity also plays a major role in the operation of
different electronic circuits, electrostatic components, and
high-voltage devices.® It is the key factor to be monitored in food
storage, agricultural environments, weather-casting, and in
a variety of aspects in the pharmaceuticals, mining,
manufacturing, and automobile industries.>® For this purpose,
optical, surface acoustic wave, field-effect transistor, magnetic,
thermal, and resonance-based humidity sensors have been
demonstrated.'® Moreover, cellulose paper, textiles, plastic, and
rubbers have extensively been used as flexible substrates. Such
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substrates are more effective, lightweight, and cost-effective,
and provide periodic elasticity and bendability to tolerate the
applied stress or strain more efficiently compared to other
substrates, such as hard silicon or conventional semi-
conductors. In particular, cellulose paper is often preferred to
others as it is highly flexible, cost-effective, bio-degradable, and
customizable in shape and size."*>"*

Humidity sensors, also known as hygrometers, are generally
classified into two main categories, namely resistive and
capacitive, based on their design, beyond which resistive
sensors could be impedance or conductance based as per their
sensing mechanism.*” Efficient humidity sensors offer accurate
measurement, high sensitivity, fast response, long-term reli-
ability and response stability, consistency, and temperature
compensation. In addition to these features, researchers are
trying to address their limited temperature and humidity range,
poor hysteresis, contamination, high power consumption, high
cost, device complexity, size suitability, and facile integration of
the sensor to make them more versatile and reliable for many
desired applications.” Furthermore, their inflexibility, poor
selectivity, weak mechanical and chemical stability, ordinary
electrical, mechanical, and stretching characteristics, harmful-
ness to the environment, complex structures, and high-
technology instrument-based fabrication are some of the
major limitations of the current humidity sensors. A way to
concurrently convert all these drawbacks into shining features
of a single device is one of the key challenges for researchers
working in this research realm. Ongoing attempts are being
made to overcome these challenges by using different combi-
nations of active materials or by employing advanced method-
ologies for fabrication. The fundamental motives for these flaws
are also associated with the limited understanding of the
devices for their use in a variety of target applications.™*

Researchers have reported the assembly of nanomaterial-
based electrodes with unusual stability, acceptable porosity,
suitable crystalline structure, exceptional surface area, intensive
adsorption capabilities, and admirable low toxicity for diverse
applications."**** Such properties offer valuable characteristics
to humidity sensors. Materials based on zinc oxide (ZnO)
nanoparticles have attracted substantial interest in a diversity of
fields owing to their extraordinary capability to capture charge
carriers, allowing successful doping with various carbon mate-
rials and transition metals. ZnO nanostructures can deliver
a notable response for humidity sensors. This metallic oxide is
hydrophilic and offers the excellent adsorption of water mole-
cules on its surface. This interesting characteristic has unfolded
new paths for the investigation and application of ZnO-based
nanomaterials for humidity sensing. Hydroxyl and oxygen
absorption defects on ZnO surfaces have effective hydrophilicity
while oxygen vacancy defects can also boost the dissociation
process of water molecules to enhance the response time of the
sensors. Furthermore, the large surface area can offer excessive
sites for water molecule adsorption, which can impressively
improve the sensor response. All these valuable features suggest
ZnO's great potential as a material for humidity sensors.**°

The prior literature shows some prior work in this field,
including a report on the fabrication of flexible humidity sensor
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based on pencil-drawn graphite patterns. In that study, a 10B
pencil was used for graphite coatings and the sensor was eval-
uated for the detection of human breath. However, the sensor
delivered a poor, unstable, and slow response. Moreover, the
sensitivity of the sensor was limited and there was no estima-
tion of the cycling performance of the sensor.>* Another similar
study demonstrated a humidity sensor based on chemically pre-
treated pencil graphite. A 2B pencil was used for graphite
coating; however, the sensitivity of the sensor was limited and
its response was also slow and poor. Moreover, there was no
sufficient real-time or cycling performance evaluation of the
sensor performed in that study.”” Researchers also fabricated
a pencil-drawn graphite-based capacitive humidity sensor on
a novel wood substrate. While the design of the device had some
novelty and simulations were performed to reveal the capaci-
tance characteristics of the device. However, the device size was
not convenient, the response was less stable than desired, and
the sensitivity, response time, and recovery time were poor,
while the cycling durability was not evaluated.*® Beyond pencil-
drawn graphite-based humidity sensors, it was reported in
another study that sensors based on only ZnO nanomaterials
delivered a large response and recovery time, and low
sensitivity.”*

To further advance the applications of pencil-drawn graphite
patterns on flexible substrates for humidity sensing, here we
demonstrated a humidity sensor that addresses all the afore-
mentioned concerns and fulfills the demands for facile, low-
price, and fast fabrication of sensors. The use of a 2B pencil
and ZnO-NPs improved the sensitivity of the sensor. The inte-
gration of ZnO-NPs with graphite patterns endowed the sensor
with a faster and stable response, which has been absent so far
in graphite-based humidity sensors. The design and assembly
of the sensor were flexible and customizable for different
shapes and sizes. All these features contribute to a real-time
response and cycling durability of the demonstrated sensor.
Moreover, the pencil-drawing method offers a simple and facile
way for the deposition of graphitic structures on appropriate
substrates, making use of easily available and less expensive
graphite pencils. This method additionally permits the forma-
tion of desired patterns on cellulose paper. Likewise, ZnO
nanoparticles paste was coated on the graphite bar device
through an extremely simple doctor blade method. The sensor
with all these advantages delivered a fast and distinctive
response, together with ultrasensitivity and notable mechanical
stability. The sensor was also evaluated for human breath
monitoring. The prepared electrodes and fabricated devices
involve quite simple, time-saving, less expensive, and environ-
mentally friendly methodologies, which could be of great
significance for the fabrication of different flexible electronic
devices and high-performance humidity sensors.

2 Experimental

A bar device sketch was designed using computer software, and
printed on conventional A4 printing paper mainly consisting of
cellulose fibers. Graphite coating was applied on the paper as
per the printed design through the direct pencil-drawing
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method. To optimize these graphite electrodes, 2B, 4B, 6B, 8B,
and 10B pencils were used. The uniformity in graphite coatings
was achieved by repeating the same number (10) of pencil
strokes over the desired area for all the prepared samples.
Afterward, a paste of ZnO nanoparticles that were purchased
from Sigma-Aldrich, USA, was prepared in deionized water and
its coating was applied on graphite electrodes using the doctor
blade method. Resistance measurements of the electrodes were
performed five times, and the average resistance values were
considered. Scanning electron microscopy (SEM) micrographs
were obtained on a Nova Nano Scanning Electron Microscope,
and an X-ray diffractometer (German, D8 Advance, Germany)
was used to acquire the X-ray diffraction (XRD) patterns. Image]
software was used to determine the sizes of the micro- and
nanostructures in the SEM images. Copper wires were attached
to the two electrodes of the device using copper tape. The
assembly of the sensor is depicted in Fig. 1a.

The evaluation of the sensor was performed by varying the
relative humidity (RH) environments in beakers (considered as
humidity chamber) as 11%, 24%, 43%, 62%, 84%, and 97%,
obtained through the application of salt solutions of LiCl,
CH;COOK, K,CO3;, CuCl,, KCl, and K,SO,, respectively. When
certain salt solutions are placed in closed environments, there
is a specific concentration of water vapors both inside the
solution and in the surrounding air. These solutions absorb or
desorb water vapor in the environment to reach the equilibrium
state. The process depends on the relative humidity (RH) of the
environment. Each salt solution has a specific equilibrium
relative humidity at a given temperature, at which point the
solution neither gains nor loses water vapor; for instance,
a saturated solution of potassium chloride (KCI) maintains an
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Fig.1 (a) Digital photographs and illustrations showing the fabrication
of the G/ZnO-NP-based humidity sensor. (b) Sensing setup for the
humidity sensor.
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RH of ~84% at 25 °C, which means that the water vapor in air
will remain constant and the humidity level will be maintained.
Based on this principle, saturated salt solutions are frequently
used to maintain the desired humidity levels in closed envi-
ronments.”>*® The same procedures and schemes were used in
the demonstrated study to produce the humidity levels of 11%,
24%, 43%, 62%, 84%, and 97% using the salt solutions of LiCl,
CH;COOK, K,CO3, CuCl,, KCl, and K,SO,, respectively.

The deviations in these RH levels were found to be up to
£3%. The fabricated sensor was connected to a Keithley 2400
Source Meter and a commercial humidity gauge was adjusted
inside the chamber to confirm the actual humidity values. The
sensor was placed in the beakers with different relative
humidity environments for a short time, and then brought
outside the beaker, and the effects of humidity on the sensor
were recorded. The sensing setup is illustrated in Fig. 1b. All the
humidity response experiments were performed at ~25 £ 2 °C.

3 Results and discussions

Fig. 2a depicts the SEM micrograph of the graphite-coated
cellulose paper. Most area of the pencil-drawn graphite film
was smooth and thoroughly covered the substrate. However,
there were also some rough areas, and the graphite film was
decorated with micro- and nano-scale graphitic structures. The
graphite structures were produced during the repetitive pencil
strokes on the cellulose paper. Frictional force caused traces of
graphite to be broken off the pencil core during the movement of
the pencil, which were subsequently deposited on the surface of
the substrate. Most of the traces settled down to the substrate
surface to form the graphite coating; however, some could not get
adjusted and stayed on the graphite coating. These structures
included nanoparticles, with two sized 47 and 89 nm indicated by
the arrows in Fig. 2a. Fig. 2b shows the ZnO-NPs coating above
the graphite bars on cellulose paper. It is obvious from the image
that the ZnO-NPs were agglomerated and it is hard to find the
sharp boundaries of individual ones. This could also be attrib-
uted to the coating methodology as this involved the formation of
a paste of ZnO-NPs. Yet, a few spots refer to such individual
nanoparticles where the concentration of the material was low, as
shown by the yellow arrows in the figure. It is also important to
mention that such a morphology of ZnO-NPs coating is impor-
tant to enhance the conducting paths in the sensing material,
particularly if the substrate is flexible. The micro- and nano-
structures of graphite along with ZnO-NPs enhance the electrical
stability of the device.

Fig. 2c shows the diffraction pattern of the pencil-drawn
graphite coating on cellulose paper. A hump-like broad peak
could be observed at a 26 value of 15.24°, which was attributed
to the amorphous paper substrate. The fingerprint peak of
graphite was recorded at a 26 value of 26.23° (d-spacing: 3.3950
A, space group: P6;mc (186), crystal structure: hexagonal), which
matched with JCPDS card no. 75-1621 and was indexed as the
002 plane. All the other obvious peaks in the pattern could be
ascribed to the binder in the form of metallic oxides in the
graphite pencils. The diffraction peaks observed at 26 values of
22.36°, 29.26°, 38.98°, 48.24°, 54.45°, 60.32°, and 64.12° were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 SEM micrographs showing the surface morphologies of (a) graphite and (b) graphite/ZnO-NPs coating on cellulose paper. XRD patterns of
(c) pencil-drawn graphite and (d) ZnO-NPs coating on cellulose substrate.

respectively assigned to the 101, 111, 201, 113, 004, 222, and 302
planes for SiO, as per JCPDS card no. 82-1235 (space group:
P4,2,2 (92), crystal structure: tetragonal). The remaining peaks
found at 26 values of 35.56°, 42.88°, 47.23°, 57.05°, and 65.53°
were respectively indexed to the 311, 400, 331, 511, and 531
planes for Fe,O; as per JCPDS card # 75-0033 (space group:
Fd3m (227), crystal structure: cubic). These outcomes were in
good agreement with the reported literature for pencil-drawn
graphite films.””

The major peak in the ZnO diffraction pattern was observed
at 20 as 34.71°, which was assigned to the 002 plane as per
JCPDS card No. 36-1451 (space group: P6zmc (186), crystal
structure: hexagonal). All the other small peaks are also
matched with this standard data. Consequently, the peaks at 26
values of 31.96°, 36.44°, 47.78°, 56.85°, 63.08°, 68.14°, and
72.72° were respectively attributed to the 100,101, 102, 110, 103,
112, and 004 diffraction planes, as shown in Fig. 2d. The
observations of the diffraction peaks were also consistent with
the already reported data in the literature.”®

Fig. 3a shows the responses of the fabricated humidity
sensors based on G/ZnO-NPs coatings with graphite coatings
employed using 2B, 4B, 6B, 8B, and 10B pencils. The fabricated
sensors were evaluated for RH levels from 11% to 97%. It could
be observed that the resistance of the sensor decreased with the
increase in RH level, and this decrease was more significant when
the graphite pencil changed from 10B to 2B. For the 2B pencil,
the resistance decreased from 7.28 to 1.04 GQ, and for the 10B

© 2024 The Author(s). Published by the Royal Society of Chemistry

pencil, the resistance decreased from 905 to 413 MQ with the
increase in RH level from 11% to 97%. The difference in resis-
tance change rate could be attributed to the fact that the initial
resistance of the graphite pencils increased from 10B to 2B owing
to the decrease in graphite concentration in the pencils. It was
interesting to note that the final resistance values of each sample
at 97% RH were comparable, which could be ascribed to the
maximum effect of the water molecules. This effect was compa-
rable in all the samples as the concentration of water molecules
(humidity) was comparable at the same RH as 97%. The 2B pencil
was found to be most appropriate, as a greater change in the
resistance of the sensor will offer a higher sensitivity. Conse-
quently, further measurements were performed with sensors in
which graphite coatings were employed using the 2B pencil. In
addition, five devices were fabricated using this pencil, and their
response to varying RH levels was recorded to further assess the
reproducibility of the devices, as depicted in Fig. S1 (ESI).T It
could be observed that the responses of all the devices were
consistent and comparable. Moreover, Table S1f in the ESIt
shows that the standard deviation of the response was not more
than 0.60, which signifies the notable reproducibility and
significant reliability of the results.

The deposition of graphite was meticulously executed to
ensure the uniform distribution across the surface of cellulose
paper. Since, applying a graphite coating directly onto the
graphite layer was ineffective, the thickness of the graphite layer
remained comparable across the sample surface. Fig. 3b

RSC Adv, 2024, 14, 37570-37579 | 37573


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05761a

Open Access Article. Published on 25 November 2024. Downloaded on 7/23/2025 8:14:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
8
(a) —m.azmo | (b) Ve
——4B: G/ZnO 84
——6B: G/ZnO
&% ——8B:G/Zn0 | &
3 ——10B: G/ZnO | 3B 07
-’ N’
8 8 \
s 4 £ =
g £ 11-Q9-RH1I% \_
2 2 |-®™-RH24% =
m 2 | “ + RH 43% 1\7‘ vvvvvv
21-p—RH 62% -
—& —ia— RH 84% o o o o i
. S o [Z=RH97%
20 40 60 80 100 0 5 10 15 20
Time (sec)
(C) (dz @ Sensor Response
< T| &l
S e
[ [=] @
[} 1 <9
= =
£ 4{——RH11% - 8 41
2 |—*—RH24% T o 2
& |——RH43% - = & ,
21— RH 62% ; ] R
—4—RH 84% Z Q
o [Z=RH97% "
0 50 100 150 200 250 0 20 40 60 80 100
Time (sec) Relative Humidity (%)
8
(e) —Q— Adsorption (f) T
—®—Desorption | ~ 6 L
6- NS
—~ ~
G = 51 T
QO 2
-’ ot
g S 4
2 41 2 :
Z S 3 :
g &
-2 = 24
2 2
< |
0 : : : . : 0
0 20 40 60 80 100 11 24 43 62 84

Relative Humidity (%)

Relative Humidity (%)

Fig. 3 Response of the sensor upon varying the humidity between 11% and 97%: (a) for sensors based on ZnO-NPs coated-graphite bar devices
fabricated using graphite pencils of different grades; (b) when the sensor was brought inside the chamber and kept there for some time; (c) when
the sensor was brought inside the chamber and then immediately taken out of the humid environments; (d) linearly fitted maximum response of
the sensor; (e) response hysteresis for absorption followed by subsequent desorption; (f) average deviations in response during the hysteresis

measurements.

illustrates the responses of the sensor when it was just put into
the chambers with different RH levels, and kept there for some
time. It could be noted that the change in resistance increased
with the increase in RH level, and remained almost constant
when the sensor remained inside the chamber. The resistance
changed from 8.53, 8.50, 8.50, 8.50, 8.48, and 8.49 GQ to 7.28,
6.36, 5.07, 4.15, 2.51, and 1.04 GQ as the humidity was changed
as 11%, 24%, 43%, 62%, 84%, and 97%, respectively. Moreover,
when the sensor was brought into the environments with
different RH levels, and then immediately taken out of the
chamber, there was still a significant response of the sensor to

37574 | RSC Adv, 2024, 14, 37570-37579

the different RH levels, as depicted in Fig. 3c. The sensing was
performed for RH levels as 11%, 24%, 43%, 62%, 84%, and
97%. It is obvious from the figure that the sensor showed effi-
cient recovery after it was taken out of the environments with
higher RH levels.

The resistance of the sensor decreased linearly as the RH
level increased, with a notable linearity (R*) of 991, as given in
Fig. 3d. It could also be observed that the sensor offered
distinctive selectivity for all the provided RH levels. The
response hysteresis was recorded for the demonstrated sensor,
as this plays a crucial role in the evaluation of the performance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of humidity sensors. During the measurements, the sensor was
exposed to varying RH levels and its response was recorded;
first, the RH level was increased from 11% to 97%, during which
water vapors were adsorbed on the surface of the sensor, and
subsequently, the RH level decreased from 97% to 11%, during
which the water vapors were desorbed from the surface of the
sensor, forming a loop of the sensor response, as depicted in
Fig. 3e. The loop with a minimal area signified the high
performance of the demonstrated humidity sensor. Small
deviations in response of 0.96%, 3.30%, 2.76%, 4.82%, and
6.37% were found, respectively, at RH levels of 11%, 24%, 43%,
62%, and 84%, as shown in Fig. 3f. These deviations could be
attributed to the wettability of the sensor as it took some time
for full recovery.”

The sensitivity of the fabricated sensor was determined at
different RH levels using the following equation:*

S = (@) x 100

1

where S is the sensitivity, R; is the initial resistance, and Rgy is
the resistance of the sensor at a particular RH level. It was
calculated as 17%, 34%, 68%, 105%, 241%, and 717%, respec-
tively, for RH levels of 11%, 24%, 43%, 62%, 84%, and 97%, as
given in Fig. 4. Moreover, the figure also depicts the increase in
weight of the sensor with increasing the RH level, as a greater
amount of water vapors is adsorbed by the sensor at higher RH
levels, which increase its weight. At 11% RH, the weight of the
device increased by ~2.2%, and by ~22.8% when the provided
RH level was 97%. This further confirmed the significant
absorption of water molecules on the surface of the sensor in
humid environments.**

Fig. 5a shows the determination of the response and recovery
time of the sensor for a RH level of 62%. Typically, the response
time is considered as the time during which a change in resis-
tance is observed from 10% to 90%, and the recovery time is
considered as the time during which the change in resistance is
recorded from 90% to 10%, as depicted in the figure. The
response and recovery time of the sensor for a RH level of 62%
were respectively recorded as 5.74 and 10.13 s. The delivered
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Fig. 4 Sensitivity and weight gain of the sensor in response to the
increasing RH level.
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response and recovery times were quite efficient compared to
those of many humidity sensors reported in the literature.
Moreover, these well meet the criteria of such sensors for
a diversity of practical applications, including human health
monitoring, food processing, and agricultural gadgets. Fig. 5b
shows the response and recovery time of the demonstrated
humidity sensor for all the investigated RH levels. The response
time was measured as 4.64, 4.31, 4.49, 5.74, 5.96, and 6.68 s, and
the recovery time as 10.41, 10.93, 10.05, 10.13, 12.33, and 13.87 s
for RH levels of 11%, 24%, 43%, 62%, 84%, and 97%,
respectively.

Long-term stability is one of the crucial features of humidity
sensors for their practical applications. Hence, the stability of
the demonstrated sensor was evaluated by measuring its
response to various RH levels for 10 days. The sensors were kept
in humid environments and their responses were recorded once
a day, as depicted in Fig. 5c. It is obvious that the responses of
the sensors were highly stable, and showed minimal degrada-
tion over the 10 days, with degradations in response of only
0.41%, 0.63%, 1.38%, 2.65%, 5.60%, and 6.25%, respectively,
for RH levels of 11%, 24%, 43%, 62%, 84%, and 97%. Notably,
the effect of the humid environment became stronger with the
increase in RH level. However, the results evidence the high
stability of the sensors, and their suitability and feasibility for
practical applications. Table 1 shows the performance
comparison of the demonstrated humidity sensor with that of
other sensors reported recently in the literature.

For practical applications of the demonstrated humidity
sensor in human health monitoring, the sensor was integrated
inside a surgical mask, as depicted in the insets of Fig. 5d. The
upper layer of a multi-layer mask was cut and the sensor was
fitted inside it. This was barely visible from the outside, as
shown by the digital photograph. The wires were then con-
nected to a circuit, and the mask was worn by a volunteer. The
process of breathing changes the humidity around the mouth of
the volunteer, and the surface of the sensor, which was open to
the environment around the mount, was exposed to these
humidity changes. As these changes were significantly higher
during inhalation and exhalation, the response signal delivered
sufficient changes in the resistance of the sensor, as displayed
in Fig. 5d. Moreover, the response signal remained sharp and
stable, which also evidenced the proficiency of the demon-
strated sensor for human breath detection. If a patient was
suffering from any disease, the breath response of the sensor
could be different as per the chemical species in the breath of
the patient. In this scenario, further calibrations of the breath
could be performed for the detection of diseases in this patient,
and the sensor could thus be employed for human healthcare.

The sensing mechanism of graphite on cellulose paper is
associated with hydrophilic functional groups present on its
surface. When humidity is increased and water molecules come
in contact with the sensor, the hydroxyl groups (OH™) from
water molecules are absorbed on the surface of the sensor. The
conductivity of the active material increases due to the initia-
tion of electron transfer from the active material to the hydroxyl
groups.*®** A similar situation has been found for ZnO nano-
particles layer; whereby, owing to the n-type nature and higher
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Fig.5 Response and recovery time of the demonstrated sensor for (a) 62% RH, and (b) all the studied RH levels. Evaluation of the sensor for its (c)

stability in humid environments, and (d) human breath monitoring.

Table1l Resistive humidity sensor performance comparison of the demonstrated sensor with other sensors recently reported in the literature, in

terms of RH range (%), response and recovery time, and sensitivity

Sensing material RH range (%) Response time (s) Recovery time (s) Sensitivity (%) Ref.
PVA/graphene 10-80 11 35 66.4 32
Cellulose/graphene 15-99 45 33 42 33
Ag-NP/graphene QDs 25-95 15 15 98.14 34
CNTs/CNFs 11-95 276 211 61.5 35
PDDA/rGO 11-97 147 133 37.43 36
MoS,/Si-NWs 11-95 26.4 15.1 392 37
rGO/ZnO/Cu 11-97 19 42 97.79 38
Carbon/ZnO 11-84 17.4 32.1 96 16
Rice paper 0-100 5 16 97 39
Graphite/ZnO 11-97 4.31 10.05 717 This work

electron-transfer ratio, the resistance of the ZnO layer is
decreased. The hydrophilic functional groups are then adsor-
bed on the surface of ZnO layer and increase the concentration
of free elections, which ultimately lowers the resistance of the
active material. Furthermore, in dry conditions, the electrons
cannot easily transfer to their neighboring (carbon and ZnO)
atoms through a tunneling effect. However, after the absorp-
tion, the hydroxyl groups and water molecule membranes on
the surface produce pathways for electron transport, which
decreases the resistance of the sensor. This effect is more

37576 | RSC Adv, 2024, 14, 37570-37579

significant with an increase in RH level. Thus, the resistance of
the device decreases with the increase in RH level.**"

In a case when the RH level is decreased, the water molecules
are desorbed from the surface of the sensor, and the resistance
of the device starts increasing. It is interesting to mention here
that the increase or decrease in the resistance of the sensor is
generally associated with the pristine resistance of the device.
Devices with lower resistance may offer an increase in resis-
tance upon an increase in RH level, while devices with higher
resistance may offer a decrease in resistance upon an increase
in RH level, as was observed in the current scenario. Devices

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that can deliver greater change in resistance upon a change in
RH level have higher sensitivity, and these are desired in a wide
range of practical applications. It could be seen from Table 1
that the demonstrated sensor offered a valuable response to
changes in humidity, and can be employed in practical appli-
cations, including food processing, agriculture, pharmaceuti-
cals, human healthcare, meteorology, and microelectronics.

In the future, sensors based on stretchable substrates may be
demonstrated, which will improve the flexibility of the devices
and endow the sensors with stretchability. The use of
textile/fabric substrates may enhance the mechanical properties
of the sensors and will make them suitable for proficient inte-
gration into human clothes to offer smart health monitoring.
Moreover, advanced materials may be designed to deliver a stable
response to varying temperature environments. In particular,
auspicious nanomaterials can be employed for human health
treatments.” In this scenario, detailed studies conducted on the
human body with diverse scopes could benefit from employing
advanced sensors for human safety,* with special attention given
to the performance of such sensors for the detection of diseases.
The engineering of sensing materials may furnish the humidity
sensors with higher sensitivity and selectivity for sundry diseases,
which will enhance their scope in human healthcare. In addition,
the sensors can be equipped with wireless charging mechanism
and their applications can be extended to food monitoring for
better assuring human health anxieties.**

4 Conclusions

A facile fabrication of a humidity sensor based on graphite/ZnO
nanoparticles-coated conventional cellulose paper was realized
in this work. SEM and XRD analyses of the samples were per-
formed. The humidity sensor was assembled by simply con-
necting copper wires along two edges of the bar device using
copper tape. The sensor demonstrated a remarkable response
to changes in the RH levels as 11%, 24%, 43%, 62%, 84%, and
97%, which were obtained using salt solutions of LiCl, CH;-
COOK, K,COj3, CuCl,, KCl, and K,SO,, respectively. The sensor
delivered the shortest response time of 4.31 s for a RH level of
24%, and the shortest recovery time as 10.05 s for a RH level of
43%. The sensor showed a hysteresis loop with a negligible area,
and the maximum deviation in adsorption/desorption was
recorded as 6.37% for a RH level of 84%, which suggests the
high efficiency of the demonstrated humidity sensor. Moreover,
the sensor showed an ultrasensitivity of 717% for 97% RH. The
sensor was also assessed for human breath monitoring, and its
response remained sharp and stable during inhalation and
exhalation, evidencing its high performance for many desired
practical applications, including human healthcare.
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