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Ultra-sensitive low-frequency dual-mode humidity
sensor using a methyl red-PVA-graphene oxide
composite
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In this study, a novel ternary composite (MPG), composed of methyl red (MR), polyvinyl alcohol (PVA), and
graphene oxide (GO), is synthesized and employed for the fabrication of a humidity sensor. To explore its
potential for humidity sensing applications, the structural and morphological characteristics of the MPG
composite were analyzed using SEM, XRD, FTIR, and UV-visible spectroscopy. The composite
demonstrated a well-integrated, crosslinked microstructure enriched with functional groups and carbon-
based elements, which are highly conducive to water molecule adsorption. A 678 nm thick MPG film
was deposited onto an interdigitated electrode via spin coating, followed by thermal annealing at 100 °C.
The sensor exhibited stable and reliable performance across a wide humidity range (32-92% RH) at 25 °
C, featuring a high capacitive sensitivity of 11 nF/%RH at 100 Hz, rapid response and recovery times of 6
and 8 seconds, respectively, and a low hysteresis of 17.3%. Additionally, the electrical performance of the
MPG composite film was evaluated over a voltage range of —5 to 5 V at various temperatures. Results
revealed enhanced conductivity with increasing temperature, attributed to increased lattice vibrations
and the generation of thermally activated charge carriers. This temperature-dependent behavior
highlights the composite's suitability for use in electronic devices that operate under diverse thermal
conditions. This cost-effective ternary composite-based humidity sensor shows promise for use in
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1 Introduction

Humidity sensors are vital for various applications, including
industrial, agricultural, and medical fields, due to their ability
to measure ambient moisture levels.'” These sensors are inte-
gral to various fields, including industrial processing, meteo-
rology, environmental control, pharmaceuticals, agriculture,
and domestic climate control. Considerable research has been
conducted to improve the response/recovery times, as well as
the long-term stability, of humidity sensors by investigating
novel materials and device architectures.

Organic materials have attracted attention due to their broad
sensing range, linear response, rapid response and recovery,
low hysteresis, and cost-effectiveness. The selection of sensing
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hygrometers and real-time relative humidity monitoring in electronic devices.

material is paramount, as the interaction between water vapor
and the sensor surface induces variations in electrical resis-
tance and capacitance, necessitating the exploration of new
materials and structures. Researchers are focusing on organic
materials due to their broad sensing range, linearity, short
response and recovery times, low hysteresis, and cost-
effectiveness. The choice of material is crucial, as the interac-
tion of water vapors with the sensor surface leads to changes in
resistance and capacitance.*® A wide range of composites,
including polymers and carbon-based derivatives with tunable
properties and facile synthesis, have emerged as promising
candidates for advanced humidity sensors.*™*°

Polymers have gained prominence in sensor fabrication
owing to their mechanical flexibility and advantageous physi-
cochemical properties. Among these, poly(vinyl alcohol) (PVA),
a water-soluble polymer, is particularly favored for its hydro-
philicity, high chemical resistance, and thermal stability.'**?
However, pure PVA exhibits intrinsically high resistance, which
compromises its sensitivity and response time when used
alone.* Incorporating conductive materials into PVA matrices
effectively lowers their resistance and markedly improves
sensitivity.” For example, embedding PVA into a polyaniline
(PANI) matrix results in notable changes in resistance,
enhancing humidity responsiveness.'® Generally, the addition
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of conductive fillers to PVA forms composites with reduced
resistance and improved performance.**"

Graphene and its derivatives—particularly graphene oxide
(GO)—have been extensively explored due to their exceptional
physicochemical characteristics.’® GO is especially appealing
because of its amphiphilic structure and abundant oxygen-
containing functional groups (e.g., hydroxyl and carboxyl),
which promote hydrogen bonding and dispersibility in aqueous
or polar solvents™{Banerjee, 2018 #374}. Its hydrophilicity,
electrical conductivity, high porosity, and extensive surface area
make GO a highly effective moisture adsorbent, facilitating the
adsorption and penetration of water molecules and pollutants
into its layered structure. GO has been successfully integrated
into capacitive humidity sensors.*

Zubair et al. demonstrated that MR reduces electrical resis-
tance upon moisture exposure, suggesting its suitability for
capacitive humidity sensing.** Ali et al. developed a highly
sensitive humidity sensor by integrating graphene with MR,
capitalizing on graphene's wide sensing range and MR's selec-
tivity against cross-sensitivity from interfering air compo-
nents.'® MR offers dual functionality: it absorbs water
molecules, thereby reducing film resistance, and fills voids
between graphene flakes, enhancing film uniformity and overall
sensor performance.*®

Hassan et al. reported a humidity sensor based on individual
spin-coated layers of PEDOT: PSS, MR, and GO on separate
interdigitated electrodes, electronically connected in series to
achieve full-range humidity sensing.”® In contrast, the present
work utilizes a ternary composite of MR, PVA, and GO, spin-
coated onto a single interdigitated electrode in a simplified
fabrication process. This composite is designed to leverage the
synergistic properties of its constituents: PVA offers high water
adsorption capacity but suffers from high resistance, which is
mitigated by the excellent electrical conductivity of GO.
However, GO's sensitivity to multiple gases necessitates
improved selectivity, which is addressed by incorporating MR.
MR functions to suppress GO's cross-sensitivity and improve
overall sensor accuracy.”>***

Thin-film-based resistive and capacitive sensors are recog-
nized for their low power consumption, enhanced sensitivity
and selectivity, superior stability, and fast response/recovery
characteristics.”**” Therefore, this study aims to develop and
evaluate a thin-film sensor based on the MR-PVA-GO ternary
system for potential humidity-sensing applications.

2 Experimental section
2.1 Materials

Methyl red (MR), with a molecular formula of C;5H;5N30,,
a molecular weight of 269.31 g mol™’, and a melting point
between 179-182 °C, Assay 95%, was purchased from British
Drug Houses (BDH) Chemicals, England. Polyvinyl alcohol
(PVA), with a molecular weight of 10 000 g mol " and a melting
point between 180-190 °C, with an Assay of 99.8%, was
purchased from Sigma Aldrich. Graphite powder with a molec-
ular weight of 12.01 g mole ', Assay 98.5%, was purchased from
AVONCHEM, Limited. All chemicals, including distilled water
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(H,0), ethanol (C,H¢O), dimethyl sulfoxide [(CH;),SO], hydro-
chloric acid (HCl), and sulfuric acid (H,SO,), were obtained
from Sigma-Aldrich. Sodium nitrate (NaNOj;), potassium
permanganate (KMnO,), and hydrogen peroxide (H,O,) were
provided by Merck Group, Germany. The solutions were
prepared using weight-to-weight (w/w) or weight-to-volume (w/v)
percent.

2.2 Synthesis of graphene oxide

Graphene oxide (GO) was synthesized using a modified
Hummers' method.”® In a typical procedure, 3.0 g of graphite
powder and 2.0 g of sodium nitrate were added gradually to
100 mL of concentrated sulfuric acid in a round-bottom flask,
maintained at 5 °C, under continuous stirring. After 30 minutes
of mixing at this temperature, 10 g of potassium permanganate
was added slowly while maintaining stirring for an additional
24 hours at room temperature, with continuous oxygen
bubbling to enhance the oxidation process.

Subsequently, the reaction mixture was subjected to reflux
for another 24 hours. After cooling, 50 mL of 3% hydrogen
peroxide (H,0,) was added, leading to a color change from dark
brown to bright yellow, indicating successful oxidation of
graphite into graphite oxide. The product was filtered and
thoroughly washed with 5% hydrochloric acid to eliminate
residual ions and impurities. The washed material was dried in
an oven, followed by purification via centrifugation at 3000 rpm
for 30 minutes. Finally, graphite oxide was exfoliated into GO
nanosheets using a standard ultrasonication-based exfoliation
technique.*

2.3 Preparation of MPG composite

A polyvinyl alcohol (PVA) solution was prepared by dissolving
2.0 g of PVA in a binary solvent system consisting of 50 mL
deionized water and 50 mL ethanol. The solution was stirred at
room temperature until complete dissolution was achieved.
Subsequently, 2.0 g of methyl red (MR) was added to the PVA
solution and stirred thoroughly to form a homogeneous blend.

In parallel, a graphene oxide (GO) dispersion was prepared
by dispersing 0.4 g of GO in 20 mL of dimethyl sulfoxide
(DMSO). This dispersion was stirred continuously for 24 hours
at ambient temperature to ensure uniform dispersion of GO in
the DMSO medium. Afterward, 2.0 g of the previously prepared
MR-PVA mixture was added to the GO dispersion, and the entire
mixture was stirred until a uniform ternary composite
comprising methyl red, polyvinyl alcohol, and graphene oxide
(MPG) was obtained. The MPG mixture was then subjected to
slow evaporation at room temperature, yielding a solid MPG
composite. The schematic representation of the composite is
presented in Fig. 1(a).

2.4 Fabrication of MPG humidity sensor

An interdigitated alumina electrode (IDE) was employed as the
substrate for sensor fabrication. The cross-sectional structure of
the IDE is shown in Fig. 1(c), where the bottom conductive layer
is composed of silver (Ag), the electrode body is made of
alumina (Al,O3), and the top layer consists of the deposited
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(a) Schematic flow chart for the preparation of the MPG composite, along with its chemical structure, (b) step by step illustration of the IDE

cleaning and MPG device fabrication process, (c) side and top views of the Interdigitated Electrode (IDE) based humidity sensor, showing device
dimensions and schematic layout, and (d) schematic diagram of the self-made humidity set-up for measuring capacitive and resistive response

against relative humidity.

sensing material. The IDE dimensions measure 14 x 7 mm?>
(total area: 98 mm?), with both line width and line spacing set at
0.21 mm, as illustrated in Fig. 1(c). A simplified top-view sche-
matic of the MPG composite-based resistive-type humidity
sensor’ is also provided in the actual Fig. S4.

The film thickness of the deposited MPG was controlled
through optimized spin-coating parameters (0.5 pL volume at
900 rpm for 60 seconds), resulting in a film of 678 nm thickness,
as evaluated using a stylus profilometer (Dektak), which
confirmed uniform thin-film deposition. The deposition was
performed using a Laurell WS-650 spin coater (Laurell Tech-
nologies, USA). The IDE electrode was affixed to a glass slide
using adhesive tape, and a masking layer was applied to define
the deposition area, ensuring selective coating of the active
electrode region only.

Prior to film deposition, the IDE substrate was thoroughly
cleaned by sequential rinsing with ethanol and deionized water.
It was then placed in an ultrasonic cleaner for 20 minutes to
remove residual surface contaminants, as depicted in Step 1 of
Fig. 1(b). After cleaning, the substrate was dried under ultraviolet
(UV) light exposure to ensure complete removal of moisture.

The device was fabricated via a simple spin-coating method,
following the procedure illustrated in step 2 of Fig. 1(b). A 0.5 uL
aliquot of the MPG composite was dispensed onto the IDE
surface using a Nichipet Premium Lt. pipette, and spin-coated
at 900 rpm for 60 seconds to yield a uniform, homogeneous
thin film.

1890 | RSC Adv, 2026, 16, 1888-1899

Subsequently, the deposited MPG film was annealed at 100 °
C for 80 minutes to enhance its structural, electrical, and
sensing properties, as shown in Step 3 of Fig. 1(b). After
annealing, the sample was allowed to cool naturally to room
temperature. The annealing process is expected to reduce
intrinsic defects, improve film crystallinity, and enhance charge
transport pathways within the MPG composite matrix.**

2.5 Characterization and measurements

The surface morphology of the MPG composite thin films was
examined using Scanning Electron Microscopy (SEM) on a JEOL
JSM-IT100 microscope (Japan). Elemental analysis of the film
was performed via Energy-Dispersive X-ray Spectroscopy (EDS)
using an SEM system equipped with an integrated energy-
dispersive X-ray detector. X-ray diffraction (XRD) patterns of
the MPG powder were recorded using a JEOL JDX-3532 X-ray
diffractometer (Japan), employing CuKe. radiation (A = 1.5418
A) to analyze the crystallographic structure Fig. S5.
Fourier-transform infrared (FTIR) spectra of the neat GO,
PVA, MR, and ternary composite MPG were recorded in the
wavenumber range of 4000-450 cm ™', with a spectral resolution
of 0.1 cm " and 25 scans per sample, using an Agilent Tech-
nologies Cary 630 FTIR spectrometer (Santa Clara, CA, USA)
equipped with a DLaTGS (deuterated r-alanine doped triglycine
sulfate) detector Fig. S6. UV-Vis absorption spectra in the 200-
800 nm range were obtained at normal light incidence and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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room temperature, with a wavelength interval of 0.1 nm, using
a Shimadzu UV-3150 UV-VIS-NIR spectrophotometer Fig. S6.

The electrical properties of the MPG thin film were measured
using a Keithley 4200 semiconductor characterization system.
Humidity-dependent resistance and capacitance responses
were evaluated in a custom-designed humidity chamber, illus-
trated in Fig. 1(d). During measurements, the humidity sensor
was positioned inside the chamber, and the relative humidity
(RH) was monitored using a DHT-11 sensor interfaced with an
Arduino Nano microcontroller, which transmitted data to
a computer for real-time humidity display.

Sensor electrodes were connected to an Agilent E4980A
precision LCR meter (operating from 20 Hz to 2 MHz) to acquire
resistance and capacitance data. Humidity inside the chamber
was regulated using a humidifier and dehumidifier, allowing
control of RH to observe the adsorption and desorption
behavior of the composite sensor. The humidifier increased the
RH beyond 75%, simulating a mist-laden environment. Lab-
VIEW software was used for automated data acquisition. All
measurements were conducted at fixed temperature of 25 °C
(£0.01 °C), with RH incremented in 5% steps over a range of 32—
92%.

3 Results and discussion
3.1 Design rationale

The MPG composite, composed of methyl red (MR), polyvinyl
alcohol (PVA), and graphene oxide (GO), has been strategically
designed to exploit the synergistic functionalities of its
constituents for humidity sensing applications. This novel
ternary system represents the first reported use of this specific
combination in a humidity sensor, fabricated via a facile and
scalable solution-based method. Each component plays
a distinct but complementary role in enhancing the overall
performance of the sensor. PVA, a hydrophilic polymer known
for its excellent film-forming ability and water affinity, serves as
the primary moisture-sensitive matrix.** Its abundant hydroxyl
groups enable efficient adsorption of water molecules from the
surrounding environment, thereby significantly increasing the
composite’'s humidity sensitivity. However, PVA alone suffers
from poor electrical conductivity,®® which limits its direct
application in electronic sensing devices.

To overcome this limitation, graphene oxide is incorporated
into the matrix. GO possesses a high specific surface area,
layered porosity, and oxygenated functional groups that not
only facilitate additional moisture adsorption but also signifi-
cantly enhance the electrical conductivity of the composite. This
compensates for the intrinsic resistive nature of PVA, enabling
a more responsive electrical signal during humidity detection.
Furthermore, GO promotes uniform dispersion of both MR and
PVA due to its excellent compatibility with polar solvents such
as water, ethanol, and DMSO, which are crucial for thin-film
fabrication processes.

Methyl red is added as a functional dye with favorable elec-
tronic and optical properties. Although it is relatively rigid in
structure, MR contributes to the humidity sensing behavior
through subtle structural changes under varying environmental

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conditions.* Its conjugated m-electron system allows interac-
tion with GO via m-m stacking, facilitating charge transfer
processes and potentially enhancing the sensor's sensitivity and
response time. The presence of MR in the composite also
facilitates the achievement of a more homogeneous film
morphology, thereby contributing to improved reproducibility
and stability in sensor performance.

Altogether, the MPG composite combines the high water
adsorption capacity of PVA, the electrical conductivity and
structural support of GO, and the functional responsiveness of
MR. These synergistic interactions result in a stable, low-cost,
and solution-processable material that forms uniform thin
films with excellent humidity sensitivity. The commercial
availability and low toxicity of all three components further
underscore the practicality and scalability of this composite for
real-world sensing applications, particularly in the development
of flexible, low-cost humidity sensors.

3.2 Characterization

3.2.1 Scanning electron microscopy. Typically, scanning
electron microscopy (SEM) provides information on the
uniformity of the composite, the presence of voids, and the
existence of aggregates. Fig. 2(a-c) shows SEM micrographs of
the ternary composite thin film comprising PVA, MR, and GO
after being annealed at 100 °C for 80 minutes. The surface
morphologies of pristine MR, GO and PVA thin film are pre-
sented in SI (Fig. S1). The surface morphology of pristine
polyvinyl alcohol micrographs exhibits a polymeric texture
means semicyrstalline structure Fig. S1(a and b), whereas pris-
tine MR micrographs Fig. S1(c and d) shows irregular particle-
like aggregates. However, pristine GO micrographs Fig. Si(e
and f) displays a highly porous structure. The surface
morphologies of pristine MR and GO thin films, as reported in
(ref. 23), revealed defect-free films with no visible cracks.
However, the GO thin film showed a highly porous surface,
suggesting a high surface area-to-volume ratio. On the other
hand, PVA exhibits magnificent film-forming properties and
acts as a host matrix and binder due to its hydrophilic nature. In
the MPG thin film, PVA supports a stable integration of MR and
GO, ensuring uniform dispersion and adhesion. Fig. 2(b and c)
illustrates the homogeneous dispersion of the composite
matrix, attributed to the presence of hydroxyl groups in PVA. A
crosslinked polymer microstructure with enhanced porosity
and a high surface area-to-volume ratio, attributed to the
inclusion of GO, is demonstrated in Fig. 2. These features are
advantageous for optimal water molecule adsorption and
improved hydrogen molecule adsorption, along with increased
capacitance. The MPG thin film also exhibits increased surface
roughness due to the incorporation of GO. This enhanced
roughness is anticipated to improve the film's sensing perfor-
mance by facilitating better interaction with water molecules,
resulting in faster response/recovery times, as well as higher
sensitivity. Fig. 2(a) also indicates that there are no cracks on
the electrode surfaces, suggesting improved ion mobility.

The elemental composition was analyzed by EDX mapping,
with the data for the annealed MPG film presented in Fig. 2(d-
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Fig.2 SEM micrographs, (a) annealed MPG thin film at 500 um, (b) annealed MPG thin film an electrode at 20 pm, (c) an electrode at 20 um, and
(d)—(f) elemental mapping of MPG thin film at 200 um, (e) carbon, (f) oxygen.

f). The EDX spectra and mapping confirm the presence of
carbon (70.33%), and oxygen (29.67%), in the composite. The
existence of the three moieties in the MPG thin film is verified
through EDX analysis, which highlights the main content of C
and O elements in the composite nanofibers. These findings
corroborate the enhanced structural and compositional prop-
erties of the annealed MPG composite, making it suitable for
effective humidity sensing applications.

3.3 Humidity sensing properties

Fig. 3 presents resistance/capacitance versus relative humidity
variations and sensitivities of the MPG composite-based
humidity sensor at various operating frequencies i.e., 100 Hz,
300 Hz, 500 Hz, 1 kHz, and 10 kHz over a constant voltage of 1V,
at 25 °C. Fig. 3(a) shows a decrease in the sensor's resistance
with increasing relative humidity. The plot indicates that the
resistance of the MPG humidity sensor decreases while the
conductivity of the sensor increases with increasing relative
humidity for all operating frequencies. At 100 Hz, the resistance
of the sensor decreases linearly, exhibiting a sharp decrease
with rising humidity up to 85% RH, and then saturates.
However, at higher frequencies, the sensor's response becomes
less linear and decreases gradually. A notable deviation is
observed at 500 Hz, where the sensor's resistance increases
above 60% relative humidity (RH). This behavior can be
attributed to resonance effects within the sensing material. At
this frequency, dipolar polarization of water molecules and
charge trapping predominate, disrupting the ionic conduction
pathway and resulting in higher resistance.*® The resistive
response of the sensor was calculated using the following
mathematical eqn (1).

o Ry — Rgs
R= 85—32 (1)

1892 | RSC Adv, 2026, 16, 1888-1899

Rgs is the sensor’s resistance at 85% RH, beyond which the
resistance of the sensor becomes constant and independent of
the relative humidity. R;, is the sensor's resistance at 32% RH,
the lowest relative humidity. The response of the sensor was
measured at five different frequencies, i.e., 100 Hz, 300 Hz,
500 Hz, 1 kHz, and 10 kHz, as shown in Fig. 3(c). The sensor
exhibited its best sensitivity towards resistive type (~135.8 Q/%
RH) at 100 Hz, with sensitivities of 112.55 Q/%RH, 101.42 Q/%
RH, 93.72 Q/%RH, and 83.49 Q/%RH at frequencies of 300 Hz,
500 Hz, 1 kHz, and 10 kHz, respectively.

Fig. 3(b) illustrates the variation in capacitance of the sensor
with increasing relative humidity. The response curves in the
figure demonstrate that the capacitance of the MPG humidity
sensor increases with increasing relative humidity for all oper-
ating frequencies within the humidity range of 32-92 %RH.
From Fig. 3(b), it can also be observed that the capacitance
change directly depends on the operating frequencies. More-
over, the device responds well at lower frequencies as compared
to higher frequencies. As the frequency increases, an increase in
the capacitance becomes less conspicuous and consequently
shows little dependence on %RH. Thus, it may be speculated
that the ionic polarization is unable to keep up with changes in
the electric field at high frequencies, therefore making capaci-
tance less dependent on relative humidity.’” The sensitivity of
a sensor is defined as a change in capacitance per degree rise in
relative humidity. The sensitivity of a humidity sensor is
calculated using the following mathematical eqn (2).

S = Con = G (2)
92 -32

The 32% RH is the lowest relative humidity at which
capacitance begins to increase, and 92% RH is the highest
relative humidity at which the most significant value of capac-
itance is obtained; Cs, and Cy, are the capacitances at 32% and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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92% RH, respectively. The sensitivity of the fabricated sensor is
measured at all five frequencies, i.e., 100 Hz, 300 Hz, 500 Hz, 1
kHz, and 10 kHz, as shown in Fig. 3(d). The sensitivity was
found to be 11 nF at 100 Hz, 3.8 nF at 300 Hz, and 2.3 nF at
500 Hz. The sensitivity further decreased for higher frequencies
and was obtained as 1.2 nF and 83 pF at 1 and 10 kHz,
respectively; this demonstrated that the sensor sensitivity
continues to decrease with increasing frequency.

It can be observed from Fig. 3(b) that the sensor is more
sensitive at low frequencies compared to higher frequencies.
The operating frequency controls the orientation of the polar
water molecule adsorbed by the sensor. The frequency orients
and reorients water molecules, which in turn affect the polari-
zation of the active material. At lower frequencies, water mole-
cules can easily follow the operating frequency. However, at
higher frequencies, it becomes difficult for water molecules to
follow the rapidly changing electric field due to the inertia of the
molecules, which ultimately leads to low sensitivity.*® Since
inertia depends on molecular size, larger molecules tend to
have more inertia than smaller molecules.

It can also be inferred that the device's highest sensitivity is
achieved at a frequency equal to or lower than 100 Hz at 1 V
(rms). However, it must be underlined that although the
sensitivity of the humidity sensor at frequencies below 100 Hz
would still be higher, the stability and repeatability of the
sensor would be considerably compromised. Such behavior has
been observed by Zhang et al., who reported an unsteady

© 2026 The Author(s). Published by the Royal Society of Chemistry

humidity response at 40 Hz.** Similarly, multi-walled carbon
nanotubes incorporated humidity sensors, when investigated at
50 Hz, also demonstrated adverse effects on stability and
repeatability.*® Hence, it is advisable to avoid electrical charac-
terization of the humidity sensor below 100 Hz.**

The fabricated MPG humidity sensor was placed in
a controlled humidity chamber for analysis of response and
recovery. Fig. 4(a and b) show the response and recovery
behavior of the co-planar MPG humidity sensor. The response
time is determined by rapidly inserting the sensor into
a continuous humidified environment from 32-92% RH. It is
the time consumed by the sensor to reach 90% of its final
relative humidity value. However, recovery time is measured
when the sensor is placed inside the chamber under continuous
desiccation from 92-32% RH. As a result, the capacitance
significantly decreases due to the desorption of water vapors
from the pores of the MPG film. In fact, recovery time is defined
as the time required for the sensor to recover from humidifi-
cation, which is determined as 10% of the final relative
humidity value.” Fig. 4(a) shows the resistance versus time
behavior of the MPG humidity sensor, which shows a response/
recovery time of 8/18 s. In Fig. 4(a), the decrease observed in
sensor resistance with time can be attributed to the adsorption
and condensation processes of water molecules on the sensing
material as the relative humidity (RH) increases. Initially, water
molecules are adsorbed onto the surface of the sensing mate-
rial, occupying available adsorption sites. This process leads to
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Fig.4 Response and recovery times versus (a) resistance and (b) capacitance of MPG humidity sensor; hysteresis behavior of the fabricated MPG

humidity sensor (c) resistance and (d) capacitance.

the polarization effect caused by dipole interactions between
the adsorbed water molecules and the surface, momentarily
increasing the resistance of the sensor. As RH continues to rise,
the adsorption sites reach saturation, and additional water
molecules form a multilayer structure through hydrogen
bonding. This results in the formation of a condensed water
film on the sensor surface. In this regime, ionic conduction
becomes the dominant mechanism due to the mobility of
hydronium ions (H;O") within the water layer.** These ions
facilitate charge transport through the condensed film, leading
to a significant decrease in resistance over time. Moreover,
during the initial duty cycles, the time-dependent reduction in
resistance can also be explained by the gradual establishment of
equilibrium between adsorption and ionic conduction
processes. Once the adsorption sites are saturated, the system
transitions to an ionic conduction-dominated regime, resulting
in a continuous decrease in resistance across subsequent duty
cycles.”*

The capacitance versus adsorption and desorption properties
of the MPG humidity sensor have also been tested at all five
operating frequencies to observe the humidity response, as
presented in Fig. 4(b). The outer layer of the composite thin film
easily interacts with the water molecules during the sensing
cycle. The MPG composite exhibits a good sensing response due
to its hydrophilic nature and the uniformly spread water
molecules on its surface. The recorded response/recovery time
of the MPG sensor, in terms of capacitance versus time, is 6/15 s.
The performance and efficiency of the fabricated humidity

1894 | RSC Adv, 2026, 16, 1888-1899

sensor at various frequencies show good repeatability and
stability over time (Fig. S2). The sensor has been tested for
several cycles at multiple frequencies, ie., 100 Hz, 300 Hz,
500 Hz, 1 kHz, and 10 kHz. The plot indicates that the MPG
sensor is more sensitive and responsive at 100 Hz, but less
sensitive at higher frequencies.

Hysteresis is one of the most important features that deter-
mines a lag between the adsorption and desorption of moisture
detected by the sensing layer. For insight into the hysteretic
behavior of the MPG ternary composite-based humidity sensor,
the sensor was sequentially exposed to the adsorption process
and then to the desorption process. The hysteresis response of
the MPG composite with an incorporated humidity sensor at
100 Hz is shown in Fig. 4(c and d). The resistance versus relative
humidity response exhibits low hysteresis, as shown in Fig. 4(c),
compared to the capacitance versus relative humidity response
in Fig. 4(d). The following equation calculates the hysteresis:

H = +AH,,/2S (3)
where AH,,. is the divergence between the response of the
humidity sensor for similar %RH values through adsorption
and desorption operations, and S is the sensitivity. The values
obtained from eqn (3) are 11.3% and 17.3% for resistive and
capacitive responses, respectively. The comparison of both
resistive and capacitive responses is presented in Table 1. The
sensor exhibits good linearity and a fast response and recovery
time.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Resistance and capacitive responses of the MPG humidity
sensor

Characteristics Resistive Capacitive
Sensitivity 135.8 Q/%RH 11 nF/%RH
Response time 8s 6s
Recovery time 18s 15s
Hysteresis 11.3% 17.3%

3.4 Humidity sensing mechanism

Fig. 5(a) illustrates the general mechanism of humidity sensing.
The MPG sensing layer's capacitance changes directly with the
amount of adsorbed moisture. When exposed to humidity,
hydroxyl groups from water molecules are adsorbed, forming
a chemisorbed layer on the MPG layer. Subsequently, a phys-
isorption process creates weakly bonded water molecule
layers.*! Increased humidity leads to the formation of successive
physiosorbed layers, which enhances polarization and increases
the capacitance of the active layer.*

The interplay between polyvinyl alcohol (PVA), methyl red
(MR), and graphene oxide (GO) in the MPG blend for a humidity
sensor represents a synergy of materials with complementary
properties, specifically tailored for humidity sensing applica-
tions Fig. S3. All three materials play a key role in the MPG
composite-based sensor. Due to hygroscopic properties and
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hydrophilic functional groups, which demonstrate a strong
affinity for water, PVA was selected as a humidity-sensing
polymer. PVA contains hydroxyl (OH) groups along its chain,
making it highly responsive to changes in environmental
humidity. When PVA adsorbs water vapor, the interaction
between water molecules and the polymer alters its electrical
properties, particularly its conductivity. As humidity increases,
water vapor molecules are drawn to the PVA surface and form
hydrogen bonds with the hydroxyl groups. However, PVA is
inherently afflicted with intrinsic impedance, making it
unsuitable for sensor use when used alone.*> PVA stand-alone
sensors have previously demonstrated low* and slow tran-
sient response time towards relative humidity.*® To mitigate the
impedance issue and improve the film's humidity sensitivity, it
is crucial to combine PVA with another material. On the other
hand, the main traits of GO are mainly large surface area, and
hydroxyl groups attached to its surface. Another factor
contributing to the increased sensitivity of GO is its highly
rough surface, which leads to high porosity and facilitates the
trapping of water molecules. When GO is used alone, it exhibits
instability and lacks reproducibility, posing a significant chal-
lenge for sensor applications. When PVA is combined with GO,
it creates more adsorption sites in the form of voids and defects,
thereby enhancing the humidity-sensing properties. Addition-
ally, GO serves as an anchor to improve electron transport,
thereby modifying the properties of PVA. When the sensor is
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(a) Sensing mechanism of the MPG composite-based humidity sensor, (b) temperature dependent /-V characteristics of the MPG sensor

measured at (a) 60 °C, (b) 80 °C, and (c) 100 °C, detailed and simplified schematic diagrams of the electrical equivalent circuit representing the

MPG humidity sensor.
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exposed to varying humidity levels, it readily interacts with
water vapor, resulting in fluctuations in the dielectric constant.
As humidity increases, the hydrogen bonding between water
vapor and the hydroxyl (OH) groups in PVA and GO becomes
stronger. This leads to a higher concentration of H' ions, which
can hop between water vapor molecules via the Grotthuss
mechanism. With an increase in water vapor in the atmosphere,
more H' ions can migrate, resulting in a higher conductivity of
the PVA:GO material.®

Methyl red is a non-conductive material that does not
support the flow of electronic current under normal circum-
stances. However, when it is exposed to a humid environment,
its dielectric constant changes due to the physisorption
phenomenon where a large number of water molecules are
adsorbed, causing changes in capacitance. These changes in
capacitance depend upon polarization. The increased adsorp-
tion of water molecules in the thin film leads to a rise in
capacitance due to an effective increase in the dielectric
permittivity of methyl red.

The resistance of the MPG sensor exhibits a linear decrease
with increasing humidity levels across the entire humidity
range of 32-92% RH. The sharp reduction in resistance, even at
lower humidity levels, can be attributed to the presence of GO,
which possesses a highly porous surface suitable for trapping
water molecules. GO surface chemisorbs and physisorbs water
molecules into their active sites through hydrogen bonding.
Since MR is not a conducting material, low levels of relative
humidity (RH) have minimal impact on the overall impedance
of the sensor. However, at higher relative humidity (RH) levels,
the capacitance changes due to the physisorption of water
molecules, resulting in a notable change in the resistance of the
MPG sensor. Owing to the properties of all three moieties in the
ternary composite-based MPG sensor is explored both as
a capacitive and resistive sensor in the present work.

The MPG sensor's performance depends on the material's
porosity; more pores lead to more significant water adsorption.
The water molecules interact with MR and PVA and fill GO
pores, changing MPG's dielectric constant. The capacitance
increase in humidity sensors results from the interaction
between the sensing material and water molecules, altering the
dielectric properties. This can be correlated to the parallel plate
capacitor eqn (4).

C=¢x Ald (4)

where C is capacitance, ¢ is permittivity, A is the area and d is
a gap between plates.

Chemisorbed and initial physisorbed water layers have
tightly bonded double bonds, whereas successive physisorbed
layers contain loosely bonded single hydrogen ions, which
introduce changes in dielectric permittivity and increase
capacitance.”” Water's high permittivity leads to polarization,
creating dipoles within the active layer that align with an elec-
tric field, thereby increasing capacitance. Water also creates
trap states and recombination centers, leading to charge trap-
ping and recombination, especially at low frequencies. Addi-
tionally, water spreads to boundaries between layers, producing

1896 | RSC Adv, 2026, 16, 1888-1899

View Article Online

Paper

interfacial dipoles and increased interfacial capacitance. The
significant increase in MPG composite permittivity upon water
adsorption enhances the film's capacitance. The relationship
between dielectric permittivity and capacitance is given by eqn

(5)-

C ew)”

() o
where Cs; and C, are saturated and initial capacitances,
respectively, while ¢,, and ¢4 are dielectric permittivities in wet
and dry conditions, respectively, and n is the morphological
factor. Now, when the permittivity of the MPG composite
drastically increases upon adsorption of moisture content on its
surface, the capacitance of the composite film inevitably
enhances. The rise in capacitance with increasing relative
humidity can also be explained by considering different polar-
izabilities. Polarizability is correlated to the polarization eqn (6),
which provides information about the state of the dielectric
and, in turn, the capacitance of the material.

P = NaE (6)

where P is the polarization, « is the polarizability, and E is the
electric field. Several sources of polarizability affect the capaci-
tance of dielectric materials: electronic polarizability
(displacement of electron cloud), ionic polarizability (change in
distance between ions), and dipolar polarizability (orientation
of dipoles). Although electronic polarization has a minimal
impact, ionic and dipolar polarizations have a significant
influence on the MPG composite. Ionic polarization occurs due
to internal charge transfer complexes, while dipolar polariza-
tion arises from dipoles in adsorbed water molecules, which is
crucial for a capacitive-humidity response.

When the MPG sensor's active layer adsorbs moisture, ionic
functional groups dissociate, increasing conductivity and
reducing sensor resistance. PVA and MR, with high adsorption
capacities, attract water molecules, decreasing MR's resistance
and, consequently, the sensor's overall resistance. MR also fills
voids in GO, ensuring continuous pathways. The strong inter-
play among PVA, MR, and GO enhances the sensor's sensitivity
to humidity, making it highly responsive.*

The composite film has been tested over a voltage range of
—5 to 5 V at various temperatures. Fig. 5(b) shows that the
electrical properties of the thin film can be altered by changing
the temperature. It can be observed that as the temperature
increases, the conductivity of the thin film increases, thereby
enhancing the current flow. This effect can be attributed to the
large number of electrons available due to the vibration of the
atomic lattice, which ultimately influences the free path of
electrons in the film. For the design and optimization of elec-
tronic devices, it is very crucial to study the effect of the
temperature at which the device is expected to operate.

The detailed and simplified equivalent circuit diagrams of
the MPG humidity sensor are shown in Fig. 5(c), respectively.
The circuit includes a capacitor representing polarization and
a resistor depicting various conducting species. Three types of
dielectrics exist due to air, the composite material, and the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Benchmarking MPG against reported MR, PVA, and GO sensors

Ternary composite Humidity sensing Response Recovery
sensing layer range (%RH) Sensitivity time (s) time (s) Ref.
Methyl red 30-95 0.02 (nF/%RH) 10 10 48
Polyvinyl alcohol 32-92 48 (pF/%RH) 103.27 13 49
Graphene oxide 40-99 ~32, 146% at 100 Hz 174 40 50
Methyl green 40-80 122.37 (pF/%RH) 200 60 35
GO/PEDOT: PSS — 1220 (pF/%RH) — — 51
Graphene oxide/Polyvinyl alcohol 40-80 — — — 52
Graphene/Methyl red 35-100 2.3 pF to 66 nF at 0.251 0.35 10
%RH (5-100)
MR/PVA/GO (MPG) 32-92 11 (nF/%RH) 6 15 Present work

silver substrate, producing three capacitances and resistances:
C,,Ce CsRay R, and R. The dielectric of air within the pore area
corresponds to R, and C,. The capacitance and resistance of the
composite, C., and R, reflect the dielectric properties of the
active layer. R; and Cj arise from the silver substrate's dielectric.
Typically, the dielectric permittivity of the MPG composite is
much higher than that of the substrate and air. Additionally, the
gap between the plates of C, and C; is more significant than that
of C., making C. >> C, and C;. Therefore, only C. is considered,
while C, and Cy are neglected. Similarly, R, is considered lower,
assuming R,and Rs> R., resulting in the simplified circuit in
Fig. 5(c). Table 2 compares the sensing parameters (sensing
range, sensitivity, response/recovery times) of the MPG
humidity sensor with other stand-alone reported sensors. The
results indicate that our proposed sensor exhibits exceptional
performance, particularly in terms of high sensitivity and fast
response, likely due to the presence of methyl red.

4 Conclusion

A novel ternary composite humidity sensor based on methyl red
(MR), polyvinyl alcohol (PVA), and graphene oxide (GO) was
successfully fabricated and demonstrated promising perfor-
mance. The unique dielectric, morphological, and conductive
properties of the selected materials, combined with their cost-
effectiveness and availability, contributed to the sensor's effi-
ciency. The sensor operates as a dual-mode device, capable of
detecting both capacitive and resistive humidity within the
relative humidity range of 32-92% RH. It exhibits rapid
response and recovery times, measured at 6/15 seconds for the
capacitive mode and 8/18 seconds for the resistive mode,
respectively. The capacitive sensitivity was notably high,
achieving 11 nF/%RH at 100 Hz. Additionally, the sensor's
performance was evaluated across various frequencies (100 Hz,
300 Hz, 500 Hz, 1 kHz, and 10 kHz), providing a comprehensive
understanding of both its capacitive and resistive behavior. The
facile spin casting approach and subsequent thermal annealing
at 100 °C enabled the development of an enhanced porous
structure, further improving the device's sensitivity. Given its
cost-effectiveness, rapid response, and broad sensing range,
this ternary composite humidity sensor has significant poten-
tial for integration into hygrometers and real-time relative
humidity monitoring systems for electronic applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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