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Abstract: Humidity monitoring of exhaled breath has emerged as a vital approach for noninvasive respiratory health assessment,

underscoring the need for sensitive and reliable humidity sensors. Despite its high conductivity and hydrophilic functional groups,

reduced graphene oxide (rGO) often undergoes irreversible moisture adsorption and gradual oxidation by residual water,

resulting in sensitivity degradation and long-term instability during cycling. In this study, a montmorillonite/reduced graphene

oxide (MMT/rGO) composite is developed as a room-temperature humidity-sensing material, exhibiting an optimized response

of 115%, more than 14 times higher than that of pristine rGO. This superior performance originates from the synergistic

interaction between the reversible MMT swelling and the conductive rGO network near the electrical percolation transition,

which ensures excellent stability and repeatability under repeated humidity cycles. These findings suggest that the MMT/rGO

composite provides a cost-effective and biocompatible platform for next-generation wearable humidity sensors capable of

continuous respiratory monitoring.

Keywords: Resistive humidity sensor, Montmorillonite, Reduced graphene oxide, Swelling, Electrical percolation transition,
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1.INTRODUCTION

Increasing attention to healthcare monitoring has heightened
the demand for accurate and continuous respiratory diagno-
stics. By tracking human respiration, we can detect physio-
logical abnormalities at an early stage, facilitating preventive

3 Seoung-Ki Lee; ifriend@pusan.ac.kr
Copyright ©2026 KIEEME. All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

healthcare and personalized medical management [1,2].
Because exhaled breath mainly consists of water vapor, along
with trace gaseous components, real-time humidity monitoring
serves as a reliable indirect indicator of respiratory patterns
and potential health conditions. In this reason, humidity
sensing has become a crucial technology for noninvasive
respiratory diagnostics and wearable healthcare applications
[3-6]. Various transduction mechanisms, including capacitive
[7,8], surface acoustic wave (SAW) [9], quartz crystal
microbalance (QCM) [10], optical [11,12], and resistive types
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[3,6,13] have been explored for humidity detection. Among
these, resistive-type humidity sensors have drawn particular
attention due to their simple configuration, low power
consumption, and compatibility with standard microelectro-
mechanical system (MEMS) fabrication processes [14]. These
characteristics enable device miniaturization, large-scale
integration, and wireless operation, making them suitable for
real-time respiratory monitoring systems. Conductive
polymers and metal oxides have been widely investigated as
sensing materials for resistive humidity sensors, but both
materials have intrinsic limitations [15]. Conductive polymers
have been studied for decades because of their light weight,
simple fabrication, low-cost scalability, and mechanical
flexibility. Despite these merits, their poor stability in high-
their

biocompatibility for humidity detection [15,16]. Metal oxide

humidity environments reduces reliability and
semiconductors provide an alternative approach that offers
high sensitivity and fast response at room temperature. On the
other hand, long-term stability issues of metal oxide such as
drift and hysteresis under sustained humid conditions due to
slow desorption and film limits their application in sustainable
skin-interfaced devices [17]. These challenges demonstrate
the need for new humidity-sensing materials with high
stability, biocompatibility, and room-temperature operation.
Graphene-based materials have emerged as promising
candidates due to their large specific surface area, high carrier
mobility, and low electronic noise, enabling rapid and stable
responses under ambient conditions [18]. Among them,
reduced graphene oxide (rGO) is particularly attractive for its
high electrical conductivity and residual oxygen groups (—
COOH, —-OH) that enhance hydrophilicity and water
adsorption. This combination of electrical sensitivity and
surface reactivity makes rGO highly suitable for resistive
humidity detection [19,20]. However, the strong hydrogen
bonding between rGO and water molecules often leads to
irreversible adsorption, and the residual moisture subsequently
oxidizes the rGO surface, resulting in sensitivity degradation
and long-term instability during cyclic operation [18]. These
limitations indicate the need for complementary material that
can facilitate reversible and reliable humidity sensing for
respiratory monitoring.
Montmorillonite (MMT),

mineral, readily intercalates water molecules between its

a monoclinic layered clay

layers, exhibiting up to seven-fold volumetric expansion upon

hydration. Because of its strong moisture uptake capability,
biocompatibility, and chemical safety, MMT is widely used in
applications such as food packaging, pharmaceutical formula-
tions, and cosmetic products [21,22]. Moreover, MMT
exhibits  highly
behavior over repeated humidity cycles [23]. Building on

reversible water adsorption—desorption
these advantages, the integration of MMT into an rGO-based
humidity-sensing platform establishes a complementary
relationship between the two materials. GO offers high
electrical conductivity that enables efficient transduction of
humidity-induced resistance changes, whereas MMT provides
reversible water sorption, structural stability, and biocompati-
bility. Through this combined functionality, the composite is
expected to improve long-term stability and enable the
development of body-compatible humidity sensors.

In this study, we propose a MMT/rGO composite as a stable
and biocompatible sensing material for humidity detection at
room temperature. rGO flakes were uniformly mixed with
MMT using a simple solution-based process, and the compo-
sition was optimized to maximize the humidity response. By
utilizing the high stability, hydrophilicity, and natural
abundance of MMT, the MMT/rGO composite provides a
cost-effective and environmentally stable platform for
wearable humidity sensors with reliable and continuous

respiration-monitoring capabilities.

2. MATERIALS AND METHOD

2.1 Preparation of Montmorillonite/Graphene
Composite

Graphene ink (0.4 wt% rGO flakes in IPA) was purchased
from Chang Sung. MMT was purchased from Sigma-Aldrich.
The solvent isopropyl alcohol (IPA) was also obtained from
Sigma-Aldrich. A MMT suspension was prepared by
dispersing MMT in IPA at a concentration of 52.63 wt%. The
suspension was dispersed by sonication for 1 min to ensure
uniform dispersion. The prepared MMT suspension was then
mixed with graphene ink to form an MMT/rGO composite
solution, followed by 1 min of additional sonication. The
mixing volume ratio of the MMT suspension to the graphene
ink was systematically varied to prepare composite solutions
with ratios ranging from 0:10 to 7:3. Each composite was
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designated according to its MMT fraction, and the corres-
ponding wt% of MMT and rGO for each composite
formulation is summarized in Table 1.

2.2 Fabrication of Montmorillonite/Graphene
Composite-Based Humidity Sensor

A Cr (5 nm)/Au (50 nm) film was deposited on the cleaned
glass substrates using a thermal evaporator under a chamber
pressure of 8 x 10" Torr. Photoresist (AZ5214-E Photoresist,
Sigma-Aldrich) patterning was performed using an aligner,
followed by etching with Au etchant (KI, Sigma-Aldrich) and
Cr etchant ((NH4)2Ce(NOs)s-HNO3, Sigma-Aldrich) to define
the interdigitated electrode (IDE) pattern. The resulting IDE
structure featured a channel length of 0.1 mm and a channel
width of 16.7 mm. The MMT/rGO composite solution was
then spin-coated onto the IDE-deposited glass substrate at 500
rpm for 30s. The composite-coated substrates were baked at
80°C for 10 min to evaporate the residual solvent and enhance
film adhesion.

2.3 Microstructural and Compositional Analysis

Surface morphology was examined using field-emission
scanning electron microscopy (FE-SEM, TESCAN MIRA3)
at an accelerating voltage of 20 kV. Prior to imaging, the
samples were sputter-coated with a thin layer of gold to
prevent charging and improve image clarity. Elemental
composition analysis was conducted using energy-dispersive
X-ray spectrometer (EDS) attached to the same SEM
instrument operated at 20 kV.

2.4 Humidity Sensing Measurements

Humidity-sensing characteristics were evaluated in a
microchamber (Nextron). Ar gas (5N) was used as the carrier
gas. Relative humidity inside the chamber was controlled
using a specially designed bubbler (Nextron). During each
measurement cycle, the chamber humidity initially stabilized
at 10% relative humidity (RH) for 5 min, followed by
exposure to the target humidity level for another 5 min to
measure the resistance response of the composite. Finally, the

chamber was purged again at 10% RH for 10 min to complete

a sensing cycle. All humidity-sensing experiments were
conducted at room temperature, and the resistance responses
were recorded using a Keithley 2400 source meterata 1 V DC
bias.

3. RESULT AND DISCUSSION

3.1 Dispersive Property Analysis of

Montmorillonite/Graphene Composite

Figure 1 shows the crystal structure of MMT and its
humidity absorption mechanism. MMT is a layered silicate
consisting of tetrahedral (SiO4)* sheets and octahedral
AI(OH)s sheets. The partial substitution of Si** by AI** in the
tetrahedral sheets and AI** by Mg®" in the octahedral sheets
induces a net negative charge, which is compensated by
exchangeable interlayer cations such as Na* and Ca®*. These
cations strongly attract polar water molecules, enabling MMT
to intercalate water into its interlayer space and swelling to
seven-fold along the z-axis [21,22].

Based on these properties, we fabricated an MMT/rGO
composite for humidity-sensing applications, as shown in Fig.
2. The MMT suspension and graphene ink were mixed via
sonication for 1 min to obtain a homogeneous MMT/rGO
dispersion. Uniform dispersion of both components is
essential for stable sensing performance [24]. The IPA solvent
plays a crucial role in achieving uniformity. The graphene ink
used in this study was dispersed in IPA because the polar
hydroxyl group (-OH) of IPA can interact with oxygen
functional groups on the rGO surface, preventing flake
aggregation and stabilizing dispersion [25,26]. MMT also
exhibits good dispersibility in IPA, as its interlayer cations
(Na® and Ca®") interact with the —OH groups of IPA.
Therefore, IPA effectively acts as a solvent to promote the
homogeneous dispersion of both MMT and rGO flakes within
the composite [27]. When the MMT/rGO dispersion is
subjected to sonication, the electrostatic interactions between
the oxygen functional groups on the rGO and the polar MMT
layers further stabilize the mixture, preventing phase
separation and yielding a well-dispersed composite solution.
The resulting dispersion was spin-coated onto IDE-deposited

glass substrates to obtain a uniform sensing layer, followed by
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Fig. 1. (a) Schematic illustration of the layered structure of MMT, consisting of 2:1 tetrahedral-octahedral-tetrahedral sheets with interlayer
cations, (b) optical image of the MMT powder, and (c) schematic depiction of the swelling mechanism of MMT, where interlayer Na*/Ca®"
cations hydrate and expand the basal spacing upon water adsorption.
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Fig. 2. (a) Schematic illustration of the fabrication process of the MMT/rGO composite resistive humidity sensor.
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Table 1. Designation of MMT/rGO composite samples based on the
volumetric mixing ratio of the MMT suspension to the rGO ink with
the corresponding wt% of MMT and rGO in each composite
formulation.

Sample MMT (wt%) rGO (wt%)

MGC-0 0 0.4
I MGC-1 I 5.26 I 0.36 I
I MGC-2 I 10.52 I 0.32 I
I MGC-3 I 15.79 I 0.28 I
I MGC-4 I 21.05 I 0.24 I
I MGC-5 I 26.32 I 0.2 I
I MGC-6 I 31.57 I 0.16 I
I MGC-7 I 36.84 I 0.12 I

baking to complete the composite film formation. To
investigate the effects of the composition on humidity-sensing
performance, the mixing volume ratio between the MMT
suspension and graphene ink was systematically varied from
0:10 to 7:3. Each composite was designated according to its
MMT fraction, and the corresponding wt% of MMT and rGO
for each composite formulation is summarized in Table 1.

The surface morphologies of the coating films were
examined using FE-SEM, as shown in Figs. 3(a)—(c). The
SEM image of the pure rGO sample shows overlapping two-
dimensional flakes forming stacked lamellar structures [28],
whereas the pure MMT film exhibits agglomerated clay-like
platelets [29]. By contrast, the MMT/rGO composite displays
rGO flakes uniformly embedded between the planar MMT
layers, confirming a homogeneous dispersion without local
aggregation. This morphology suggests that electrostatic
coupling between rGO and MMT enables stable mixing
during the solution process. EDS mapping was performed to
qualitatively examine the distributions of MMT and rGO in
the composite, as shown in Figs. 3(d)—(i). The characteristic
elements of MMT (Mg, Al, Ca, and Na) [30] and carbon from
rGO are evenly distributed throughout the image, further
verifying the uniform distribution of the two phases. These
observations confirm that the MMT/rGO composite fabricated
via a simple solution-based process and brief sonication
achieves excellent dispersion and structural homogeneity
without phase segregation.

3.2 Humidity Sensing Response & Mixing Ratio
Optimization

The humidity-sensing characteristics of the fabricated
MMT/rGO composite sensors were evaluated by monitoring
the resistance changes under controlled RH levels. The
When

conductive rGO flakes are incorporated into the insulating

sensing mechanism is illustrated in Fig. 4(a).

MMT, they form interconnected conductive networks that
facilitate charge transport. Upon exposure to humid air, MMT
intercalates water molecules within its interlayer region,
causing expansion along the z-axis. This swelling disrupts the
conductive pathways formed by the rGO flakes, thereby
impeding electron transport and increasing overall resistance
[1,24,31].

The humidity response varied with the MMT/rGO mixing
ratio. The electrical percolation transition model describing
this behavior is shown in Fig. 4(b) [31,32]. At low MMT
rGO flakes
conductive networks, resulting in high electrical conductivity.

contents, the readily formed continuous
As the MMT fraction increased, these networks gradually
disconnected, and the overall conductivity decreased. When
the MMT content approached the electrical percolation
transition region, the composite exhibited a sharp increase in
resistance due to the disruption of the conductive pathways.
Once the MMT fraction exceeded the percolation threshold,
most of the conductive paths collapsed, rendering the
composite nearly insulating. Within this transition region,
even minor structural perturbations, such as humidity-induced
swelling, led to pronounced resistance modulation [24,33].
Therefore, identifying the optimal MMT/rGO composition
within the electrical percolation transition region is essential
for maximizing sensor sensitivity.

Figure 4(c) shows the resistances of the composites under
different MMT/rGO ratios. Samples with low MMT fractions
exhibited low resistance due to dominant conduction through
the rGO networks. However, as the MMT fraction increased,
sharply increased beyond the MGC-5
composition, indicating the onset of the percolation transition.

the resistance

Around MGC-6, the resistance increases abruptly, confirming
that this ratio corresponds to the electrical percolation
transition regime.

Figures 4(d) and 4(e) compare the humidity responses of
composites with various MMT/rGO ratios under 50% RH
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(ARH = 40%). The responses were calculated using the

following equations:

Response = AR/Ro * 100 (%)

where Ry is the baseline resistance at 10% RH, and AR is the
resistance change at 50% RH.

Between the pure rGO film (MGC-0) and the low MMT
composite (MGC-1), MGC-0 showed a larger humidity
response of approximately 8%, whereas MGC-1 exhibited a
lower response of 3%. This is because, at low MMT contents,
the resistance variation is mainly dominated by the intrinsic
moisture adsorption behavior of rGO rather than by MMT

5();1;’}1’ s
Fig. 3. SEM image of (a) pure rGO flake (10 kx) showing their overlapping two-dimensional flakes, (b) pure MMT (10 kx) displaying their
agglomerated clay-like platelets, and (c) MMT/rGO composite (20 kx) with homogeneous dispersion. EDS elemental mapping of (d)
MMT/rGO composite confirming the spatial distribution of major MMT components: (¢) Mg, (f) Al (g) Ca, (h) Na, and (i) the carbon signal
corresponding to rGO.

swelling. Therefore, MGC-1, which contained a smaller
fraction of rGO flakes, exhibited a lower response to humidity.
As the MMT fraction increased, the humidity response
gradually increased, reaching a pronounced peak of 115% for
MGC-6. This composition lies within the electrical percola-
tion transition region identified in Fig. 4(c), where humidity-
induced MMT swelling most effectively disrupts the rGO
conductive pathways. Beyond this ratio, excessive MMT
reduces the connectivity among the rGO flakes, leading to a
decline in the humidity response despite increased water
adsorption.

In addition to enhanced sensitivity, the dominant role of

MMT in moisture adsorption also contributes to the superior
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Fig. 4. (a) Schematic illustration of the humidity-sensing mechanism of the MMT/rGO composite, showing disruption of interconnected
conductive networks consisted by rGO flakes under humid condition, (b) electrical percolation model depending on the MMT fraction in
MMT/rGO composite, (c) variation in the measured electrical resistance of the MMT/rGO composite as a function of the MMT fraction, and
(d), (e) humidity-sensing performance of the composite with different MMT fractions.

stability and repeatability of the composite sensor. Unlike
rGO, which tends to form strong hydrogen bonds with water
molecules, leading to irreversible adsorption and gradual
oxidation by residual moisture [18], MMT exhibits a reversible
humidity adsorption mechanism. The interlayer cations (Na*
and Ca’") within MMT electrostatically interact with polar
water molecules, allowing water to be absorbed and desorbed
repeatedly without structural degradation. This reversible
swelling—deswelling process enables the MMT layers to
accommodate and release moisture dynamically, preventing
the accumulation of trapped water on the rGO surface [21-23].
As a result, the MMT/rGO composite achieves not only high
sensitivity but also outstanding long-term stability and
reproducibility during cyclic humidity sensing.

Therefore, incorporating MMT into rGO flakes signifi-
cantly enhances humidity sensitivity, with optimal performance
achieved near the electrical percolation transition. In this
regime, the synergistic interaction between the MMT swelling
and rGO network modulation maximizes the resistance change
of the sensor under varying humidity conditions.

4. CONCLUSION

In this study, an MMT/rGO composite was developed as a
stable and biocompatible sensing material for resistive-type
humidity detection. The composite was fabricated via a simple
solution-based process using IPA as the solvent, which
effectively promoted the homogeneous dispersion of MMT
and rGO flakes. SEM and EDS analyses confirmed that both
components were uniformly distributed without phase
separation, demonstrating the reliability of the dispersion
approach. The humidity-sensing characteristics revealed that
MMT swelling under humid conditions modulated the
conductive pathways formed by the rGO flakes, leading to
distinct resistance variations. The humidity response strongly
depended on the MMT/rGO mixing ratio, and the sensor
exhibited the highest sensitivity near the electrical percolation
transition region (MGC-6). These findings demonstrate that
incorporating MMT into rGO matrices can effectively
enhance humidity sensitivity at room temperature. Given its
simple fabrication, cost-effectiveness, and high reversibility,
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the proposed MMT/rGO composite is a promising candidate
for wearable humidity sensors that can continuously and

precisely monitor human respiration.
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