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graphene-based sensor to detect
the humidity and the temperature of a metal body
with imprecise data analysis

Usama Afzal, *ad Muhammad Aslam, b Fatima Afzal,c Kanza Maryam,c

Naveed Ahmad,d Qayyum Zafar e and Zahid Farooqf

Graphene is a 2D material with remarkable properties. The present study demonstrates the fabrication of

a graphene-based sensor for measuring the temperature and humidity of a metal body. The graphene

sensor was fabricated by depositing a thin film of graphene nanoparticles between silver electrodes

(separated by �50 mm) on a glass substrate. The graphene thin film was characterized by XRD, Raman

spectroscopy and UV-vis techniques. The capacitance and resistance for both the relative humidity (in

the range of 0–100% RH) and temperature (in the range of 230–310 K) were measured using an LCR

meter at 1 kHz in a controlled chamber. The graphene-based sensor expressed high sensitivity with fast

response and recovery times for both humidity and temperature with long stability and low hysteresis

curves. The sensor was also tested on a metal body, which expressed a good response time. Moreover,

the measured data of capacitance and resistance was analyzed with classical and neutrosophic analysis

as an application of modern material statistics. It was observed that neutrosophic analysis is more flexible

for analyzing the capacitance and resistance of the fabricated sensor.
1. Introduction

Studies on microelectronics and nanotechnology are on the rise
and researchers have been working on exible circuits as well as
devices. Many nanomaterials have been used for this purpose,
such as carbon-containing materials, i.e., carbon nanobers
(CNFs)1 and carbon nanotubes (CNTs).2,3 Graphene is one of the
well-known carbon-containing materials. It is a zero-bandgap4

allotropic form of carbon having a two-dimensional hexagonal
lattice structure. Graphene is more advantageous than other
materials such as graphite due to its mechanical properties
(since it may be single-layered or multilayered5), thermal
conductivity (graphene has very high thermal properties) of
about 5000 W m�1 K (ref. 6), electric conductivity (about 104 to
105 S m�1 for pure graphene7) and large surface area.8

Researchers have also used the oxide form of graphene which is
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produced through different methods. The Hummers' method is
one of the commonly known methods, which is used by
different researchers in their work as explained in the following
ref. 9–12. Due to the remarkable properties of graphene, it has
been used in the fabrication of different devices such as
sensors,13 solar cells14 and others. For example, a humidity
sensor based on the thin lms of graphene oxide with thermal
annealing at the temperature of 1200 �C was proposed.15 A
highly sensitive humidity graphene oxide was also fabricated
with evenly dispersed multi-walled carbon nanotubes.16 Simi-
larly, a wearable temperature sensor based on graphene nano-
walls was proposed.17 For further examples, the reader may be
interested in the following ref. 16, 18–26. From the above-
mentioned references, it was observed that the data measured
(whether resistance or capacitance) were analyzed through
classical graphs and tables, which are based on the xed-point
values, i.e., xed values of capacitance and resistance at
a specic point of humidity and temperature. However, if
someone measures data in the interval, classical methods do
not analyze the data well. This is why we should move on to
some novel statistics approaches, such as the neutrosophic
approach, etc.

A neutrosophic approach is used for the analysis of the data
variance, as proposed by Smarandache.27 It is a exible and
reliable technique of statistics, which has numerous advantages
over the classical approach. The neutrosophic approach uses
interval data for the analysis,28 which is its biggest advantage
because classical analysis is only specied around the xed-
RSC Adv., 2022, 12, 21297–21308 | 21297
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View Article Online
point or determined data. This is why the use of this approach
has gained importance for the variance analysis of different
problems in several elds, e.g. medicine,29 applied sciences,30

astrophysics31 and material statistics like resistance and
capacitance analysis,32–34 etc. Moreover, the neutrosophic tech-
nique is more helpful than classical techniques; see the
following references for examples.35–37 Different statistical
techniques have been developed under neutrosophic statistics
by Muhammad Aslam.38,39

Herein, we report the fabrication of a graphene-based sensor
for measuring the humidity and temperature effects of the
metal body. A thin lm of graphene nanoparticles was depos-
ited on a glass substrate between two silver electrodes whose
capacitance and resistance with respect to temperature and
relative humidity were measured at 1 kHz with an LCR meter.
The data were analyzed through classical and neutrosophic
approaches (a similar analysis was performed for the interval
data of the humidity sensor based on methyl green40). Through
this work, we have tried to develop an application of material
statistics (a study in which data regarding material properties
are analyzed through different methods of statistics) for the said
graphene sensor's imprecise data based on modern statistics
methods.

2. Experimental

Graphene with 99.9% purity has been used in this experiment.
For the fabrication of the sensor, the glass substrate (25 � 25
mm) was cleaned with ethanol (for 15 minutes) and then dried
with the help of a nitrogen gun. Silver electrodes (separated
about 50 mm) were deposited on the substrate by thermal
evaporation with a shadow mask at 10�5 mbar pressure. Aer
this, a solution of graphene nanoparticles was prepared by
taking about 40 mg graphene and 1.6 ml naphtha. The solution
Fig. 1 Schematic diagram of the sample.

Fig. 2 Characterization setup used in the experiment.

21298 | RSC Adv., 2022, 12, 21297–21308
was stirred for ve hours and then ltered. About 50 ml of the
solution was deposited between the electrodes through
a micropipette. In the end, our fabricated sensor (of dimension
25 � 25 mm) was ready for characterization having a 2 mm
thickness of the thin lm of graphene nanoparticles with an
8 mm � 25 mm surface area as shown in Fig. 1. The whole
process was performed at room temperature, i.e. 20 �C.

The structure of the graphene nanoparticle thin lm was
characterized by X-ray diffraction (XRD), the optical properties
of the sample were studied by the UV-vis technique and the
quality of the thin lm was investigated by Raman spectroscopy.
The electrical study was performed in the laboratory using an
AT2816B LCR meter at 10 kHz, which was associated with
a controlled chamber. This controlled chamber contained
a heater to increase the temperature of the chamber and
a humidier to produce humidity inside the chamber. The
characterization setup is shown in Fig. 2. First, we measured the
variances in capacitance and resistance with respect to changes
in temperature (from 230 to 310 K). Aer this, we measured the
capacitance and resistance variance with respect to changes in
the relative humidity inside the chamber (from 0 to 90% RH).
All the data were collected at intervals, with both maximum and
minimum value changes in capacitance and resistance at
a specic point of relative humidity, as well as temperature.
Also, the sample has shown high sensitivity with high response
and recovery times for both relative humidity (% RH) and
temperature (K). We repeated the whole experiment several
times but found very minor variations (about 1 to 1.5%, which
can be neglected).
3. Results and discussion

The structure of the graphene thin lm has been studied by the
XRD technique, as shown in Fig. 3. The following pattern was
ben observed in the range 5� < 2� theta < 70�. The pattern
satises the standard value. There is a sharp peak, i.e. (002), at
about 25�, which expresses the (002) plane with a d-spacing of
3.562 Å based on Bragg's law and also provides information
about the size of the lattice constant, i.e., 2.46 Å.41

Fig. 4(a) shows the UV-vis spectrum of the graphene thin
lm. The peak of the spectrum is found at 280 nm, which
indicates that the thin lm is a good absorber of UV-C light. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD pattern of the graphene nanoparticles-based thin film.
Table 2 The capacitance and resistance of the graphene nano-
particles thin film as a temperature sensor

Temperature (K) Capacitance (mF) Resistance (U)

230 [10.01, 11.12] [90, 111]
240 [10.21, 10.63] [94, 98]
250 [8.62, 9.71] [103, 116]
260 [7.52, 8.55] [117, 133]
270 [6.29, 7.58] [132, 159]
280 [4.72, 5.18] [193, 212]
290 [4.02, 4.49] [223, 249]
300 [3.32, 3.70] [270, 301]
310 [2.56, 2.97] [337, 390]

Table 1 The capacitance and resistance of the graphene nano-
particles thin film as a humidity sensor

Relative humidity
(% RH) Capacitance (pF) Resistance (kU)

0 [2.345, 2.923] [36.024, 36.820]
10 [2.421, 3.213] [35.122, 35.422]
20 [2.710, 3.312] [33.245, 33.945]
30 [3.001, 3.299] [31.108, 31.708]
40 [3.398, 3.663] [28.378, 28.930]
50 [3.419, 3.824] [26.378, 26.991]
60 [3.721, 4.143] [24.524, 25.321]
70 [3.921, 4.521] [23.216, 23.879]
80 [4.007, 4.791] [23.116, 23.290]
90 [4.172, 4.810] [23.102, 23.208]
100 [4.671, 4.957] [23.079, 23.102]

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

/2
02

5 
5:

15
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
absorption efficiency indicates that it can be used in light
sensing, photodiodes, or solar cell applications. Also, Fig. 4(b)
shows the Raman spectrum. We observed three peaks as D, G
and 2D at about 1376, 1649 and 2725 cm�1, respectively. ‘D’ is
a defect peak, which highlights the defects as well as disorders
between layers of graphene. ‘G’ is the characteristic peak of the
carbon structure sp2, which highlights the symmetry as well as
the crystallization of the graphene structure. ‘2D’ is a double-
phonon-resonance peak, which expresses the graphene stack-
ing degree, i.e., indicating the presence of graphene.42,43

We investigated the electric properties of the sample for
humidity and temperature sensing, which were measured in the
lab as shown in Tables 1 and 2 for humidity and temperature
sensors, respectively. We measured the interval values of
capacitance and resistance because we wanted to observe the
whole variance of the sensor's capacitance and resistance (i.e.,
the minimum change value and maximum change value as in
our previous work3) at a specic value of temperature and
relative humidity.
Fig. 4 (a) UV-vis spectrum of the graphene nanoclusters thin film. (b) R

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.1. The effect of humidity on the capacitance and resistance
of the sample

It can be seen from Table 1 that the capacitance of the humidity
sensors increased. Initially, the sensors showed a small variation
in capacitance; however, the capacitance increased sharply as the
humidity in the air in the chamber increased. This is because
initially, there were several immobile layers of sensing thin lms
but as the humidity of the air in the chamber increased and was
aman spectrum of the graphene nanoclusters thin film.

RSC Adv., 2022, 12, 21297–21308 | 21299
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absorbed by the lms, the immobile layers were converted into
mobile layers.44 This means that the capacitance of the humidity
sensors is directly proportional to the absorption of humidity. If
‘3d’ is the dielectrics permittivity of the sensing thin lms with ‘30’

as the vacuum permittivity and ‘d’ is the distance between the
electrodes and ‘A’ is the area of electrodes, the capacitance for the
humidity sensors is written as follows:

Cð% RHÞ ¼ A3d30

d
(1)

Since the capacitance changes with the changes in the
humidity of the air, it can be dened by some factors like the
surface morphology of the sensing lm, the polarizability of the
material, the dielectric constant of the water and material and
electrode distance. Dielectric permittivity is an important factor
that can cause capacitance to increase. The relative permittivity
of water is very high (i.e., 80), which is signicantly higher than
the relative permittivity of organic semiconductors.45 This high
relative permittivity of water increases the dielectric permittivity
of the sensing lm; therefore, the relationship between the
capacitance and the dielectric constant under dry and humid
conditions can be written as follows:46

Ch

Cd

¼
�
3h

3d

�n

(2)

In eqn (2), ‘3h’ is the humid dielectric constant, ‘3d’ is the dry
dielectric constant, ‘Ch’ is the humid capacitance and ‘Cd’ is the
dry capacitance with ‘n’ being the morphology element of the
dielectric. The absorption of humidity on lms can also be
observed with weak hydrogen bonding and van der Waals
interactions of humidity with sensing lms.47 If an external
electric eld acts on the water molecules and the molecules
become polarized, it can be written as follows:

P ¼ aE (3)

In eqn (3) above, ‘P’ is the polarity, ‘a’ is the polarizability
and ‘E’ is the external eld. Moreover, it was observed that the
polarizability of the thin lms is directly proportional to the
dielectric constant.48 This polarization may have an electronic
nature, dipolar nature or ionic nature.49 If ‘30’ represents the
free space permittivity and ‘3d’ represents the relative permit-
tivity, the relation between polarization and dielectric constant
by using the Clausius Mossotti equation50 is as follows:

3d � 1

3d þ 2
¼ Ndad

330
(4)

From eqn (4), we can write a simulation equation for the
capacitance of sensors51 as follows:

Ch

Cd

¼ ½1þ 2Ndadð1þ kHÞ�
330

�½1�Ndadð1þ kHÞ�3d
330

(5)

Here ‘k’ is known as the capacitive humidity factor, which is 1.6
� 10�2 (RH)�1, and ‘H’ is the relative humidity level.
21300 | RSC Adv., 2022, 12, 21297–21308
Table 1 shows the resistance variance of the humidity
sensors. The resistance decreased as the humid air level
increased in the chamber. Initially, the sensors showed high
variation but as the humidity increased, the variation became
small. The change in the resistance of the sensors is related to
the absorption of humidity on the sensing lms. As the
sensing lms absorb humidity, this humidity becomes
a reason for an increase in charge carriers, i.e., water mole-
cules also work as dopants (because the molecules of water
interact with the atoms/molecules of graphene and provide
a path to pass the electric charge from the graphene). Also, it
is seen that the absorption of humidity may lead to the
dissociation of ions. These ions increase the conductivity of
the sensing lm and the resistance starts to decrease because
both are inversely proportional to each other.52 If ‘A’ is the
area of sensing lms, ‘l’ is the length and ‘a’ is the conduc-
tivity of sensing lms, then resistance for sensors can be
written as

R ¼ lA

a
(6)

From eqn (6), it is clear that the resistance depends on the
absorption rate of the lms, length of lms, conductivity, and
the area of lms.
3.2. The effects of temperature on the capacitance and
resistance of the sample

Table 2 shows the effects of temperature on the capacitance and
resistance of the sample. It is seen that rst resistance starts to
decrease till 245 K because graphene also has conductive prop-
erties53,54 but then it gradually starts to increase. This shows that
the thin lm of graphene nanoparticles is a good conductor at
room temperature. However, as the temperature starts to rise,
then the air (present in the chamber) starts to expand in the
nanoparticle layers, which becomes a reason for thermal distri-
bution.55 Due to the thermal distribution, the thermal expansion
between the layers of nanoparticles increases and contact
between layers decreases. This phenomenon leads to a decrease
in the tunnel area. As the tunneling effects become weaker, then
resistance starts to increase. From eqn (6), the temperature
increased and the conductivity decreased due to the change in
atomic motion of the sensing layer and electrodes, hence the
resistance of the sample increased but the capacitance
decreased. There is an inverse relationship between resistance
and capacitance (for LCR40) as follows:

R a
1

C
(7)

Here, ‘R’ is the resistance and ‘C’ is the capacitance at the
constant frequency of 1 kHz.
3.3. Sensitivity with response and recovery time

Sensitivity can be dened as “a tiny variation in measuring,
sensor signal to premier sensor signal”.56 The formula for
nding sensitivity is written as follows:
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of sensitivity, response and recovery time of humidity and temperature sensors

Sensors Frequency Band gap

Sensitivity (%)

Response time
Recovery
timeCapacitance Resistance

Humidity 1 kHz 0–100% RH 2.612 (pF/% RH) 12.927 (kU/% RH) 1.60 s 2.15 s
Temperature 1 kHz 230–310 K 8.8 (mF/K) 375 (U/K) 3 s 8.1 s

Table 4 Comparison of the present work with previously published research work for humidity sensors

Nano-materials Band gap Sensitivity Response time Recovery time

SnO2 (ref. 57) 30–85% RH 2–33 pF/RH% 120–170 s 20–60 s
Multi-wall carbon nanotubes58 11–97% RH 0.026 pF/% RH 45 s 15 s
Methyl green40 40–80% RH (122.37 pF/% RH) & (31 KU/% RH) 200 s 60 s
Methyl red59 30–95% RH (16.92 pF/% RH) & (0.307 MU/% RH) 10 s 10 s
Graphene nanoparticles (present study) 0–100% RH (2.612 pF/% RH) & (12.927 kU/% RH) 1.60 s 2.15 s

Table 5 Comparison of the present work with previously published research work for temperature sensors

Nano-materials Band gap Sensitivity Response time Recovery time

CNTs on PET60 40–100 �C 0.4% �C 300 ms 4 s
Graphene on PDMS61 30–100 �C 2.11% K 3 s 20 s
rGO on PET62 30–100 �C 0.6345% �C 1.2 s —
rGO on PI63 25–45 �C 1.30% �C 0.443 s 0.330 s
Graphene nanoparticles (present study) 230–310 K (8.8 mF/K) & 375 (U/K) 3 s 8.1 s
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S ¼
���� Rmax=Cmax � Rmin=Cmin

Tmax=RHmax � Tmin=RHmin

� 100

����

� ‘Cmax’ and ‘Rmax’ are the maximum measured values of
capacitance and resistance, respectively.

� ‘Cmin’ and ‘Rmin’ are the minimum measured values of
capacitance and resistance, respectively.

� ‘Tmax’ and ‘RHmax’ are the maximum measured values of
temperature and relative humidity, respectively.
Fig. 5 (Left) Hysteresis curves of the humidity sensor. (Right) Hysteresis

© 2022 The Author(s). Published by the Royal Society of Chemistry
� ‘Tmin’ and ‘RHmin’ are the minimum measured values of
temperature and relative humidity, respectively.

The sensitivities of the samples for both humidity and
temperature sensors are shown in Table 3. Comparisons of the
present work with previous work can be seen in Tables 4 and 5
for humidity and temperature, respectively.
3.4. Hysteresis curves and long stability for humidity and
temperature

Hysteresis curves of the graphene sensor for the humidity and
temperature have been studied by calculating the calibration
curves of the temperature sensor.

RSC Adv., 2022, 12, 21297–21308 | 21301
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Fig. 7 Resistance output of the temperature sensor.
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curves during humidity absorption and desorption as well as
heat-absorbing and releasing processes as shown in Fig. 5 (here,
we have only measured the capacitance, instead of both
capacitance and resistance, because the sample is same;
however, one can also measure the resistance). The hysteresis
curve for the humidity sensor is the average value for the total
span of humidity.64 We used the same process for temperature.
The average hysteresis for humidity was estimated at 2% with
the relative humidity in the range of 0 to 100% RH. For
temperature, about 1.5% average hysteresis was estimated in
the temperature range of 230 to 310 K. The obtained hysteresis
value suggests competency for this sensing device since it is
below the threshold of 3%, a maximum value set for a practi-
cally competent sensor.65

Similarly, the long stability of the graphene-based sensor was
checked for humidity and temperature. We checked the
stability for one week at room temperature, i.e. 295 K and room
level relative humidity i.e. 36% RH as shown in Fig. 6, where the
graphene sensor has shown high stability of both temperature
and humidity. However, the stability of the temperature sensor
is greater than the stability of the humidity sensor depending
on graphene nanoparticles.
Fig. 8 Resistance output of the temperature sensor.
3.5. Use of sensors for a steel body

We have used the above sensor on the surface of steel glass to
observe the humidity and temperature effect (here, we have only
measured the resistance, instead of both capacitance and
resistance, because the sample is the same; however, one can
also measure the capacitance). This experiment was performed
at room temperature of about 22 �C with a relative humidity of
about 30% RH. For temperature observation, initially, the glass
was empty and the sensor was showing theminimum resistance
but as the hot water was poured into the glass, the resistance of
the sensor started to increase as shown in Fig. 7.

Similarly, for humidity, the sensor was expressing high
resistance. However, as we put the glass in a chamber having
about 60% RH, the resistance started to decrease as shown in
Fig. 8.
Fig. 6 (Left) Stability graph of the humidity sensor. (Right) Stability graph of the temperature sensor.

21302 | RSC Adv., 2022, 12, 21297–21308 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Neutrosophic analysis of the measured data of the temper-
ature sensor

Temperature (K) Capacitance (mF) Resistance (U)

230 10.01 + 11.12IN; IN3[0, 0.189] 90 + 111IN; IN3[0, 0.189]
240 10.21 + 10.63IN; IN3[0, 0.041] 94 + 98IN; IN3[0, 0.041]
250 8.62 + 9.71IN; IN3[0, 0.112] 103 + 116IN; IN3[0, 0.112]
260 7.52 + 8.55IN; IN3[0, 0.120] 117 + 133IN; IN3[0, 0.120]
270 6.29 + 7.58IN; IN3[0, 0.170] 132 + 159IN; IN3[0, 0.170]
280 4.72 + 5.18IN; IN3[0, 0.090] 193 + 212IN; IN3[0, 0.090]
290 4.02 + 4.49IN; IN3[0, 0.104] 223 + 249IN; IN3[0, 0.104]
300 3.32 + 3.70IN; IN3[0, 0.103] 270 + 301IN; IN3[0, 0.103]
310 2.56 + 2.97IN; IN3[0, 0.136] 337 + 390IN; IN3[0, 0.136]
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3.6. Analysis of capacitance and resistance

It was already mentioned that two types of approaches have
been used for the analysis of data, i.e., classical and neu-
trosophic analysis. For classical analysis, a classical average
formula [(maximum value + minimum value)/2] for each
interval has been used. Through this, we want to convert
interval values into xed-point values (as classical analysis deals
with xed-point values). However, for neutrosophic analysis, the
same interval values (without any modication) have been used
by developing a neutrosophic formula for resistance. The
measured data of capacitance and resistance are shown in
Tables 1 and 2.

3.6.1. Development of the neutrosophic formula. First, we
look at the previous denition of the neutrosophic formula. If
ZN ˛ [ZL, ZU] is the random value variable with indeterminacy
interval IN ˛ [IL, IU], then the neutrosophic formula is written as
follows:

ZiN ¼ ZiL + ZiUIN (i ¼ 1, 2, 3,. nN) (8)

The size of the neutrosophic variable is nN ˛ [nL, nU]. The
variable AiN ˛ [ZiL, ZiU] has two parts: the lower value ZiL is
a classical part and the upper value AiUIN is an indeterminate
part having an indeterminacy interval IN ˛ [IL, IU].
Table 6 Classical analysis of the measured data

Humidity sensor

Relative humidity (% RH) Capacitance (pF) Resistance (kU)

0 2.384 36.422
10 2.597 35.272
20 2.894 33.595
30 3.289 31.408
40 3.652 28.582
50 3.813 26.6845
60 4.131 24.9225
70 4.494 23.5475
80 4.767 23.203
90 4.793 23.155
100 4.897 23.0905

Table 7 Neutrosophic analysis of the measured data of the humidity se

Relative humidity (% RH) Capacitance (pF)

0 2.345 + 2.923IN; IN
10 2.421 + 3.213IN; IN
20 2.710 + 3.312IN; IN
30 3.001 + 3.299IN; IN
40 3.398 + 3.663IN; IN
50 3.419 + 3.824IN; IN
60 3.721 + 4.143IN; IN
70 3.921 + 4.521IN; IN
80 4.007 + 4.791 IN; I
90 4.172 + 4.810IN; IN
100 4.671 + 4.957IN; IN

© 2022 The Author(s). Published by the Royal Society of Chemistry
Similarly, the neutrosophic mean �ZN ¼ [�ZL, ZU] is dened as
follows:

�ZN ¼ �ZL + �ZUIN; IN ˛ [IL, IU] (9)

We can use these preliminaries for developing the neu-
trosophic formula for the present condition. Since the resis-
tance of the graphene nanoparticles depends on the variation of
temperature (T) and relative humidity (RH), we can write it as
a function of them, i.e. r(T) and r(I). The neutrosophic formula
for resistance depending on the variance of temperature can be
written as follows:
Temperature sensor

Temperature (K) Resistance (U) Capacitance (mF)

230 100.5 10.061
240 96 10.421
250 109.5 9.165
260 125 8.033
270 145.5 6.933
280 202.5 4.949
290 236 4.250
300 285.5 3.513
310 363.5 2.766

nsor

Resistance (kU)

3[0, 0.022] 36.024 + 36.820IN; IN3[0, 0.012]
3[0, 0.008] 35.122 + 35.422IN; IN3[0, 0.012]
3[0, 0.021] 33.245 + 33.945IN; IN3[0, 0.012]
3[0, 0.019] 31.108 + 31.708IN; IN3[0, 0.006]
3[0, 0.024] 28.378 + 28.930IN; IN3[0, 0.006]
3[0, 0.023] 26.378 + 26.991IN; IN3[0, 0.006]
3[0, 0.031] 24.524 + 25.321IN; IN3[0, 0.006]
3[0, 0.028] 23.216 + 23.879IN; IN3[0, 0.012]
N3[0, 0.007] 23.116 + 23.290IN; IN3[0, 0.010]
3[0, 0.006] 23.102 + 23.208IN; IN3[0, 0.007]
3[0, 0.001] 23.079 + 23.102IN; IN3[0, 0.024]
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Fig. 9 Classical graph for the humidity sensor.

Fig. 10 Classical graph for the temperature sensor.
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r(T)N ¼ r(T)L + r(T)UIN; IN ˛ [IL, IU] (10)

From the above resistance formula r(T)N ˛ [r(T)L, r(T)U] is an
extension under the classical analysis. The equation contains
Fig. 11 (Left) Neutrosophic graphs of capacitance for the humidity sens

21304 | RSC Adv., 2022, 12, 21297–21308
two parts, i.e. r(T)L determined and r(T)UIN indetermined.
Moreover, IN ˛ [IL, IU] is known as an indeterminacy interval.
Also, the measured resistance interval r(T)N ˛ [r(T)L, r(T)U] can
be reduced to the classical or determined part if we choose IL ¼
0 and IU can be calculated by (r(T)U � r(T)L)/r(T)U. Similarly, the
neutrosophic formula for capacitance and resistance depending
on the variance of relative humidity and temperature can be
written as follows:

r(% RH)N ¼ r(% RH)L + r(% RH)UIN; IN ˛ [IL, IU] (11)

C(% RH)N ¼ C(% RH)L + C(% RH)UIN; IN ˛ [IL, IU] (12)

C(T)N ¼ C(T)L + C(T)UIN; IN ˛ [IL, IU] (13)

The classical analysis of the capacitance and the resistance
variance with respect to changes in temperature and relative
humidity are shown in Table 6. The neutrosophic analysis is
shown in Tables 7 and 8 for humidity and temperature,
respectively.

The above tables show the classical and neutrosophic anal-
ysis of the resistance variance with respect to changes in
temperature as well as relative humidity. Classical analysis
belongs to or deals with only classical assumptions; this means
that the classical approach relates to the classical average value,
generally used by researchers in their studies (to avoid
complication, we have used this classical average formula as the
classical analysis). On the other hand, neutrosophic analysis
deals with a novel neutrosophic formula that contains inde-
terminacy for each measured interval of resistance. We have
compared the classical analysis and neutrosophic analysis
through graphs for both humidity and temperature sensors.
The classical graphs for humidity and temperature are shown in
Fig. 9 and 10, respectively.

The neutrosophic graphs for the humidity and temperature
sensors are shown in Fig. 11 and 12, respectively.

The graphs above express the comparison between classical
analysis and neutrosophic analysis. It can be seen that the
graphs of classical analysis are not very exible because they are
drawn at xed-point values; however, the graphs of the
or. (Right) Neutrosophic graphs of resistance for humidity sensor.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (Left) Neutrosophic graphs of capacitance for the temperature sensor. (Right) Neutrosophic graphs of resistance for the temperature
sensor.

Fig. 13 (Left) Combined graphs of capacitance for the humidity sensor. (Right) Combined graphs of resistance for the humidity sensor.
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neutrosophic analysis show more exibility. Also, one can
observe the classical graphs through neutrosophic graphs as
these are at the center of neutrosophic graphs (which shows
Fig. 14 (Left) Combined graphs of capacitance for the temperature sens

© 2022 The Author(s). Published by the Royal Society of Chemistry
that the neutrosophic analysis is a generalization of classical
graphs) as shown in the combined graphs of Fig. 13 and 14. This
means that neutrosophic statistics are more effective for
or. (Right) Combined graphs of resistance for the temperature sensor.
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analyzing the resistance of the sample.66 As a result, the neu-
trosophic analysis is more informative, exible and adequate
than the classical analysis.
4. Conclusion

This work is based on the fabrication of a graphene nano-
particle thin-lm-based sensor for the detection of humidity
and temperature on a metal body. A thin lm of graphene
nanoparticles was deposited between two silver electrodes on
a clean glass substrate. The structural properties of the thin lm
were studied via XRD, the quality was investigated via Raman
spectroscopy and optical properties by UV-vis. The electric
properties (capacitance and resistance) of the sample with
respect to relative humidity (% RH) and temperature (K) were
determined separately using an LCR meter in a controlled
chamber. The graphene sensor expressed good sensitivity with
fast response and recovery times, i.e. 1.6 s and 2.15 s for the
humidity and 3 s and 8.1 s for the temperature, respectively. It
also expressed long stability for both humidity and temperature
and low average hysteresis, i.e. 2% for humidity and 1.5% for
temperature. The classical and neutrosophic analyses of the
capacitance and resistance were performed via the application
of material statistics, and it was found that neutrosophic anal-
ysis is more informative and exible for explaining the capaci-
tance and resistance of the sensors.
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