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Environmentally friendly humidity sensors with high sensing performance are considered crucial components for
various wearable electronic devices. We developed a rapid-response and durable Paper Cellulose Fiber/Graphene
Oxide Matrix (PCFGOM) humidity sensor using an all-carbon functional material. The fabricated sensor
demonstrated a high sensitivity to humidity through an electrical impedance measurement, with an increase in
response to humidity ranging from 10% to 90% at 1 kHz and 10 kHz, respectively, along with a response time of

1.2 s and a recovery time of 0.8 s. The stability of the sensor was also examined, with consistent performance
over a period of 24 h. This novel sensor was employed in several applications, including non-contact proximity
sensing, environmental humidity detection, and human respiration detection, to showcase its potential. More-
over, this work represents a significant milestone in developing inexpensive and eco-friendly humidity sensors,
given the abundance of paper and graphene in nature and their biocompatibility.

1. Introduction

Humidity sensors are widely utilized in a variety of industries,
including environmental monitoring, automotive defogging, respiratory
monitoring, manufacturing line monitoring, agricultural and forestry
breeding, weather detection, food logistics, and wearable flexible
equipment [1-3]. Making humidity sensors more sensitive, responsive,
and hysteresis-free is currently a major research focus [4-6]. The
fabrication and design of humidity sensors can be accomplished using a
variety of transduction techniques, such as optical fiber, capacitance [4],
resistance [5], surface acoustic wave [6], field effect transistor [7],
quartz crystal microbalance [8], and gravimetric [9-11]. Additionally,
humidity sensors use a variety of detecting materials, such as polymers
[12], transition metal dichalcogenides[5], bio-membranes[13], metal
oxides [14], and composites [15]. Nonetheless, each has its own set of
advantages and applications. For example, humidity-sensing materials
deposited on flexible substrates, including polyimide, poly-
dimethylsiloxane, polyethylene terephthalate, and polyethyleneimine,

are often used in wearable electronics [5,14,16]. As long as there is weak
interfacial interaction between the substrate, the conductive fillers, and
the humidity sensing layer, their separation is likely to occur during the
deformation process, which leads to poor performance in wearable
electronics [5,17,18]. These synthetic polymer substrates are not
biodegradable, which invariably causes environmental pollution [2,19,
20]. Using green and eco-friendly materials for device manufacturing
would considerably reduce the environmental effect of such device
development while maintaining high-performance functionality [13,19,
21,22]. Biodegradable, biocompatible, nontoxic, and renewable paper
cellulose is the most abundant natural polymer [2,20,23]. Due to its
mechanical/chemical stability, high hydrophilicity, abundance of hy-
droxyl groups, and water insolubility, paper cellulose is regarded as a
promising candidate for developing humidity sensors [1-3,20,23].
However, cellulose lacks one crucial sensor property, namely, its elec-
trical conductivity [2,3,20].

Therefore, much effort has been put into integrating carbon-based
conductive materials because of their high conductivity and stability
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Fig. 1. (a) Fabrication process of humidity sensor. (b) The schematic of the fabricated sensor and Experimental setup used for the electrical measurements of the
sensor. (c) The SEM image of rGO sensing layer at scale bar of 200 pm. The EDS color mapping shows (d) O K series and (e) C K series. (f) The EDS profile showing
peaks of C and O and weight % and atomic %. (g) The cross-sectional image of the fabricated humidity sensor. (h) 3D topography of the sensing layer. (i) Raman

Spectrum of GO, and rGO. (j) FTIR spectrum of GO, and rGO paper.

for humidity sensors in composite or layered structures using cellulose
and paper substrates [2,23]. For example, nano-cellulose graphe-
ne-based humidity sensors, carbon nanotube graphene-based humidity
sensors, and graphene nanoplatelets cellulose nanofiber-based humidity
sensors have been proposed via spray coating, dip coating, filtration
method, and screen printing, respectively [2,3,20]. The strong water

affinity of cellulose gave the as-prepared sensor substantial humidity
detection capabilities [2,23]. Moreover, the incompatibility and poor
affinity between the stiff conductive filler and flexible paper cause
cracking during the deformation process, which affects device perfor-
mance and stability [2,20,23]. To address these issues, in this work,
novel fabrication process is introduced to fabricate the biocompatible
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humidity sensor using Paper Cellulose Fiber/Graphene Oxide Matrix
(PCFGOM) blend at different weight/weight(w/w) ratios to improve the
device detection range and linearity, flexibility, stability, transient
response for environment monitoring and human health monitoring.
Gong et al. [2] report cellulose nanofiber and dispersed
graphene-filtered film for humidity response, displaying an improved
sensitivity of 15-99% RH but a relatively slow response time (45 s) and
recovery time (33 s). Yoshida et al. [3] report cellulose nanofiber and
graphene nanoplatelet composite as a sensing layer and electrode
(interdigital electrodes), with a 30-90% RH sensing range and an
improved response and recovery time of 17 s and 22 s, respectively. Kafy
et al. [1] report cellulose nanocrystal/GO composite film on interdigital
electrodes with a humidity sensing range of 30-80% RH, and response
time of 90 s, and a recovery time of 30 s. Yang et al. [24] report
nano-fibrillated cellulose/graphene oxide/polydimethylsiloxane aero-
gels via freeze drying on interdigital electrodes. The sensor response is
highly nonlinear in the range of 11-97% RH with a response time of 57 s
and a recovery time of 2 s. Despite the advancements in design and
achievements, several issues still need to be addressed, such as poor
sensing results, slow response, recovery time, sensor linearity, and a
difficult fabrication process. Herein, we propose a rapid-response du-
rable humidity sensor employing a PCFGOM structure. The concentra-
tion of GO in the electrodes and active layer is 20% w/w and 0.15%
w/w, respectively. The humidity sensor is immersed in Hydriodic (HI)
acid for the necessary time to convert GO to reduce graphene oxide
(rGO) to fine-tune the electrical conductivity. The PCFGOM humidity
sensor demonstrated a quick response of 1.3 s and recovery time of 0.8 s,
low hysteresis, a wide RH detection range between 10% and 90% at 1
kHz and 10 kHz, and sensor stability analyzed for more than 24 h. The
sensor also has the ability to detect human breathing, measure humidity
in the surrounding environment, and non-contact proximity sensing.

2. Experimental section
2.1. Materials

A simple and inexpensive method is used for the fabrication of the
PCFGOM humidity sensor. For the fabrication of the humidity sensor,
standard copy paper and graphene oxide dispersion in water at a con-
centration of 4 mg/mL (2.5 wt percentage, Graphene, San Sebastian,
Spain) are the primary materials used. A schematic of the fabrication
method for the PCFGOM humidity sensor is shown in Fig. 1(a).

2.2. Sensor fabrication

The detailed fabrication process is discussed in our previously re-
ported work [25]. To eliminate any water-soluble pollutants linked to
the paper and to liberate its fibers, the first step entails soaking common
copy paper in a deionized (DI) water bath for 24 h. After drying the
soaked paper on a hot plate for 30 min at 90 °C the weight of the dry
paper is measured using a weighing scale. The paper is then ground into
a pulp in DI water using a blender, and a predetermined volume of GO
solution is added. The required GO concentration determines the vol-
ume of the GO solution (the weight of paper ratio to the weight of GO).
The paper-GO-deionized water pulp is then mixed for 2 min for smooth
consistency. The initial layer of the device is constructed with a high GO
concentration to act as a top and bottom electrode (20% w/w). To
achieve this the pulp is then poured into a laboratory sieve set, which is
placed in a DI water-filled container. The pulp is dispersed uniformly
over the sieve surface to make a consistent paper film. Following that,
the sieve is carefully lifted from the container. To press and drain water
from the sieve while releasing the pulp in the form of a paper disc, the
pulp is covered with an overhead projector (OH) film and a 1 cm thick
plexiglass disk carefully carved to meet the sieve dimensions. The disk is
then removed, and the paper layer detaches from the sieve while still
attached to the OH film. The OH film with the attached layer is baked for
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5 min at 90 °C on a hot plate, completing the top electrode fabrication.
The same processes as in steps 1-9 is performed to create the active
layer, but with a different weight ratio of GO (0.15% w/w in this work),
as illustrated in Fig. 1(a). The stacking of the layers for PCFGOM hu-
midity sensor as 20% w/w GO paper cellulose fiber matrix as top and
bottom electrode and 0.15% w/w GO paper cellulose fiber matrix as
active layer. After 20 min of heating the sensor on a hot plate at 90 °C,
the sensor is removed, and the three layers of paper are cut to the
required size. The humidity sensor is then submerged in HI acid for a
predetermined time to convert GO to its reduced form rGO, which al-
lows for fine-tuning electrical conductivity. Following that, the sensor is
completely cleansed in DI water multiple times using numerous fresh DI
baths. In the final step, the devices are baked for 15 min on a hot plate
heated to 90 °C. The three-layered sensor devices are presently opera-
tional. Fig. 1(a) depicts an exploded view of the three layers and a
schematic representation of the PCFGOM humidity sensor device.

2.3. Sensor material characterization

A field emission scanning electron microscope (FESEM), model JSM-
7610 F from JEOL, was used to take microphotographs, EDS color
mapping, and element maps of the fabricated humidity sensor device.
The ASYLUM MFP-3D’s atomic force microscope (AFM) was used to
examine the sensor’s surface roughness in its AC mode topography/[26,
27]. A high-frequency silicon tip of resonance frequency ~256 kHz with
a 30 nm apex diameter was employed for the topography of the sensor.
GO, and rGO quality in the devices are being examined using Raman
spectroscopy to confirm the presence of rGO. Fourier Transform Infrared
(FTIR) spectroscopy was carried out using a Bruker Alpha system fitted
with a diamond reflectance accessory to analyze the functional groups.

2.4. Sensor evaluation setup

The electrical behavior of the PCFGOM humidity sensor was studied
across a wide range of RH values. As shown in Fig. 1(b), saturated so-
lutions of various salts (LiCl, CoH3KO2, MgCly, NaBr, NaCl, and KHyPO4)
were put in airtight glass jars to provide a variety of humidity conditions
at 25 °C (room temperature). The varying relative humidity (RH) values
produced by these saturated aqueous solutions were 10%, 22%, 33%,
57%, 76%, and 90% RH. The RH values of the various salt solutions
maintain accuracy between 1% and 2% RH, depending on the envi-
ronment’s temperature and the salt used. The % RH of several salt so-
lutions was calculated using a commercial HTU21D sensor and an
Arduino UNIO unit. The proposed humidity sensor’s capacitance and
impedance responses to relative humidity were measured using a GOWE
LCR meter (AT826). The sensor’s electrical readings were all made at
25 °C. The LCR meter and Arduino UNO were directly linked to the
computer for data logging. The sensor range, stability, hysteresis, and
application (non-contact sensing, human breath monitoring, and envi-
ronment monitoring) were measured in the air environment (as a base
gas). Evaluation of the transient response involved using a humidifier,
air compressor, and nitrogen gas.

3. Results and discussion
3.1. Material characterization

A field emission scanning electron microscopy (FESEM) analysis is
performed for the proposed humidity sensor. Fig. 1(c) shows a low-
magnification FESEM image of PCFGOM humidity sensor electrodes. It
is noticeable that the GO flakes create a coating film within the micro-
fibers, bonding them together. The elemental color mapping shows the
carbon C-K series and oxygen O-K series, as shown in Figs. 1(d) and 1(e),
evidencing the presence of carbon and oxygen. The elemental compo-
sition shows the carbon and oxygen peaks with weight % of 52.19 and
47.81, respectively, as shown in Fig. 1(f). An analysis of the PCFGOM
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Fig. 2. The humidity sensor’s impedance and capacitance responses (a) 1 kHz and (b) 10 kHz frequency. (c) Sensitivity of the fabricated sensor. (d) Sensor response
to humidification and dehumidification cycle. Stability test analyzed for 24 hrs to monitor (e) impedance, and (f) capacitance. (g) The humidity sensor’s impedance
transient response times at 1 kHz. (h) Illustration of the humidity sensing mechanism.

humidity sensor’s three layers’ bonding is done using a cross-section
FESEM image, as seen in Fig. 1 (g). According to FESEM measure-
ments, the tested device has a thickness of around 350 pm. Further, AFM
is used to analyze the surface at a magnified scale with root mean square
roughness ~ 600 nm, as shown in 3D topography images in Fig. 1 (h).

Fig. 1(i) displays the Raman spectra for two different samples that
include GO before and after reduction. Both devices exhibit two prom-
inent vibrations in the 1000 cm ™! to 3000 cm ™! range. The breathing
mode of j-photons with A1g symmetry is connected with the D-vibration
band[28]. With GO, and rGO paper, the D-band occurred at
1332.2 cm™}, and 1338.4 cm ™, respectively. When the number of de-
fects in the graphene plane increases, the D band’s intensity rises. As a
result, when the oxygen functionalities are removed, the graphene plane
develops defects[22], as seen in Fig. 1(i), which causes the D-band to
rise. The G-vibration band, which depicts the first order E2g optical
mode of the C-C double bond of the graphite plate, occurred at
1606.1 cm ™! for GO paper and 1581.5 cm ™! for rGO paper[28]. As more
oxygen groups are present in GO, the location of the G-band moves to a
higher wave number, while during the reduction process, the G-band

shifts to a lower frequency, as shown in Fig. 1(i) for the rGO sample, and
it agrees with the results in the literature[22,28-30]. The disorder and
tangential bands, respectively, are shown by the D and G-bands. More-
over, for GO paper, and rGO paper, the 2D band was seen at
2667.9 cm ™! and 2664.8 cm ™!, respectively[22]. The graphene layer
may be identified using this band because it is sensitive to the stacking of
graphene layers. The ID/IG ratio may also be used to represent the de-
fects in the GO structure[22]. In the case of rGO, the ID/IG ratio
increased from 0.99 to 1.06. This is primarily due to decreasing sp>
domain sizes and the restoration of sp? carbon following reduction. The
findings confirm the existence of rGO and match the data provided in the
literature. To measure the deoxygenation of GO, FTIR spectra, as shown
in Fig. 1(j), have been studied. One of the most notable features of
pristine GO samples is the presence of a rich collection of transmission
bands that correspond to oxygen carbon groups (OCGs) for example,
C=0 at 1730 cm’l, 0-C=0 around 1389 cm™![22]. After reduction,
the majority of them disappeared, implying that OCGs were effectively
removed|22], as shown in Fig. 1(j).
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Table 1

Performance parameter comparisons between the fabricated sensor and those described in the literature for other sensors based on 2D materials, GO, Graphene and

CNT.
Humidity Sensing Detection Range RH Response Time Recovery Time Curve Sensing Principle Ref.
Materials % (sec) (sec) Shape
WS, 40-80 13 17 Almost Linear Resistive [35]
TiSiy 0-100 0.9 8 Linear Impedance & Capacitance [31]
ZrSe, 15-80 1 2 Linear Impedance & Capacitance [32]
MoS, 0-60 9 17 _ Resistive [36]
VS, 0-100 40 50 Almost Linear Resistive [37]1
PSS-Graphene 30-95 3 22 Almost Linear Impedance [38]
Zn0O 0-97 6.2 9.6 Non-linear Gravimetric [39]
GO/Iny03 11-97 15 2.5 Non-linear Capacitance [40]
SnS,/GO 0-97 6 15 Non-linear Resistive [41]
GO 20-90 0.8 2.4 Non-linear Potentiometric [34]
GO 10-90 15.8 - Non-linear Capacitance [42]
GO 8-95 3 7.7 Non-linear Resistive [43]
PDDA/GO 6-66 300 147 Non-linear Resistive [44]
GO 11-97 94 134 Linear Resistive [45]
GO 2-90 - - Almost Linear QCM [46]
GO 6-97 45 24 Non-Linear QCM [47]
GO/PEL 11-97 53 18 Non-linear QCM [48]
GO 25-65 5 - Non-linear Capacitive [49]
GO-Si Bilayer 10-98 19 10 Almost Linear ~ Voltage [50]
CNT Cellulose 10-95 321 435 Linear Current [20]
CNT Cellulose 11-95 333 523 Linear Current [23]
GO Fiber 10-65 - - Non-linear Current [33]
GO 11-97 54 12 Non-linear Acoustic [51]
GO 10-90 7 13 Almost Linear Gravimetric [52]
GO 10-90 3 10 Non-linear Gravimetric [53]
GO 10-90 10 10 Almost Linear Gravimetric [54]
GO 10-90 6 - Non-linear Gravimetric [55]
Graphene Cellulose Paper 30-90 1 6 Linear Resistive [19]
Cellulose Nanofiber Graphene 15-99 45 33 Almost Linear ~ Resistive [2]
Cellulose Nanofiber/ Graphene Nanoplates 30-90 17 22 Nonlinear Resistive [3]
Cellulose Nanocrystal/GO 30-80 920 30 linear Capacitive [1]
Nanofibrillated cellulose/GO/PDMS 11-97 57 2 Non-Linear Capacitive [24]

aerogel
PCFGOM 10-90 1.3 0.8 Linear Impedance & This
Capacitance work

3.2. Electrical response

The impedance and capacitance responses of the PCFGOM humidity
sensor were analyzed at test frequencies of 1 kHz and 10 kHz under
various humidity levels (0% to 90% RH) to examine the electrical per-
formance of the proposed humidity sensor. Impedance is a metric for
determining a circuit’s resistance and reactance. On the other hand,
capacitance indicates the material’s capacity to hold an electrical
charge. Due to the presence of water molecules, PCFGOM humidity
sensor impedance and capacitance may change. A hygroscopic expan-
sion of the sensing layer under humid conditions further amplifies
electrical signals. The paper cellulose fiber supplied a lot of adsorption
sites (-OH, -COOH) to collect water molecules at the same time as it
served as a reservoir. As a result, water molecules that had been
absorbed transferred more electrons to the active layer. Thus, the
impedance and capacitance of the sensor vary when the humidity level
changes. Fig. 2(a-b) show the impedance and capacitance responses at
1 kHz and 10 kHz, respectively. The findings in Fig. 2(a), indicate that
the impedance changed linearly from 8.3 MQ to 500 KQ with a change
in RH from 10% to 90% during the 1 kHz test frequency. As the relative
humidity increases, the sheet resistance of the active layer decreases,
causing the impedance to drop. Similarly, the impedance at 10 kHz
frequency begins at 12.5 MQ at 10% RH and then declines linearly with
the rise in relative humidity, finally falling to 96 kQ at 90% RH, as
shown in Fig. 2(b). The linearity of the response at test frequencies of
1 kHz and 10 kHz indicates that the PCFGOM humidity sensor has a
10-90% RH detection limit that can be monitored appropriately. As a
result of the water molecule’s higher polarization at low frequencies, the
active layer and the water molecules experience stronger electrostatic
attractive forces. Therefore, the impedance shift at low frequencies

(1 kHz) is more noticeable than at higher frequencies (10 kHz). The
(H") ions generated by the water molecules cannot keep up with the
alternating rate of the applied electric field because the electric field
varies fast at the high-test frequencies. This led to a weak dielectric
property that was less sensitive to humidity. At 1 kHz and 10 kHz, the
suggested sensor’s impedance sensitivity (Sz) is 9750000% and
1442500%, as shown in Fig. 2(c), calculated from Eq.(1) [5]. ZI and Zu
represents the impedance at higher relative humidity levels (RHu) and
lower humidity level (RHI).
SZ = % x 100 (@D)]
The PCFGOM humidity sensor capacitance behavior was also
assessed in response to variations in relative humidity. The water mol-
ecules absorption in the active region causes the permittivity of the
sensing layer to rise as the RH increases. As shown in Fig. 2(a), at 1 kHz.
The measured capacitance was 18 pF at 10% RH, which continues to
rise, reaching 77 pF at 90% RH. In addition, at 10 kHz, the capacitance
response starts at 11 pF at 10% RH and increases to 27 pF at 90% RH, as
shown in Fig. 2(b). The relative permittivity of the sensing medium
decreases as the relative humidity increases, and therefore the device’s
capacitance increases. According to the given formula C= (xepA)/d,
where « is the dielectric constant and its value increases with the in-
crease in humidity level. The humidity level was scaled up from 10% to
90% RH, then decreased down from 90% to 10% RH using saturated salt
solutions to create the adsorption and desorption cycles for which the
sensor’s impedance and capacitance were both recorded. Charges
injected from the interfaces between electrodes and the active layer are
trapped in molecular gaps, which results in hysteresis[27,31], as shown
in Fig. 2(d). When placed in an electric field, water molecules may align
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Fig. 3. (a) Impedance curves for non-contact sensing of a moist finger without and with gloves, as well as a dry finger without gloves. (b) The non-contact humidity
sensing test with finger proximation test at different distances in a range of 9-3 mm. (c) The impedance change of PCFGOM humidity sensor for non-contact sensing
at different distances in a range of 9-3 mm. The capacitance behavior of the proposed sensor, while spraying water from the atomizer at a given distance of (d) 30 cm,

(e) 20 cm, and (f) 10 cm.

to create polar molecular structures thanks to their large electric dipole
~1.8D[31]. Different charge trap densities are produced by this struc-
tural alignment, leading to hysteresis[31]. In addition, the device
impedance and capacitance stability were analyzed for 24 h in various
humid conditions (10%, 33%, and 76%RH) at 1 kHz frequency, as
shown in Fig. 2(e-f), respectively. These results demonstrate that the
PCFGOM humidity sensor operation is stable and error-free. Another
crucial aspect of a humidity sensor is the transient response time
(response and recovery). A humidifier was used to analyze the sensor’s
response to rapid step changes alternating the RH from 10% to 90% RH,
while nitrogen gas and air compressor were used to dehumidify the
sample from 90% to 10% RH. Fig. 2(g) displays the measured response
and recovery periods for the impedance, which were 1.3 s and 0.8 s,
respectively. Repeated impedance humidification and dehumidification
cycles demonstrate stable response and recovery durations. These
measurements reveal that the suggested sensor has a fast response and
recovery time and may be used for real-time practical applications.

3.3. Sensing mechanism

The output (impedance and capacitance) of the humidity sensor was
measured, where hydration is controlled by adjusting the external en-
vironment’s humidity (10-90% RH). The mechanism of the humidity
sensor is illustrated in Fig. 2(h). The top and bottom electrodes are
highly conductive, and the sandwiched layer has a low GO concentra-
tion with high oxygen vacancies. Moreover, the sensing mechanism of
the PCFGOM humidity sensor can be explained based on the suggested
sensing mechanisms in the literature, which are proton hopping,
tunneling, and transfer of electrons from the water molecules on the
active sites of the sensing material [32]. At low relative humidity, the

H50 covers the active sites of hydrophilic functional groups such as
hydroxyl and carboxyl groups [1,2,23,33]. The rGO paper cellulose fiber
matrix electrodes feature a porous structure, that provide a path for HyO
molecules to flow through. The top and bottom electrodes in the
PCFGOM humidity sensor, form a conductive pathway, while the active
layer serves as a humidity-adsorbing matrix [1,2,20,21,24]. The current
flows as a result of the tunneling effect between active water donor sites.
In addition, the paper cellulose fiber, which served as a reservoir, offered
many adsorption sites (-OH, -COOH) to capture water molecules and
encouraged the electron transfer from adsorbed water molecules to the
active layer [2,19,22-24]. Increased environmental humidity led to the
active layer adsorbing more moisture, which led to a decrease in sensor
resistance [1,3,20,24,31]. After water adsorption by the active layer, the
hydrogen ion (H") was quickly transported from the oxidized end to the
reduced end through concentration gradients after being ionized from
oxygen-related groups [1,3,31,33,34]. The protons that are mobile are
easily accessible for conduction [1,2,23,34]. So, according to Grot-
thuss’s mechanism, proton hopping is the predominant process at high
RH [20,22,24,31,33]. When the PCFGOM humidity sensor is linked to
an external circuit, the change in impedance and capacitance can be
measured. Table 1 compares the various sensing characteristics of
PCFGOM humidity sensor with those of previously reported sensors that
are based on 2D materials, metal oxides, paper cellulose, GO, Graphene
and CNT. The PCFGOM humidity sensor fabricated in this study exhibits
a wide operating range, spanning from 10-90% RH, while maintaining a
linear response characteristic. Notably, these sensors demonstrate rapid
response and recovery times, with values of 1.3 s and 0.8 s respectively.
Moreover, PCFGOM humidity sensor exhibit significantly enhanced
impedance sensitivity, achieving values of 9750000% and 1442500% at
frequencies of 1kHz and 10 kHz, respectively. Furthermore, the
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Fig. 4. (a) Bending sensor response and recovery. (b) Breathing test in normal condition and (c) fast breathing condition. (d) Humidity sensor attached to skin to
monitor Dry skin and sweating skin response. (e) Read-out circuitry for PCFGOM humidity sensor. (f) Impedance response of fabricated sensor in open environment

(data was taken on 14 Feb 2023).

stability of the sensors is diligently monitored for a duration of more
than 24 hrs, showcasing consistent and reliable performance throughout
the observation period. The outcome demonstrates that the PCFGOM
humidity sensor is adaptable to changes in ambient humidity. In
contrast to humidity sensors that have been previously reported based
on 2D materials, such as GO, graphene, cellulose, paper, and CNT, the
comparison between the current work and the previously developed
sensors demonstrates that the PCFGOM humidity sensor has an excep-
tional detection capability, as shown in Table 1.

3.4. Application

Based on its high sensitivity, the PCFGOM humidity sensor was
tested for a variety of applications, including the non-contact detection
of a human fingertip and water spraying tests at distances of 30 cm,
20 cm, and 10 cm. Fig. 3(a) provides a schematic of human fingertip
contactless sensing. After placing the finger 2 mm above the PCFGOM
humidity sensor at a frequency of 1 kHz, the sensor displayed an abrupt
shift in impedance in response to moist finger humidity at an ambient
40% RH. In the span of 10 s, the impedance curve of a wet finger without
gloves rises dramatically from 5.3 MQ to 1.2 MQ, as seen in Fig. 3(a).
Nevertheless, the dry finger also contains moisture, which causes a
fluctuation in the capacitance from 5 MQ to 4.1 MQ. Moreover, when
we carried out the same test while wearing gloves, there was minimal
change in impedance, demonstrating that the PCFGOM humidity sensor
solely reacts to humidity, as shown in Fig. 3(a). When a moist finger is
placed 3 mm, 5 mm, 7 mm, and 9 mm above the device, the humidity
sensor exhibits a quick real-time shift in current, as illustrated in Fig. 3
(b). According to Fig. 3(c), the impedance was determined to be
3.893 MQ, 3.182 MQ, 2.57 MQ, and 2.26 MQ for distances of 3 mm,
5 mm, 7 mm, and 9 mm, respectively. We also tested the PCFGOM

humidity sensor response by spraying water. Initially, the sensor was
mounted to the beaker, and water was sprayed from the atomizer at
30 c¢m, 20 cm, and 10 cm distances from the sensor at ambient 40% RH.
For 10 s, water sprayed in the direction of the sensor before abruptly
stopping when the impedance returned to its starting point. Impedance
changes from 5.4 MQ to 3.55 MQ at a distance of 30 cm as shown in
Fig. 3(d), from 5.4 MQ to 4.84 MQ at a distance of 20 cm as shown in
Fig. 3(e), and from 5 MQ to 2.5 MQ at a distance of 10 cm Fig. 3(f).
The PCFGOM humidity sensor was used to monitor a person’s
breathing activities. To track the respiratory reaction, the sensor was
positioned within the mask. The sensor’s output in this case was
detected at 1 kHz. A volunteer wore the mask in normal room condi-
tions. The user was previously given instructions for the apnea phase to
test the humidity sensor for different situations. The breathing was
divided into two categories: normal breathing and fast breathing as
shown in Fig. 4(a-b). The corresponding application of the sensor as
normal breathing with an impedance change of ~ 2 MQ is demonstrated
in Fig. 4(a). Fast breathing caused a large change in impedance ~
1.08 MQ because more water vapor was expelled under these conditions
and was picked up by the sensor, as shown in Fig. 4(b). It was easy to
distinguish between the two breathing patterns (slow and fast). The
proposed humidity sensor could detect human breathing with appre-
ciable precision and efficacy. Furthermore, the proposed flexible sen-
sor’s transient response was measured in a bending state. The sensor is
mounted on the bend surface with a diameter of 20 mm. The recorded
transient response in the bending state is shown in Fig. 4(c). After the
bending test, the proposed sensor delivers good sensing performance
with fast response and recovery time by varying the relative humidity
from 10% RH - 90% RH by using humidifier and dehumidification is
performed using nitrogen gas and air compressor. Furthermore, we
adapted the sensor to human skin to monitor the sensor’s response to
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human sweating. In this case, we attached a PCFGOM humidity sensor to
human skin and monitored the sensor response while running. Upon
detecting the sweating, the sensor’s impedance rapidly decreases from
5.2 MQ to 530 kQ, as shown in Fig. 4(d). In order to monitor RH in an
open environment, a real-time low-cost read-out circuitry was employed
for PCFGOM humidity sensor, as depicted in Fig. 4(e). The prototype
consists of an Arduino UNO, HTU21D reference humidity sensor,
PCFGOM humidity sensor, voltage divider resistor, LCD 1602 Arduino
shield used for visualizing RH and relative impedance change, and a PC
used for data logging purposes. The fabricated PCFGOM humidity sensor
real-time impedance behavior was analyzed to keep an eye on the out-
door environment (the data was collected at Khalifa University - Abu
Dhabi, on February 14, 2023) (midnight to noon). as shown in Fig. 4(f).
The relative humidity sensor HTU21D monitors the RH level from
midnight to noon. The data is monitored every hour. The proposed
PCFGOM humidity sensor demonstrates consistent and stable perfor-
mance, indicating its potential for real-time monitoring applications.

4. Concluding remarks

We used a straightforward and very effective strategy to produce a
high-performance, environment-friendly, disposable paper cellulose
fiber/GO matrix humidity sensor. Paper cellulose fibers and graphene
oxide matrix composite film were employed for the electrodes as well as
the sensing or active layer of the sensor, obviating the necessity for
precious metals like silver and gold. For electrodes and active layer, the
GO concentration is 20% w/w and 0.15% w/w, respectively. This sensor
is eco-friendly since it uses cellulose paper and GO, both of which are
widely available in nature, harmless, and affordable. Each layer was
combined and stacked to make this paper-based cellulose fiber GO
matrix humidity sensor. The sensing characteristics of the sensor were
excellent at 1 kHz and 10 kHz frequencies, as it exhibited high imped-
ance sensitivity of 9750000% and 1442500%, respectively. The
PCFGOM sensor has fast operating speeds with response and recovery
times of 1.3 s and 0.8 s, respectively. Moreover, the sensor’s ability to
detect moisture from human breath, fingertip proximity, and moisture
detection in open environments suggests it has potential utility in agro-
industrial enterprises and healthcare systems.
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