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A high-performance humidity sensor based on 3D
porous SnO,-encapsulated MCM-48 for real-time
breath monitoring and contactless

gesture detection

Priya Malik,® Surender Duhan @2 * and Rakesh Malik*®

Ordered porous SnO,/MCM-48 was used as a basis for developing a resistive-type humidity sensor
fabricated by drop-casting on a Ag—Pd substrate and its use was demonstrated for real-time respiration
monitoring and no-contact sensing for the first time. Using a hydrothermal method, a series of SnO,/
MCM-48 humidity sensors were prepared and comprehensively compared. The humidity sensor was
tested in a variety of humidity levels from 11 to 98% RH for humidity detection, and various flexible
humidity testing experiments were conducted and the results were recorded. The results showed a
significant enhancement in the humidity-detecting capabilities of the sensor, which was ascribed to the
combined outcomes of the use of SNO, and the material's structure characterized by the pores. The
sensor demonstrated fast response and recovery times of 9 s and 12 s with high sensitivity and minimal
hysteresis. Further, the stability over time of the SnO,/MCM-48 sensor was confirmed, indicating its
potential for commercial applications. The prepared sensor was used to test human breathing patterns
under various tangible circumstances, and its successful performance demonstrated its potential for use
in medical applications. In a broader context, the SnO,/MCM-48-based humidity sensor proposed in this
study can detect patterns in human health without physical contact and is very stable, easy to

rsc.li/materials-advances

1. Introduction

The rise in various respiratory illnesses such bronchitis,
asthma, and tuberculosis in recent years has had a significant
impact on people’s health. Consequently, real-time respiratory
illness monitoring is becoming more and more popular.’
Researchers have created many electronic and pressure sensors
to suit the demands for the real-time monitoring of respiratory
disorders. However, these sensors no longer satisfy the require-
ments of high-performance breathing sensors because the
dependability of electronic sensors is constrained by external
conditions and wearers may experience pain from pressure
sensors.” It is well known that a notable portion of water
molecules in human breath make up more than 90% of its
relative humidity (RH), and monitoring respiratory disorders
will soon involve the use of humidity sensors to keep track of
variations in RH caused by breathing.® To address the demands
of respiratory monitoring, researchers need to create humidity
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synthesize, and environment friendly.

sensors with minimal hysteresis, high responsiveness, and a
capability for long-term operation. Furthermore, the applica-
tion of humidity sensors for measuring human respiration for
monitoring various diseases will also need to be able to achieve
non-contact sensing to avoid contact among people.

The capacity to gather data without coming into close contact
with a subject is known as non-contact sensing. Non-contact
technology allows tracking the human body without having to
make physical contact with the subject. When treating a condi-
tion as contagious as COVID-19, non-contact methods are
thought to be quite beneficial because touch may aid in the
disease propagation.* This also allows patients to be monitored
without having to come into contact with healthcare profes-
sionals. As wearable devices require direct physical contact with
patients for them to be attached, using them can put healthcare
professionals at danger. Even though safety measures, like using
gloves and face masks, the risk would be reduced even further if
contact with patients could be successfully cut off entirely. In
light of this, the sensor is made to detect humidity without
requiring touch.

The sensing materials have a direct impact on how well
humidity sensors operate. Numerous types of materials for
humidity sensing have been taken into account thus far,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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including polymers,”® carbon materials,” semiconductor metal
oxides (SMOs),” innovative 2D materials,® and their composites.’
Because of their superior stability and enhanced sensitivity,
SMOs are frequently utilized in humidity sensors. Because of
its broad band gap, uncomplicated structure, remarkable selec-
tivity, and inexpensiveness, SnO, has recently garnered attention
as a feasible humidity-sensitive material, serving as a represen-
tative metal oxide semiconductor.'® The electrochemical stabi-
lity, specific surface area,'' and SnO,’s oxygen vacancies are also
acceptable."” However, the performance of pure SnO, humidity
sensors is influenced by various factors, such as the surface area
and the presence of oxygen vacancies, and these sensors to date
have demonstrated limited responsiveness, subpar linearity, and
extended response and recovery times.*?

Meanwhile, 3D hollow porous mesostructures with the
ability to manage the morphology are being developed progres-
sively to manufacture many materials due to their huge surface
areas, which can be created to enable water molecules easy
access to interior and exterior surfaces, unobstructed channels,
and short diffusion routes.'® Recently, there have been signifi-
cant advancements in the evolution of highly structured
mesoporous silica materials (MSMs), which have led to their
extensive research in various domains, including sensors,
optical devices, drug-delivery systems, and catalysis."> MSMs
have numerous Si-OH active bonds located on the inner pore
walls, uniform channels, high porosity, tuneable pore size, and
thermal stability.'® They also have great mechanical strength
and thermal stability. MCM-48, in particular, is a member of
the M41S family and can be utilized as a template to create 3D
porous SnO, cubic structures with a large number of pores."”
Kunchakara et al.*® synthesized a RH sensor based on Ag-doped
MCM-41 and obtained response and recovery times of 24 s and
32 s, respectively. Similarly, Solanki et al.™® synthesized porous
SnO, with a sensitivity of 348 and response/recovery of 200/8 s.
The modification of mesoporous silica with nanometallic

#, CTAB + distilled water

/‘\
\*\

Ethanol*Ammonia
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particles, such as Li,>® Al,>* MgO,”* and Co;04" has been
studied for sensing applications. By utilizing a mesoporous
hybrid nanocomposite based on SnO,/MCM-48 we aimed to
develop a sensor with better sensitivity, low hysteresis, quick
response/recovery times, and a wide detection range.

In this study, a template called MCM-48 was used to create
3D hollow mesoporous SnO,. Modifications of MCM-48 by SnO,
with varying concentrations promoted the appearance of more
tin defects along with large adsorption sites provided by the
open channels and large specific surface area of MCM-48, which
greatly improved the responsivity of the sensor. The structural
and morphological traits of SnO,/MCM-48 were studied and the
sensor was further examined for multifunctional applications.
The SnO, humidity sensor was fabricated to test its capabilities
for sensing humidity at ambient temperature.

Using saturated salt solutions, the key features of humidity
sensing, such as response/recovery times, hysteresis, sensitivity,
and repeatability were measured. As anticipated, the SnO,
humidity sensor displayed outstanding humidity sensing cap-
abilities, characterized by a rapid response time and wide-
humidity-detection range.>® Additionally, the SnO, humidity
sensor demonstrated exceptional performance in a variety of
applications related to the well-being of individuals, such as the
real-time tracking of respiration and non-contact detection.
Moreover, the compact and the portable nature of the sensor
made it suitable for use in wearable devices. The sensor devel-
oped in this work has potential in various applications like
humidity sensing, breath monitoring, and non-contact sensing.

2. Experimental

2.1. Materials

TEOS [(C,H50),Si, Sigma Aldrich], CTAB [cetyltrimethyl ammo-
nium bromide, M,, = 364.45, SRL], tin(u) chloride dehydrate

A TEOS

After 6 hrs. of stirring and
— Hydrothermal Treatment
at 80°C

[E—

MCM-48

Fig. 1 Schematic representation of MCM-48's synthesis route.
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Fig. 2 (a) Fabrication of the humidity sensor. (b) Schematic illustrating the
configuration of the humidity sensing set-up.

[(SnCl,-2H,0), M,, = 225.65, Merck], ethanol [Fisher Scientific],
and ammonia solution [NH,OH, M,, = 35.05] were used as the
main reagents. Double-distilled water was employed through-
out the experiments.

2.2. Material preparation

2.2.1. Preparation of MCM-48. MCM-48 was made following
a previously established procedure.** Specifically, 2.4 ¢ CTAB
was dissolved in a mixture of 100 g distilled water, 55 mL
ethanol, and 14 mL ammonia solution at ambient temperature.
After continuous stirring for 1 h, resulting in a clear solution,
3.4 g TEOS was introduced. The solution thus obtained was
stirred at ambient temperature for 6 h. The resulting dried white
powder was subjected to hydrothermal treatment in an autoclave
maintained at 90 °C for 1 day. Then, after cooling to ambient
temperature of 25 °C, the resultant solids were retrieved, filtered,
and washed. The powder, which was mesoporous silica MCM-48,
was obtained by calcinating the products in the air at 500 °C
(with a heating rate of 1 °C min™") for 7 h.

2.2.2. Synthesis of SnO,/MCM-48. Regarding the encapsu-
lation of different wt% SnO, in MCM-48 via an in situ method,
the salt (5 wt%, 7 wt%, 10 wt%) was added in to a watery
micellar solution of CTAB. The blend was stirred for 2 h.
Subsequently, TEOS was added dropwise, and the mixture
was stirred for a further 6 h, following an identical process

2512 | Mater. Adv., 2024, 5, 2510-2525
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Fig. 3 Small-angle X-ray plots for MCM-48 and SnO,/MCM-48.

employed for pure MCM-48. The different wt% were the synth-
esis step by step process is depicted in Fig. 1.

2.3 Characterization

The structural analysis of the prepared composites was char-
acterized by small-angle X-ray scattering (SAXS) at low angles
(0.8°-2.5°) and XRD utilizing CuKo radiation at a constant
wavelength (4 = 1.54 A). The surface morphology and the
mesostructure were analyzed by FE-SEM and HRTEM using a
TECHNAI microscope at 200 kV. The elemental composition
was analyzed by EDX. A specific surface and pore-size analyzer
was also used to analyze the BET surface area and various other
surface-related characteristics of SnO,.

2.4 Fabrication and functionality evaluation of the SnO,/
MCM-48 humidity sensor

For the fabrication of the sensors, the synthesized materials
were coated onto a Ag-Pd interdigitated electrode via a 10 pL
pipette, as demonstrated in Fig. 2(a). Prior to the coating, the
electrode was cleaned using acetone. Then 0.3 g of the sub-
stance was combined with 2 mL of ethanol and thoroughly
homogenized into a consistent paste using a mortar and pestle
for use as the coating. Finally, the prepared SnO,/MCM-48
sensor was desiccated at 70 °C for 3 h to eliminate excess
ethanol.

An illustration of the dynamic humidity sensing testing set-
up is displayed in Fig. 2(b). For different humidity levels
corresponding to 11%, 33%, 54%, 75%, 85%, and 98% RH,
distinctive salt solutions were assigned, namely LiCl, (MgCl,-
6H,0), (MgNOs),-4H,0, NaCl, KCl, and K,SO,, respectively.>
These solutions were kept at 25 °C since humidity is dependent
on temperature. In order to capture any variation in resistance
because of the adsorption of H,O, the electrode was directly put
into a closed beaker with the different humidity levels. A
constant source voltage was applied using a Keithley-2450
sourcemeter and the electrical properties were observed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 WA-XRD plots for MCM-48 and SnO,/MCM-48.

accordance with Ohm’s Law. The variations in resistance were
recorded and subjected to thorough analysis.

3. Results and discussions
3.1 Small-angle X-ray scattering (SAXS)

The arrangement of the cubic template provided by the cal-
cined MCM-48 materials was confirmed using SAXS. Fig. 3
presents the SAXS plots obtained for both pure MCM-48 and
SnO,-encapsulated MCM-48 with varying concentrations. The
obtained plots show the mesoporous integrity in all the sam-
ples, which is clearly evident through the diffraction peak
corresponding to the (211) plane for 2@ smaller than 3°, which
directly indicates the presence of the cubic pore arrangement
(Ia3D symmetry) of the mesoporous nanostructures.”® This type
of ordered arrangement plays a significantly crucial role in the
sensor performance in sensing applications. The intensity of
the (211) reflection was identical in all the nanostructures,
confirming that the cubic arrangement of pores had not been
disturbed when SnO, was infused. The SAXS patterns verified
that the fast and facile approach for producing siliceous MCM-
48 could be expanded to create SnO,/MCM-48 and that the
integration of SnO, as the guest species within the silica matrix
did not disrupt the regular structure of MCM-48.

3.2 Wide-angle X-ray diffraction (WA-XRD)

As displayed in Fig. 4, the wide-angle XRD spectra ranging from
10° to 80° for pure and SnO,-incorporated MCM-48 revealed the
development of the tetragonal rutile SnO, (JCPDS #41-1445)

Table 1 XRD analysis of all the nanocomposites
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with the increase in the concentration of SnO,. The broad hump
at 20 = 22° is characteristic of the amorphous nature of
mesoporous MCM-48.%” As the concentration of the encapsu-
lated SnO, increased, the peaks became noticeable in the XRD
patterns; whereas at low encapsulation concentrations those
peaks remained obscure as the amorphous nature of the meso-
porous MCM-48 was dominant. At higher encapsulation percen-
tages, the peaks located at 20 = 27.81°, 34.56°, 52.78°
corresponding to (110), (101), and (121) planes confirmed the
introduction of a polycrystalline nature.*® Moreover, the devel-
opment and resilience of the (110) plane enabled the achieve-
ment of elevated oxygen vacancy levels at reduced temperatures.
The XRD patterns demonstrated that the crystalline nature of the
specimen was altered as the doping concentration of SnO,
increased, leading to disruptions in the lattice structure.

The crystallite dimensions were calculated for all the samples,
specifically with respect to the (110) plane, using the Scherrer
formula as defined in eqn (1).>

kA

- pCos@ W

where D is the crystallite size; k is a constant value (0.95); 1 is
1.54 A, which corresponds to the wavelength of the X-rays; and 8
corresponds to the broadening factor. The interplanar spacing
(dnir) and lattice parameter (a) for the structural analysis were
determined using eqn (2).>® The alterations in the lattice para-
meter were attributed to the presence of micro strain (), as
described by eqn (3) (Table 1).%®

1 (P4 +1P)

d? a?

)

°=p G
The findings indicate that introducing the tin precursor
ahead of the silica precursor or mixing the tin precursor into
ethanol resulted in a greater FWHM and a broader distribution
of sizes among the cubic unit cell, which is an indication of the

introduced crystallinity in the synthesized material.

3.3 Field emission scanning electron microscopy-energy
dispersive X-ray (FESEM-EDX)

The surface morphologies of MCM-48 and SnO,/MCM-48(5%)
were investigated by FESEM analysis. The scanning electron
microscopy (SEM) images revealed that the resulting particles
were spherical in shape, as shown in Fig. 5(a) and (b).
The consistent spherical shape could likely be attributed to
the incorporation of ammonia, which is recognized as a catalyst
for shaping the morphology.’”” It could also be seen that

Sample name FWHM (f8) Crystallite size, D (A) A a (A) 0

SnO,/MCM-48(10%) 7.72526 0.223471 3.387941393 5.298728 2.115387
SnO,/MCM-48(7%) 6.88335 0.283862 3.347819301 4.734531 1.876922
SnO,/MCM-48(5%) 3.22213 1.013745 3.257601983 4.606945 0.993198
MCM-48 0.24117 6.023316 3.518825088 5.619326 0.407457

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FESEM images illustrating the morphologies of (a) MCM-48 and (b)
SnO,/MCM-48(5%) at a scale of 100 nm.

introduction of guest species in the frameworks of the pristine
MCM-48 caused no damage to the framework’s morphology.
The grains existed within the range of 350-500 nm, and no
agglomeration was visible.

Energy dispersive X-ray (EDX) analysis was done to verify the
composition of the elements present in SnO,/MCM-48. The
EDX spectrum of pure MCM-48 along with the elemental
composition are displayed in Fig. 6(a). The existence of only
Si and O peaks indicated the lack of impurity particles in the
prepared MCM-48. Concerning SnO,/MCM-48(5%), the occur-
rence of tin peaks along with Si and O indicated the successful
encapsulation of tin in the siliceous matrix of MCM-48.

Fig. 6(c-f) present the elemental mapping results, revealing
the uniform distribution of all the elements within the siliceous
framework.

3.4 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of MCM-48 and SnO,/MCM-48(5%, 7%, 10%)
are depicted in Fig. 7 in the wavelength range of 400-
4000 cm ™', The framework bands at 1092, 805, and 463 cm ™ *
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Fig. 7 FTIR spectra of MCM-48 and SnO,/MCM-48.

T
1000 4000

corresponded to asymmetric stretching, symmetric stretching,
and bending vibrations of Si-O-Si bands, respectively. The wide
signal at 3430 em ™" indicated the presence of surface silanols
and adsorbed moisture. The stretching band made by the
vibration of Sn-O-Sn bonds of SnO, at 571 cm ™" implied the
encapsulation of SnO,. The bands centred at 1635 and 960 cm ™
corresponded to the stretching vibrations of the Si-OH group.

3.5 X-Ray photoelectron spectroscopy (XPS)

The valence states of Si, O, and Sn in the surface regions of
MCM-48 and SnO,/MCM-48(5%) were studied by XPS spectro-
scopy. Fig. 8(a) indicates an asymmetric O 1s profile, suggesting
the presence of physically adsorbed oxygen, while the peak
position corresponding to 101.4 eV indicated the presence of
the Si 2p;/, state. Fig. 8(b) shows the peaks corresponding to the
Si 2p;/, and O 1s states along with an illustration of the spin-
orbital splitting of the Sn** 3d;,, and Sn** 3d;, core level states
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Fig. 6 EDX analysis spectra of (a) MCM-48 and (b) SnO,/MCM-48(5%). (c)
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—(f) EDX elemental mapping.
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Fig. 8 XPS analysis of (a) MCM-48 and (b) SnO,/MCM-48(5%).

of tin centred at 493.3 and 484.9 eV, respectively, corresponding
to the lattice of tin oxide. Also, the distinction in the energy
levels of Sn** 3d;/, and Sn** 3ds, at 8.4 eV aligned with the
standard spectrum of Sn, as documented in the Handbook of
X-ray Photoelectron Spectroscopy.

3.6 Brunauer-Emmett-Teller (BET)

The nitrogen adsorption and desorption isotherms were
obtained to assess the behaviours of the pure MCM-48 and
Sn-encapsulated MCM-48 composites with varying composi-
tions. As illustrated in Fig. 9(a), each of the samples revealed
a type IV isotherm characterized by an H1i-type hysteresis
loop,*® giving a clear indication of the ordered mesoporous
structures of the materials possessing cubic pores with the
1a3D symmetry.’® This confirmed the substantial integrity of
the mesoporous framework attained by the sample even after
the encapsulation of Sn. The pure siliceous demonstrated an

(a) SnO,/MCM-48(10%)
~B-Sn0,/MCM-48(7%)
—B—Sn0,/MCM-48(5%)

—m-MCM-48

Volume Ab:~‘,orbedlcm3g"I STP

T T T T T
9 92 94 96 98 100 102 104 106 108 110 112
Binding energy(eV)

T T T T
485 490 495 500

Binding energy(eV)

T T
475 480

exceptionally high specific surface area of 1226.8 m> g .
However, as the encapsulation concentration increased, a sub-
sequent declination was seen in both the specific surface area
and size of the distributed pores across the composites. The
gradual declination in the BET-specific area may be due to pore
filling due to the presence of tin in the pores, which also
resulted in the shrinkage of the pores. The pore-size distribu-
tion curve supported this trend, making the encapsulation
more obvious in the mesoporous matrix of MCM-48, as dis-
played in Fig. 9(b).

Table 2 illustrates an overview of various BET characteristics
of all the as-prepared composites. The average pore diameter
calculated from the data provided in Table 2 was 5.392 nm.
These characteristics have great importance in making a mate-
rial’s surface porous, thus influencing the adsorption and
diffusion processes. The introduction of a catalytically active
dopant, i.e. Sn components, was attributed to the declination in
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(a) Nitrogen hysteresis adsorption and desorption isotherms. (b) Pore analysis of all the synthesized samples.
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Table 2 Structural analysis of all the nanocomposites

Specific surface Pore volume

Sample Pore diameter D, area (m>g™")  V, (em®g™")
MCM-48 9.2675 1226.8 0.747
Sn0,/MCM-48(5%) 6.8192 1156.2 0.698
SnO,/MCM-48(7%)  2.5291 1026.4 0.635
Sn0,/MCM-48(10%) 2.2575 923.7 0.589

the specific surface area, but being a metal oxide it also
facilitated an augmentation of the humidity sensing properties.
The presence of a huge surface area provided good active
adsorption sites for water molecules, which affected the surface
ionic conduction, resulting in enhanced humidity sensing prop-
erties, showing it could serve as an efficient humidity sensor.

3.7 High-resolution transmission electron microscopy
(HRTEM)

Analysis of the pore morphologies of MCM-48 and SnO,/MCM-
48(5%) and examination of the existence of SnO, nanoparticles
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within the mesoporous silica matrix were executed using
HRTEM. The TEM illustration of MCM-48 and SnO,/MCM-
48(5%) in Fig. 10(a) and (b) showed well-ordered cubic arrays
of 3D mesoporous channels. In Fig. 10(a-c), it can be seen that
the MCM-48 sample gas 3D Ia3D had a regular cubic mesos-
tructure. The introduction of TEOS and SnCl,-2H,0 in to the
reaction system and their uniform dispersion was because of
the “synchronous assembly strategy’’, whereas the reactant and
precursor salts were blended uniformly due to the rigorous
stirring for long time, making us believe that the formed SnO,
particles were uniformly dispersed in the MCM-48 matrix.””
Furthermore, when calcination was done, the SnO, nano-
particles were dispersed uniformly inside the channels of
MCM-48. In Fig. 10(d-f), the pore arrangement for SnO,/
MCM-48(5%) is illustrated. Notably, numerous finely dispersed
SnO, nanoparticles could be observed within the cubic chan-
nels of MCM-48. The average thickness of the walls was
approximately 2.52 nm and analysis of the pore diameter
yielded a value of 5.152 nm, as encountered with the help of
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HRTEM images showing the uniform pore channels of (a)—(c) MCM-48 and (d)-(f) SNnO,/MCM-48(5%). (g) Pore-size distribution of SnO,/MCM-
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Fig. 11 3D representation of the change in resistance with respect to the
RH% for MCM-48 and SnO,/MCM-48 nanocomposites.

these images. These measurements closely aligned with the out-
comes acquired by the XRD data and the BET surface analysis.
The structural order thus remained unaltered, but the dimensions
were reduced because of the interactions between the nano-
particles and the host. Remarkably, the cubic mesostructure was
not disturbed despite the inclusion of SnO, particles.

3.8 Humidity sensing performance

The porous nature of the matrix plays a significant function in
utilizing its potential as a humidity sensor. Fig. 11 illustrates
the variations in resistance of the prepared samples over a
range of humidity conditions (i.e. RH 11-98%). Fig. 11 shows
the recorded resistance of the host sample MCM-48 did not
change very much over the humidity extent of 11-98% RH, but
when the SnO,/MCM-48 sample was subjected to the same
conditions a declination in the resistance was observed. This
was because of the fact that as the doping concentration

View Article Online
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increased, the metal ions could be easily transported into the
matrix of MCM-48 and contributed towards the enhanced
humidity sensing properties.The change in resistance of the
bare MCM-48 sample was initially found to be around 2 orders
of magnitude, which was increased to 5 orders after doping
SnO, in to the host siliccous MCM-48. However there was a
consistent change in the resistance observed in all the prepared
samples, but there is a dissimilarity in the sample with the
encapsulation percentage of 7%, which may be percieved as the
limitation of the siliceous matrix to transport the metal ions
larger than the pore channel, leading to hinderance of the
carriers and hydronium ions. Fig. 11 presents a much better
visual 3D representation of the variation in resistance order
concerning the humidity. As seen from Fig. 11, SnO,/MCM-
48(5%) demonstrated exceptional properties as a humidity
sensor, and thus was further studied for its response/recovery
times, hysteresis, and stability.

To create an improved humidity sensor, it is crucial to
consider two vital parameters: the response time and recovery
time, especially across varying humidity levels. The response
time and recovery time can be defined as the timeframe to
attain a change in the displayed resistance value, up to 98%
relative humidity (RH), during humidification and dehumidi-
fication processes, respectively. In Fig. 12(a), the recorded
response and recovery times for the processes of humidifica-
tion and dehumidification can be obeserved, which were
measured as 9 s and 12 s, respectively, within the extent of
11-98% RH. Furthermore, Table 3 provides a comparative
analysis of the response and recovery times with reference to
the existing literature. Repeating the humidification and dehu-
midification process for a longer interval of time gave a con-
sistent response and recovery times, as illustrated in Fig. 12(b).
Possessing fast response and recovery times at varying humid-
ity levels established that the synthesized hybrid nanocompo-
site [SnO,/MCM-48] has significant promise in the future in the
sensing industry as a sensing material for use in humidity-
detection devices.

Fig. 13(a) illustrates the response and recovery times
with variation of the RH% for the SnO,/MCM-48(5%) sensor.
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(a) Response/recovery times for SNnO,/MCM-48(5%); (b) response/recovery times for repeated cycles.
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Table 3 Comparative study of the humidity sensing properties for distinguished materials from previously documented literature
Response  Recovery  Order of change
S. No.  Materials Method of synthesis time(s) time(s) in resistance Ref.
1. MCM-48 fibre Electrospinning 15 28 2 31
2. Li/SBA-15 60 180 3.5
3. o-Fe,O; nanorods Hydrothermal 60 33 3.5 32
4. Nanocrystalline o-Fe,0; Microwave-assisted hydrothermal route <60 350 — 33
5. Li doped y- Fe,O; nanopower  Simple method using a precipitating agent 150 180 3 34
6. Mesoporous Fe,0;/Silica Hydrothermal 20 40 4 35
7. Quasi Cubic Fe,03 Hydrothermal 2 1568 — 36
8. LiCI/KIT-6 Hydrothermal 15 26 3 37
9. Ag/MCM-41 Magnetron sputtering 24 32 5 18
10. Fe/SBA-15 Hydrothermal 20 50 4 35
11. SnO, Microwave irradiaton method 32 25 2 10
12. Sn0,/Si0, Sol-Gel 14 16 2 12
13. Fe/SnO, Precipitation technique — — 0.8 38
14. NiO/SnO, Electrospinning method 18.4 37.2 1 39
15. SnO,/MCM-48 Hydrothermal 9 12 5 This work

The resistance profiles acquired from the humidity-increasing
experiment and the humidity-decreasing experiment appeared
to be substantially symmetrical, indicating outstanding humi-
dification and dehumidification performance. Another impor-
tant humidity sensor examining property is the “repeatability”,
which is crucial for evaluating a sensor’s performance, and it
can be described as “the closeness of output values with the
same repeated input values under the same conditions of
measurements’”. The repeated measurements of the sensor
are illustrated in Fig. 13(b). At 33 RH%, 54 RH%, 75 RH%, 85
RH%, 98 RH%, the measurements were examined repeatedly
ensuring the resistance was the same in all three measure-
ments, thus indicating the outstanding repeatability of the
Sn0,/MCM-48(5%) sensor.

Fig. 14(a) demonstrates the variation in resistance because
of the adsorption (11-98 RH%) and desorption (98-11 RH%) of
the water molecules. A hysteresis curve can also indicate a
sample’s credibility during humidification and dehumidifica-
tion processes. Using the results, we generated a hysteresis
curve, and from this it was clear that the hysteresis impact of
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Fig. 13

the SnO,/MCM-48(5%) sensor was negligible (1.1%) and it can
be deployed as a reliable humidity sensor.

The hysteresis error is determined with the help of the
following expression (4):*>

AHmax
2F fs

vH = (4)
where AH,,,. is the variation in output for adsorption and
desorption processes and Fgs represents the full-scale output.
Furthermore, durability and reliability analysis of the sensor
was performed over a 30-day period, as displayed in Fig. 15(a).
Remarkably, the sensor showed negligible shift in resistance,
confirming the exceptional stability of the sensor. We next
examined the functional connection between the resistance
changes in diverse relative humidity environments during both
humidification and dehumidification processes. As depicted
in Fig. 15(b), the sensor’s response was nearly linear in the
mid-range of humidity, spanning from 33% RH to 75% RH.
However, a more precise representation of the response behaviour
across the entire humidity extent could be achieved using a
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(a) Staircase plot representation of the variation of resistance with time for the SnO,/MCM-48(5%) sensor. (b) Repeatability performance of the

SnO,/MCM-48(5%) sensor exposed to 33% RH, 54% RH, 75% RH, 85% RH, 98% RH.
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(11-98%).

polynomial fitting equation, ie. eqn (5), yielding a regression
coefficient (R* = 0.99):

¥ =2.43x" — 3.63x” + 926.43x + 47294.3 (5)

This reveals that the sensor exhibited greater sensitivity
within the middle range of humidity, as opposed to at lower
and higher RH levels. The sensitivity of the suggested sensor
was assessed by calculating the fraction of the resistance
variation to the variation in RH% value,*® as illustrated in
eqn (6):*!

— A_R (6)
~ ARH

The plot provided an average sensitivity value of 693.1180 Q/
RH%, while the sensor’s highest sensitivity, within the sug-
gested linear range of 33-75 RH%, was recorded at 879.206 Q/
RH%. This heightened sensitivity might be attributed to the
surface irregularities, which augment the number of effective
sites available for water adsorption.
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3.9 Breath monitoring

We were inspired to investigate the applicability of the SnO,/
MCM-48-based humidity sensor device in monitoring human
breath by the aforementioned exceptional results of its perfor-
mance. The difference in the relative humidity of the air that is
breathed in and out was the cause of this.*> A humidity sensor
application that has become increasingly relevant in recent
years is the analysis of human breath to determine levels of
dehydration.*> The monitoring of oxygen levels and breath
patterns in secluded patients who were infected amidst the
highly infectious COVID-19 crisis were the critical markers for
giving them necessary medical support.”’> Remote monitoring
of a patient is possible in these circumstances if the intelligent
humidity sensor devices are put in a wearable mask, which
would also ease the load of providing acute patient care. The
creation of inexpensive sensors that do not need an external
power source has recently been the subject of research. A self-
powered humidity sensor that can measure both skin moisture
and ambient humidity was proposed by Wang et al.** and was
based on a nanofibers film. Similar to this, Zhang et al*®
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(a) Stability plot of the sensor over a duration of 30 days. (b) Cubic polynomial fitting of the resistance with the RH%.
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Fig. 16 Photograph of the combination of the humidity sensor and a wearable mask.

created flexible humidity sensors with tin disulfide nanoflowers
and reduced graphene oxide nanohybrids that were powered by
triboelectric nanogenerators made of poly(tetrafluoroethylene).
For multiple purposes, the SnO, breath sensor demonstrated
the ability to measure human breath using a varied rate and
finger technique.*!

When employed to analyze human breath patterns, the
sensor demonstrates notable fluctuations in the resistance that
correspond to the inhalation and exhalation processes. Silic-
eous SnO,/MCM-48 is non-toxic, making it suitable for integra-
tion into a mask for monitoring human breath patterns. Fig. 16
depicts the breath sensing set-up for the in vitro study. The
individual’s consent was obtained for inclusion of the photo-
graph depicting the experimental set-up.

The analysis of the breathing configuration was conducted
at various rates, while concurrently, the electrical characteris-
tics of the SnO,/MCM-48 sensor were assessed using a Keithley
2450 sourcemeter with a voltage of 1 V applied. The sensor’s
reactions to different human breathing rates, specifically fast,
normal, and slow, were examined, and the resulting alterations
in the device resistance were recorded, and are presented in
Fig. 17(a, b, and c), respectively.

The peaks in the graph indicate the number of breaths/
minute (bpm) for an individual, amounting to 8, 13, and 48
bpm in cases of slow, normal, and rapid breathing, respectively,
as depicted in Fig. 17(d). Additionally, the sensor displayed the
capability to analyze the durations of inhalation and exhalation
intervals in various breath rhythms. Typically, in fit individuals,
inhalation exhibits shorter time intervals compared to
exhalation,*® as illustrated in Fig. 18(a—c) for distinct breathing
patterns. The electric signal patterns displayed varying ampli-
tudes at different breathing rhythms, enabling the sensor to
recognize various physical conditions possessed by the indivi-
dual. During slow breathing, the signal magnitude was notably
more stable, followed by the normal and fast respiration rate.
This amplitude fluctuation was because of the fact that varying

2520 | Mater. Adv,, 2024, 5, 2510-2525

quantity of H,O molecules engaged with the sensor during the
various breathing rhythms. During slow breathing, the
extended time intervals facilitated a large amount of H,O
molecules to be resent to the sensor surface, resulting in a
relatively smaller resistance.

3.10 Non-contact skin sensing

Sweat glands, which are distributed across most of the human
body’s skin, consistently release sweat. Moreover, we observed
that the SnO,/MCM-48(5%) humidity sensor was sufficiently
sensitive to detect variations in humidity caused by the proximity
of human fingers. In Fig. 19(a), the resistance change resulting
from swiping a finger over the sensor five times demonstrated the
Sn0,/MCM-48(5%) humidity sensor’s capability to effectively
detect finger movement. Fig. 19(b) depicts the resistance variation
plot while the finger was in near vicinity (~6 mm) to the sensor
and when it was moved away. While the finger was in near vicinity
to the sensor, the sensor’s resistance significantly decreased due
to water evaporation from the finger’s surface. Upon lifting the
finger, the resistance rapidly increased, showcasing a robust non-
contact switching characteristic.”® The SnO,/MCM-48(5%) humid-
ity sensor consistently exhibited similar resistance variations
when the finger was brought near to or moved distant from the
sensor. These findings in Fig. 19 demonstrate that the sensor
could accurately and consistently detect various gestures. These
applications underscore the significant potential of the proposed
SnO,/MCM-48(5%) humidity sensor for tracking human activity
and different relevant domains.

3.11 Grotthuss mechanism

The fundamental idea behind humidity sensing is connected to
how semiconducting materials react differently in a variety of
humidity conditions. The variation in resistance of these semi-
conductor materials at varied RH stages can be ascribed to the
humidification process of water onto the oxide surface.”” The
engagement of water molecules with the prepared material,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Sensor's response to various breathing rates: (a) fast breathing, (b) normal breathing, (c) slow breathing. (d) Breathing rate per min for a 26-year-

old individual with various breath patterns.

particularly at the surface in a humid atmosphere, results in
changing the material’s electrical resistance. Electronic con-
duction takes place because of the increase in charge-carrier
concentration and lower electrical resistance caused by the
adsorbed H,O molecules at the interior surfaces of the
composites.*® However, depending on the level of humidity in
the air, the resistivity may rise or fall. Water must be adsorbed
through the internal surfaces of materials in order for conduc-
tion to occur. Elevated water adsorption onto a sample’s surface
amplifies protonic conduction within the water layers, and this
phenomenon was concisely elucidated through the Grotthuss
mechanism (as depicted in Fig. 20(a)), which was initially
introduced approximately two centuries ago. Protonic conduc-
tion is initiated in the layers of adsorbed H,O at a sensor’s
surface, and this mechanism allows protons to travel from one
H,0 molecule to another by means of H bonds. During the
study of TiO, and Fe,O3, the procedure underlying the protonic
conduction process on the sensing material surfaces was

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

identified.***° Hair and Hertl reported an analogous technique

of hydroxylation and subsequent multiple layer synthesis on
the siliceous surface in 1969.°" In the initial phase of adsorp-
tion (chemisorption process), (i) a H,O molecule adheres to an
active site; (ii) it then proceeds to create an adsorption complex,
which then results in the development of surface OH groups
during the (iii) step (physisorption); In step (iv), different
water molecules approach the surface and attach themselves
through two adjacent OH groups, forming a double H bond.
In Fig. 20(b), the four steps of adsorption are depicted. Addi-
tionally, the double H bonding (iv) prevents the top water
molecule from moving around easily. Since no H bonds were
established within H,O in this first physically adsorbed layer,
there is no proton conduction at this stage (eqn (7) and (8)). As
a result, this layer is static. The chemisorption mechanism,
however, happens only at lower humidity levels; when the
humidity levels rise, H,O molecules physisorb onto the OH
layer. The charge complexes of cations originating from either

Mater. Adv., 2024, 5, 2510-2525 | 2521
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Fig. 19 Response of the SnO,/MCM-48(5%) humidity sensor to a (a) finger sliding over and (b) finger moving in an upward and downward motion at a

distance of ~6 mm.

the base material or impurities, as well as the water molecules
in the vicinity at its surface, ie. the hydroxyl ions, are what
actually drive the physisorption process.””

H,0 — H' + OH (chemisorption) (7)
2H,0 — H3;0' + OH™ (physisorption) (8)
H;0" - H,0 + H' 9)

The operational principle of SnO,/MCM-48 humidity sen-
sors relies on water-phase protonic conduction, as elucidated
earlier. This occurs within the adsorbed water layers on the
surface of the sensing material. The electrical resistance of the
sensor decreases due to the chemisorbed hydroxyl ions,

2522 | Mater. Adv., 2024, 5, 2510-2525

facilitating proton hopping between adjacent hydroxyl groups
when an electric field is applied. The first physically adsorbed
layer was followed by an additional layer as water persisted to
physically re-enter the SnO,/MCM-48 sensor’s surface, trans-
forming the single-layer physisorption process into a multiple
layer one (Fig. 20(c)). The H,0 molecules may be singly bound
to H molecules, operating just like bulk liquid water. The
multiple layers are less organized than the first physically
adsorbed layer. In this fashion, each H,O molecule joins with
each OH™ ion to create H;O', which then separates into H,O
and H' ions (eqn (9)), in accordance with Grotthuss’s chain
reaction theory. The outcome is a dramatic increase in the
number of H ions and a fall in resistance. As the water is
adsorbed on the oxide surface in molecular and hydroxyl forms,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Grotthuss chain reaction based on the SnO,/MCM-48 humidity sensor.

a Sn0,-H,0 interaction model was constructed (Fig. 20(d)). On
the surface of SnO,, the water molecule acts as a donor.
Consequently, the SnO,/MCM-48’s surface water-phase conduc-
tion mechanism is responsible for the variation in resistance
with humidity adsorption.

The sensor uses a similar method for monitoring breath.
The resistance, and consequently the resistance of SnO,/MCM-
48(5%), is influenced by the amount of adsorbed H,O
molecules.”® Since the expelled air has a high humidity level,
water molecules adhere to the sensor surface and reduce the
resistance being measured. The resistance starts to rise when the
H,0 molecules begin to desorb from the sensor’s surface during
breathing. The sensor’s reaction is quick enough to quickly
discern between the two settings with different relative humid-
ities. We can determine a person’s breath rate by evaluating the
graph. The developed sensor holds significant promise due to
the informative nature of the breath and its rate concerning
human health. Consequently, this sensor has the potential to
be highly beneficial in hospital settings, aiding in the early
identification of critical health conditions in patients. Practical
implementation is feasible through the creation of a compact,
battery-operated device that can be easily integrated into masks.
Notably, our SnO,/MCM-48(5%) resistance humidity sensor
operates at 1 V during breath monitoring readings.

Moreover, the sensor exhibited excellent responses across
varying breathing patterns, encompassing fast, slow, and deep
breathing. This suggests that with the application of Al-based
algorithms for the interpretation of the sensor yielded motif,
remote data translation and warning signals could be efficiently
generated. These advancements could lead to the integration of
this technology in applications pertaining to both relative
humidity and tracking respiration.

The uncomplicated, environmentally friendly synthesis pro-
cess and favourable physio-chemical properties of SnO,/MCM-

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

48(5%) underscore its potential for use in creating affordable
and eco-friendly utilizable sensors.

4. Conclusion

A resistive SnO,/MCM-48-type humidity sensor was fabricated
on a Ag-Pd substrate via a drop-casting technique. SAXS plots
confirmed the mesoporous nature of SnO,/MCM-48 due to the
presence of diffraction peak corresponding to the (211) plane.
With the help of XRD, SnO, was confirmed to be present in the
siliceous matrix as the doping concentration increased.
Through meticulous FESEM-EDX and HRTEM examinations,
we confirmed the surface’s morphology and uniform dispersion
of tin particles, seamlessly aligned within the cubic mesopores.
The research next investigated the feasibility of utilizing SnO,/
MCM-48 for humidity sensing applications. The humidity sen-
sing properties revealed a 5 orders of magnitude change in
resistance when varying the RH from 11% to 98%. The sensor
displayed a dynamic response of 9 s and a rapid recovery time
of 12 s, which were much better than many other sensors. The
sensor was found to be highly sensitive towards humidity
sensing, along with demonstrating an average sensitivity value
of 693.1180 Q/RH% and minimal hysteresis of 1%. The sensor’s
ability to preserve extraordinary stability over a 30-day period
suggested that it has long-lasting performance potential, paving
the way for continued use. The sensor, in its original state, was
capable of the ongoing monitoring of human respiratory activity,
discerning both the rate and depth of breathing (for slow:
8 breaths per min; for normal: 13 breaths per min; for fast:
48 breaths per min), which suggests it can play a marvellous role
in future diagnostic breath analysis. Furthermore, facial non-
contact skin breath sensing was effectively achieved by the SnO,/
MCM-48 sensor, which is useful for gesture recognition. Hence,
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this pioneering work presents a viable approach for crafting a
high-performance humidity sensor using SnO,/MCM-48 hybrid
nanocomposite and opens the door to create real-time humidity
tracking and contactless sensing devices.
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