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A three-dimensional ZnO/TUD-1 nanocomposite-
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This study explores the multifunctional applications of hydrothermally derived 3D (x-ZnO)/TUD-1
nanocomposites (with x = 0, 1, 5, 10, 15%). The fabrication process involves the integration of ZnO
nanoparticles into a 3D sponge-like mesoporous TUD-1 host matrix (mesoporous silicate), resulting in a
synergistic material with enhanced sensing and adsorption capabilities. The findings reveal the unique
behaviour of resistance variation within the nanocomposites over a wide range of relative humidity
(11-98%). The nanocomposite with x = 10% shows a 4-fold magnitude change in resistance with response
and recovery times of 11 and 9 s respectively. In addition to the sensing capabilities, the nanocomposite was
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also optimized for photocatalytic activity. The nanocomposite exhibited a superior absorption efficiency of
up to 89% for RB (Rose Bengal) dye degradation when confronted with UV (ultraviolet) light as compared to
TUD-1 which shows only 52% adsorption efficiency. This multifunctional sensor offers a holistic approach
to managing moisture-rich environments and simultaneous wastewater treatment, presenting a valuable
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1. Introduction

Humidity sensing is a fundamental component of numerous
applications across diverse industries, encompassing environ-
mental monitoring, industrial automation, healthcare, and
consumer electronics. The uprising of more precise and reli-
able humidity sensors continues to be a critical pursuit, driven
by the ever-increasing demand for more accurate, precise
environmental data and enhanced control systems.” In this
context, mesoporous materials have emerged as a promising
avenue for advancement in humidity sensing technologies.
TUD-1, renowned for its highly disordered and tuneable porous
structure, has gained prominence in the realm of materials
science and sensor development.* The concept of resistance-
based humidity sensors hinges on the electrical properties of
the sensing material, as the RH of the surrounding environ-
ment changes, and the electrical conductivity of the sensing
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contribution to sustainable and efficient environmental monitoring applications.

material is altered.®® This change in conductivity is harnessed
to provide a quantitative measure of humidity.

The highly porous structure of TUD-1 beholds a large surface
area for moisture adsorption and also facilitates the diffusion
of moisture through its interconnected porous channels.”'°
TUD-1 with ZnO introduces a novel synergy to its original
properties. This structural advantage enhances the sensor’s
response time and sensitivity."* ZnO being an n-type semicon-
ducting material of band gap 3.3 eV imparts high conductivity
and responsiveness to changes in humidity levels. This inno-
vative approach seeks to improve some of the difficulties linked
with conventional humidity sensors including large response
times and limited sensitivity.">"** By combining the structural
benefits of mesoporous materials like TUD-1 with the sensing
ability of ZnO, the developed sensor not only performs excep-
tionally well but also offers improved reliability and durability
over a time domain with minimal hysteresis.">*°

In this investigation, we delve into the intricate details of the
sensor with cheap fabrication and ease of utility. The sensor
exhibits rapid response and recovery times of 11 and 9 s,
demonstrating a remarkable four-fold magnitude change in
resistance. ZnO hybridised with mesoporous TUD-1 signifi-
cantly increases the active sites, facilitating greater hydronium
ion interaction with the sensor.'”'® As a result, the sensor
becomes highly sensitive to changes in the surrounding environ-
ment. The sensor was found to be more selective to the humidity
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sensing with a sensor response of 98% as compared to other
laboratory gases®™*' and was tested for stability over a time
domain of 24 days where the sensor showed almost stable
resistance when exposed to varying humidity environments.>*
In addition, the photocatalytic efficiency was improved by 88%
under UV exposure due to the synergistic effects of the material as
it allows for more efficient utilization of light energy."®** The
presence of ZnO hybridised with mesoporous silicate promotes
effective charge separation and migration, reducing recombina-
tion rates and enhancing the generation of reactive species,
leading to improved photocatalytic performance.>”!

2. Experimental
2.1 Materials

In order to obtain porous structured TUD-1 and 3D (x-ZnO)/
TUD-1 nanocomposites, tetraethyl orthosilicate (TEOS) was
used as a biocompatible silica source and was procured from
Sigma Aldrich. For the addition of zinc in the matrix, zinc
nitrate hexahydrate (Zn(NOj),-6H,0) salt was used and was
acquired from Alfa Aesar, while tetraethylammonium hydro-
xide (TEAOH) was utilized as a reagent to establish the required
basic reaction environment and was obtained from Sigma
Aldrich. Triethanolamine (TEA), assay 97% and double distilled
water were procured from SRL Chemical Labs.

2.2 3D (x-ZnO)/TUD-1 nanocomposite preparation

3D (x-ZnO)/TUD-1 nanocomposites (x = 0, 1, 5, 10, 15%) were
synthesized using a one-pot hydrothermal technique. In a
typical synthesis of pure TUD-1, 13.2 g of triethanolamine
was diluted in 8 mL of deionized water and added to 18.4 g
of tetraethyl orthosilicate with the help of a dropper under
vigorous stirring. After 40 min, 15.8 g of TEAOH was introduced
drop by drop, and the solution was stirred for 3 h at 35 °C to
obtain a clear solution. The homogeneous transparent solution
was left for aging at room temperature for 1 day; subsequently,
the solution was dried in an oven at 100 °C for another 24 h.
The resulting brownish solid was subsequently ground, and
then it underwent hydrothermal treatment in a 50 mL autoclave
at 190 °C, subjected to self-generated pressure, for a duration of
8 h. The solid was then ground once more and subjected to
calcination at 550 °C for 9 h, at a heating rate of 1° min™".
Nanocomposites with various zinc oxide compositions were
synthesized following a similar procedure as discussed above
with the addition of required amounts of zinc nitrate hexa-
hydrate salt solutions to the initially diluted TEA.>™®

2.3 Characterization

Powder X-ray diffraction patterns were obtained using an
Empyrean X-ray diffractometer (50 kV and 50 mA) equipped
with a monochromator utilizing Cu Ko radiation (1 = 0.158 nm)
with the angle varying from 20° to 80°. For small angle X-ray
scattering patterns, Anton Par SAXS 2.0 was utilised to deter-
mine the mesoporous nature at low angles ranging from 0 to 4°.
Surface area measurements and pore volume determinations
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for the nanocomposites were conducted at 78 K with a Micro-
trac MRB BELSORP MAX sorption analyser. Prior to these
measurements, samples were exposed to a pre-heat tempera-
ture of 473 K for 24 h. Pore size distributions were ascertained
through adsorption branching, using the Barrett-Joyner—
Halenda model. The Brunauer-Emmett-Teller (BET) method
was used to determine the surface area, and pore volumes were
determined with the help of a T-plot.

UV DRS spectra were recorded under static conditions using
a Shimadzu UV-3600i plus spectrophotometer. Field-emission
scanning electron microscopy was conducted at 15 kV on a
Zeiss Gemini SEM 500 field emission type microscope.
To prevent charging effects, the nanocomposite surfaces were
coated with gold. In order to determine the chemical composi-
tion of the prepared specimens, energy dispersive X-ray (EDX)
analysis was conducted. Transmission electron microscopy
(HRTEM) was carried out with a Tecnai F30 S-Twin electron
microscope operating at 200 kV. Specified samples were depos-
ited on carbon coated copper grids by immersing the copper
grid in a suspension of each finely ground sample that had
been solvated in acetone, and then the grid was dried under
ambient conditions.

2.4 RH sensor fabrication

The fabrication of sensors using the mesoporous ZnO/TUD-1
powder deposition method via drop casting involves a series
of precise steps. Initially, 5 Ag-Pd interdigitated electrodes
(IDE) were washed with distilled water and ultrasonicated in
acetone.' Finally, the substrate was heated in an oven at 90 °C
to evaporate the impurities and any kind of contamination.
In this process, the prepared nanocomposites were initially
ground and then a viscous paste in ethanol with a ratio of 1:5
was carefully prepared.”® This slurry paste was then deposited
onto the Ag-Pd electrode using a micropipette.* After the
deposition, the electrodes were left to dry at 100 °C for 4 h.
The solvent was allowed to evaporate, leaving behind a uniform
layer of mesoporous ZnO/TUD-1 nanocomposite on the elec-
trode surface as shown in Fig. 1.

The environment with ramping relative humidity RH (11-98%)
was achieved by preparing saturated salt solutions inside the
airtight chambers. In this experiment, the utilised salt solutions
were prepared with lithium chloride (LiCl), magnesium chloride
(MgCl,-6H,0), magnesium nitrate (MgNO3),-4H,0, sodium chlor-
ide (NaCl), potassium chloride (KCI) and potassium sulphate
(K,S0,4).* The enclosed chambers with prepared solutions were
left overnight to achieve the equilibrium for precise measurement.
Then the response of the fabricated sensor was analysed, the
material deposited substrates were exposed to the ambient RH
condition with salt solutions and the corresponding change in the
resistance was monitored consecutively.'*”

2.5 Photocatalytic activity

The catalytic performance of the prepared nanocomposites was
assessed by examining the absorbance spectra within the range
of 200-800 nm. This analysis involved a model RB dye solution
exposed to visible light as shown in Fig. 2(a). Typically, 5 mg of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fabrication of the ZnO/TUD-1 sensor via drop casting.
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Fig. 2
collected from time (7T) = 0 to 120 min.

the catalyst was dissolved in 50 mL of the RB dye solution and
stirring was continued for 30 min in a dark chamber to
establish an adsorption-desorption equilibrium phase between
the dye and the catalyst.”®** A 300 W xenon lamp served as the
light source. Small 2 mL aliquots of the solution were periodi-
cally collected at 20 min intervals and centrifuged in triplicate
at 5000 rpm for 5 min. The nanocomposites were then filtered
through a 0.2 um nylon membrane.>' To gain a deeper
understanding of the catalyst and light’s influence on the
photocatalytic process, the samples were collected at regular
time intervals of 20 min as shown in Fig. 2(b).

3. Experimental results
3.1 SAXS

The initial structural assessment of the prepared nanocompo-
sites was established using SAXS. In Fig. 3, a clearly sharp
defined peak was observed at an angle of 0.89° which confirms
the mesoporous nature of TUD-1, characterized by its disor-
dered, sponge-like structure.>*** Remarkably, as the concen-
tration of ZnO nanoparticles increased, the peak shifted slightly

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

(a) ZnO/TUD-1 nanocomposites after attaining equilibrium of adsorption in a dark chamber for 30 min and (b) RB dye degradation samples
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Fig. 3 SAXS patterns confirming the amorphous nature of ZnO/TUD-1
nanocomposites.

to 0.90°. This shift was attributed to the development of the
crystalline phase of zinc oxide nanoparticles within the

Mater. Adv,, 2024, 5, 4467-4479 | 4469
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siliceous host matrix. This crystalline phase leads to a decrease
in the lattice spacing of nanoparticles.

However, at higher concentrations of zinc nanoparticles,
emergence of a broad, flat band was observed signifying the
disrupted nature of the silica matrix which shows the drop
in porosity of the material. This drop in porosity might be
attributed to the pore filling effect caused by the formation of
large sized zinc oxide structures. Thus, the appearance of a shift
in SAXS indicates a change in the nanoscale structure of the
composite material.

3.2 WAXRD

Fig. 4 shows the wide-angle X-ray diffraction plots from 20 =
20°-80° performed at a scan rate of 1° per minute. The
amorphous nature of the pristine TUD-1 material is confirmed
from the silica hump present at 22° which is due to its worm-
hole structure. With the addition of zinc, sharp peaks were also
observed along with the silica hump confirming the growth of
the polycrystalline phase of ZnO inside the amorphous silic-
eous material. This has also been confirmed from the SAXS
pattern (Fig. 3). But with a high loading of zinc oxide, sharp
peaks with very high intensity are observed at 31.78° (100), 34.4°
(002), 36.2° (101), 47.56° (102), 56.77° (110), 62.9° (103), 66.40°
(200), 68.00° (112), and 69.09° (201) almost disturbing the
amorphous nature of TUD-1.>° The indexing of these planes
has been verified using the standard reference (JCPDS: 36-1451)
corresponding to zinc oxide species. The obtained crystallite
size (D) was 25.31 nm for the most intense peak corresponding
to the (101) plane calculated from the Scherrer formula pre-
sented in eqn (1).

KA
B pcost (1)

where K represents the Scherrer constant with a value of 0.9,
/. is the wavelength of CuKa (1.54 A), f§ is the FWHM of the
most intense peak and 0 is the corresponding Bragg’s angle.

ZnO/TUD-1(15)
ZnO/TUD-1(10)
ZnO/TUD-1(5)
(aon ZnO/TUD-1(1)
M J ——TUD-1
| 110y
B \ (102)
=-E (002) WMM\m) lu.-.
i (103) 00
)
'g G A J\ J\,,_Ul A
g WMW )‘ |
: e B
= r""\w‘\‘ \ ! Aw
M\i”ik; \ bl
I ) 1 1 ]
20 30 40 50 60 70 80
20 (degree)

Fig. 4 WAXRD pattern confirming the existence of polycrystalline nature
of ZnO incorporated amorphous TUD-1.
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The interplanar spacing was determined to be 0.28 nm and
0.26 nm for the (100) and (002) planes, respectively. This has
been evaluated using eqn (2) corresponding to the wurtzite
hexagonal zinc oxide structure as given below*’

1
dhit = 2
M A+ R+ k) [3a + B @

where a and ¢ are the lattice parameters.

a 4 and - (3)
= ¢ c=——
V/3sin 0100 sin 0oz

3.3 FESEM-EDX

The surface morphology was assessed using FESEM, revealing
distinct features. In Fig. 5(a and b), pristine TUD-1 displayed
flake-like structures of non-uniform sizes at a resolution of
20 um.*® However, at a higher resolution of 200 nm, the
micrographs revealed silica particles with a fluffy, cotton-like
structure. Fig. 5(c) displays the EDX spectra of TUD-1, indicat-
ing the existence of pure silica and oxygen peaks, affirming the
material’s purity. Fig. 5(d) presents a similar flake-like structure
of zinc-doped silica at a resolution of 20 um, showing minimal
differentiation.’” However, when observed at a higher resolu-
tion of 200 nm as shown in Fig. 5(e), the formation of some zinc
oxide nanowires and irregularly shaped structures becomes
evident. Additionally, some zinc oxide nanoparticles are visible
within the hollow region, as well as across the surface of the
siliceous matrix, as highlighted in the rectangular boxes.

In Fig. 5(f), we observe a distinct, sharp peak at 1 keV,
accompanied by a minor hump at 8.5 keV, which justifies the
presence of zinc species.*®**° This observation confirms the
successful integration of zinc oxide within the siliceous matrix.
Notably, two additional peaks appear at approximately 0.28 keV
and 2.1 keV. These peaks are a result of the carbon coatings and
gold plating that were strategically applied to improve conduc-
tivity and mitigate charging effects during the spectral analysis.

3.4 HRTEM

The HRTEM micrographs depicted in Fig. 6(a) showcase the
pristine TUD-1 in its pure form. These micrographs reveal the
presence of visible pores and tunnels arranged in structures
resembling tiny cotton balls, intricately interconnected with
one another.>” These findings align with the observations in
the FESEM micrographs. Importantly, these pores furnish a
substantial surface area and serve as active adsorption sites,
facilitating the smooth transport of hydronium ions through
the channels.? In Fig. 6(b), we observe hexagonally shaped zinc
oxide nanoparticles clearly embedded within the porous silica
network. These nanoparticles are notably distributed within
the confined spaces of the silica matrix, with an average
particle size of 11 nm."®*" The inset shows a closer perspective,
highlighting the interplanar spacing of these zinc oxide
nanoparticles.

The SAED pattern of pristine TUD-1 in Fig. 6(c) reveals the
absence of diffraction rings, indicating its amorphous nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a)—(c) FESEM with EDX micrographs showing the amorphous nature of TUD-1 and (d)-(f) x = 10%.

Fig. 6 HRTEM micrographs of (a) TUD-1 and (b) zinc oxide structure embedded in the TUD-1 matrix. SAED pattern of (c) amorphous TUD-1 and (d) ZnO/

TUD-1(10).

In contrast, Fig. 6(d) presents clear and vivid diffraction rings,
providing unequivocal evidence for the presence of fine, nano-
sized ZnO particles.

3.5 BET

Fig. 7(a) presents N, adsorption-desorption isotherms for the
synthesized samples. Following degassing at 200 °C for 24 h,

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

the nanocomposites underwent N, gas sorption analysis and
the specific surface area and pore diameter were determined.
ZnO/TUD-1 nanocomposites exhibit type IV isotherms and
H2 hysteresis loops in the N, physisorption isotherms at
77 K. This reflects their retained disordered mesoporous struc-
tural properties with a very slight decrease in retent-
ivity curve.>*'* However, for x = 15%, the hysteresis loop is

Mater. Adv, 2024, 5, 4467-4479 | 4471
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Table 1 Structural and surface properties of the ZnO/TUD-1(x)
nanocomposites

SBET Pore volume Vp Pore diameter
Specimen (m>g™) (em® g™ Dp (nm)
TUD-1 743 0.87 4.2
ZnO/TUD-1(5%) 678 0.74 5.42
ZnO/TUD-1(10%) 629 0.62 9.7
ZnO/TUD-1(15%) 451 0.45 13.6

transformed to a vertical H1 pattern. This transformation
indicates a reduction in mesoporous characteristics, attributed
to pore constriction.?”*?

Pristine TUD-1 exhibited the highest specific surface area of
743 m” ¢, primarily attributed to the presence of narrow-sized
pores measuring 4.2 nm within its spongy siliceous structure.
The impact of zinc oxide on the variation in pore size for
different compositions is depicted in Fig. 7(b). However, as
the concentration of zinc oxide increased, the specific surface
area decreased to 451 m”> g~ ' due to the widening of pores to
13.6 nm, as discussed in Table 1. This reduction in surface area
was primarily caused by the formation of larger crystalline
particles of zinc oxide at x = 15%, leading to the obstruction
of pores within the silica matrix.

100

(@)

w— 70 O/TUD-1(15)
e Z0O/TUD-1(10)
w—TUD-1

©
o
1

(=2
o
1

Reflectance(%)
»
o
L

N
o
1

0

View Article Online

Materials Advances

84
(b)
74
6
ol —o—TUD-1
ME 44 —a— ZnO/TUD-1(5)
< ZnO/TUD-1(10)
§ 34 —o— ZnO/TUD-1(15)
o
> 24
11

o

T
0 2 4 6 8
Pore size (nm)

T T T T T
10 12 14 16 18 20

(a) N, adsorption—desorption isotherms and (b) pore size distribution curves of the prepared ZnO/TUD-1(x) nanocomposites.

3.6 Diffuse reflectance spectroscopy

The UV diffuse reflectance spectra shown in Fig. 8(a) were used
for the investigation of optical properties. For pristine silica,
absorption bands appeared at 231 and 290 nm, while the zinc
oxide nanocomposite exhibited an absorption band at 383 nm.*?
In Fig. 8(b), the observed band gaps from Kubelka-Munk and
Tauc plots for pristine TUD-1 and x = 10, 15% are depicted. The
pristine silica matrix, being an insulator, displayed a wide band
gap of 5.3 eV, with a noticeable kink at 4.1 eV attributed to the
absorption band observed at 288 nm in the reflectance spectrum.

In contrast, the wide band gaps of zinc oxide and silica nano-
composites were modified to 3.23 and 3.3 eV, respectively, for x =
10% and 15%. This alteration can be attributed to the redshift of
absorption bands in silica species, induced by the presence of zinc
oxide nanoparticles within the porous silica network domains.**

4. Humidity sensing and
photocatalytic properties
4.1 Humidity sensing

After careful material deposition as discussed in Section 2.4,
the substrates were exposed to varying relative humidity (RH)
conditions, revealing a notable decrease in resistance as RH

(b)
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(a) Diffuse reflectance spectrum and (b) band gap evaluation using Tauc plot for the ZnO/TUD-1(x) nanocomposites.
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levels increased as shown in Fig. 9(a). In the case of pristine
TUD-1, a modest change of less than one order of magnitude in
resistance was observed across the entire RH range of 11-98%.
However, as the concentration of ZnO within the siliceous
material increased, a sharp and significant decline in resis-
tance, amounting to a four-order magnitude change, was
evident in the ZnO/TUD-1(10) sensor.>* This phenomenon of
improved conductivity can be attributed to the uniform dis-
tribution of zinc oxide nanoparticles within the silica matrix,
as confirmed by FESEM and HRTEM analysis. ZnO, being a
semiconducting material, acts as a sensitizing agent when
incorporated into the mesoporous structure of TUD-1.'° The
interactions between ZnO and mesoporous silica nanoparticles
further enhance the sensor’s capacity to adsorb and desorb
water molecules, resulting in rapid sensitivity and a more
pronounced change in resistance in response to fluctuations
in humidity levels.

Nevertheless, a shift in the trend is noticeable at higher ZnO
concentrations within silica, exemplified by the ZnO/TUD-1(10)
sensor. In contrast to the earlier findings of improved conduc-
tivity, a reduction in conductivity becomes apparent.’* ™ This
deviation from previous observations could be attributed to the
pore constriction and the formation of larger nanoparticles,
as evidenced in the BET sorption isotherms.'® The humidity
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(a) Resistance vs. RH curves for the as-synthesized ZnO/TUD-1(x) nanocomposites and (b) hysteresis curve for ZnO/TUD-1(10).

sensor based on the mesoporous ZnO/TUD-1 nanocomposite
demonstrates remarkable performance with minimal hyster-
esis (Fig. 9(b)), signifying its ability to consistently deliver
precise humidity measurements across multiple cycles.

Fig. 10(a) shows the repeated response and recovery cycles of
the sensor revealing its exceptional performance in maintain-
ing nearly identical resistance changes over three consecutive
cycles.

Experimental results show that it exhibited a rapid response
time of 11 s, swiftly reacting to changes in its environment
along with its swift recovery time of 9 s, efficiently returning to
its initial state with altered RH as shown in Fig. 10(b). The
sensor was found to be much more efficient due to fine
adsorption and desorption of water molecules inside the por-
ous channels present in the ZnO/TUD-1 nanocomposite.
This quick and consistent response and recovery behaviour
highlights the sensor’s effectiveness, making it a valuable asset
in applications where rapid and reliable measurements are
essential.”> 7

A rigorous stability test was executed for the most promising
specimen, spanning a 24-day period across all RH conditions,
as depicted in Fig. 11. Remarkably, the sensor exhibited steady
resistance values without any discernible fluctuations under
specific RH conditions. This extended time-domain assessment

1051
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(a) Repeated response and recovery cycles of the ZnO/TUD-1(10) sensor and (b) average response and recovery curve for the ZnO/TUD-1(10)
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aimed to verify the sensor’s reliability and consistency over an
extended period, ensuring its suitability for long-term and
reliable measurements in various applications."®

4.2 Selectivity of the sensor

Selectivity refers to the capacity of the sensor to react basically
to just a single chemical component or compound within
the sight of different species. The sensor exhibits remarkable
precision in detecting humidity levels amidst various environ-
mental conditions, showcasing its ability to distinguish the
moisture content from other factors accurately.”®*" This cap-
ability is essential for applications requiring precise humidity
monitoring, such as climate control systems, agricultural set-
ups, and industrial processes. Additionally, the sensor under-
went tests for detecting ethanol, acetone, and ammonia but
demonstrated greater sensitivity towards humidity with a
response of 98% followed by ethanol, acetone and ammonia
which show a negligible response.>**"*° Fig. 11(b) shows
sensor response (R,) that was evaluated using the following
standard equation:

)

where R, and R, refer to the sensor’s resistances on exposure to
test the gas and ambient air respectively. All the electrical tests
and measurements were performed at RT (27 °C).

4.3 State-of-the-art humidity sensors

Modern humidity sensors employ state-of-the-art capacitive or
resistive sensing mechanisms, ensuring precise and rapid
humidity measurements with remarkable accuracy. The con-
tinuous evolution of materials engineering and sensor design
contributes to the ongoing enhancement of humidity sensing
technologies, catering to a broad spectrum of scientific and
industrial needs. Here Table 2 lists state-of-the-art humidity
sensors from the literature developed in recent periods of time.

4.4 Light-assisted catalytic analysis

The degradation of RB dye using zinc oxide-doped mesoporous
TUD-1 represents a promising avenue in the realm of environ-
mental remediation. Investigation of the adsorption behaviour
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(a) ZnO/TUD-1(10) sensor showing excellent stability over a time domain and (b) selectivity of the sensor to various gases.

of the prepared nanocomposites towards the dye was per-
formed at 28 °C in an isolated environment. The experiment
was performed by dissolving the material in 0.5 mg mL ™" dye
solution.”® Fig. 12(a) shows a comparative study of the decrease
in concentration of dye with time for all the specimens at a
regular time interval of 20 min. In the initial phase, the
solutions were gently stirred within a dark chamber for a
duration of 30 min, without any exposure to light radiation,
in order to establish an equilibrium state for the adsorption-
desorption phenomenon.?*! It’s worth noting that a minor
level of degradation occurred during this time interval, attri-
butable to the adsorption sites within the porous structure of
the mesoporous siliceous matrix. After the initial equilibrium
phase, all specimens underwent a comprehensive 120-min
evaluation of their photocatalytic performance, with the x =
10% sample demonstrating the highest degree of concentration
degradation.

As displayed in Fig. 12(b), a noticeable rise in the degrada-
tion percentage is evident with an increase in the quantity of
zinc oxide incorporated into pristine silica. This phenomenon
arises as a result of synergistic effects, where the exceptional
attributes of silica such as its extensive surface area and
porous nature, furnish ample adsorption sites for the target
molecules to adhere to the catalyst’s surface.*” Zinc oxide,
being an n-type semiconducting material, possesses the cap-
ability to adsorb photons and generate electron-hole pairs
when exposed to light. When introduced into mesoporous
silica, heterojunction formation facilitates the effective charge
separation. This separation of charges plays a pivotal role in
propelling photocatalytic reactions. However, in the case of a
very high concentration of zinc oxide loading (x = 15%), the
degradation efficiency (1) exhibited a decline as discussed in
Table 3.

G —-C

100
c, < 100%

Degradation efficiency(n) = (5)
where C, corresponds to the initial concentration and C is the
concentration at irradiation time ¢.

This observation could be attributed to the reduced surface
area and the inadequacy of available adsorption sites for mole-
cules.>*** The abundance of zinc oxide nanoparticles within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparative study of zinc oxide-based resistive sensors
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S. no. Material Response/recovery time (s) Substrate used R.H. (%) Hysteresis Cost Ref.
1. PVDF/ZnO 30/51 ITO 5-98 — Medium 45
2. ZnO 31/15 Ag/Pd 11-95 0.9 Medium 46
3. TPPNi-ZnO 30/30 Glass 40-85 — Medium 47
4, GO/ZnO/PCF 19/28 Al,O, 11-97 2.37 High 48
5. TiO,/ZnO 18/22 Fork finger 11-95 1.55 Low 49
6. ZnO/WS, 74/53 Glass 18-85 — High 50
7. Au/ZnO 16/28 Al,O, 11-95 3 High 51
8 PVDF/PMMA/ZnO 39/16 Spin coating 31-100 — High 52
9 PANI/ZnO 85/120 ITO 20-90 — Medium 53
10 ZnO/TUD-1 11/9 Ag/Pd 11-98 — Low Present work
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Fig. 12 (a) Decrease in the concentration gradient of RB dye for the synthesized ZnO/TUD-1(x) nanocomposites, (b) degradation efficiency of the

nanocomposites, and (c) and (d) the obtained UV absorbance spectra for TUD-1 and ZnO/TUD-1(10) respectively after the degradation process.

Table 3 Degradation efficiency of the ZnO/TUD-1(x) nanocomposites in
the dark and in the presence of UV light

Specimen n in the dark (%) 1 in the entire range (%)
TUD-1 6.5 52.17
ZnO/TUD-1(1) 7.0 55.26
ZnO/TUD-1(5) 7.6 66.57
ZnO/TUD-1(10) 8.1 89.13
ZnO/TUD-1(15) 8.9 80.92

the matrix induces pore blockage, ultimately contributing to a
decline in photocatalytic activity. Fig. 12(c and d) illustrate
the reduction in RB dye intensity, as determined from the
absorbance spectrum for specimens with x = 0 and 10%. It is
evident from these data that the introduction of zinc oxide

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

nanoparticles has enhanced the degradation efficiency by 71%
when compared to pristine silica.

4.5 Radical detection and reusability of the photocatalyst

A scavenger test was conducted using EDTA (ethylenediamine-
tetraacetic acid), benzoquinone, and isopropanol in order to
investigate the active intermediate species involved in the
photocatalytic degradation process facilitated by the best-
performing specimen, ZnO/TUD-1(10). The results revealed
hydroxyl radicals (*OH) as the active intermediate species,
contributing significantly to the degradation mechanism as
shown in Fig. 13(a). Isopropanol, a scavenger for hydroxyl
radicals, was introduced into the reaction mixture, result-
ing in a reduction of the dye degradation efficiency to 41%.
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This reduction underscores the role of hydroxyl radicals in
driving the photocatalytic degradation process of organic dyes
which were trapped by the isopropanol scavenger.>*>® These
findings provide valuable insights into the degradation mecha-
nism of ZnO/TUD-1(10) and highlight the importance of hydro-
xyl radicals as key intermediates in the photocatalytic process.

The reusability of the ZnO/TUD-(10) nanocomposite as a
photocatalyst investigated by subjecting it to multiple cycles of
filtration and washing has been shown in Fig. 13(b). After being
filtered and reused for four cycles, the efficiency of the nano-
composite decreased to 76%, indicating some loss of activity
over successive cycles. This decrease could potentially be
attributed to the loss of photocatalytic materials during the
filtration and washing procedures.>*>°

5. Grotthuss mechanism

The proposed humidity sensor operates through a sensing
mechanism that is enhanced by various factors. The introduction
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of ZnO nanoparticles into the mesoporous silica matrix increases
the number of active sites. At a low relative humidity (RH%), a
limited amount of water molecules is adsorbed, constrained by
the surface of the ZnO/TUD-1 nanocomposite through a combi-
nation of physisorption and chemisorption processes. Initially,
water molecules dissociate into OH™ and H', chemisorbing onto
the composite surface, serving as the primary conduction process
at a low RH.>"* As RH increases, the quantity of water molecules
adsorbed becomes very high, resulting in the continuous for-
mation of both physisorbed and chemisorbed water layers as
represented in Fig. 14.

H,0 — H' + OH™ (Chemical adsorption) (a)
2H,0 — H30" + OH~ (Physical adsorption)  (b)

H;0" - H,0 + H' (c)

This leads to the production of a significant amount of
H;0" ions, accelerating the electrolytic conduction process and

Fig. 14 Schematic representation of proton ion transport in the ZnO/TUD-1 sensor via hydronium ions.
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enhancing the humidity sensing performance. Ionic conduc-
tivity becomes more efficient, causing an increase in electrical
response and a substantial decline in the resistance. The
electrical response correlates with the number of water mole-
cules adsorbed on the sensing material surface.

Additionally, the incorporation of ZnO nanoparticles into
the TUD-1 matrix results in a high free electron density,
creating local strong electric fields on the surface of the ZnO/
TUD-1 hybrid nanocomposite. This field improves water mole-
cule ionization, particularly on the physisorbed layers and
defect sites of the ZnO/TUD-1 nanocomposite, generating H"
ions on its surface. The ionization process significantly
increases from 11-98% RH, resulting in a 4 orders magnitude
change in resistance.””

6. Conclusions

The 3D ZnO/TUD-1 nanocomposite sensor synthesized via a
hydrothermal approach exhibited exceptional humidity sen-
sing, distinguished by its rapid response and recovery times
of 11 and 9 s with minimal hysteresis. The 3D sensor revealed
outstanding stability over a time domain with a 4-fold magni-
tude drop in resistance in the entire range 11-98% RH as
compared to a mesoporous silicate host matrix. Structural
analysis by SAXS and WAXRD confirmed the influence of ZnO
on TUD-1. The large specific surface area of 451 m”> g~*
provides active adsorption sites resulting in enhanced humidity
sensing properties. The morphological analysis by FESEM and
HRTEM techniques conclusively validated the formation of
cloud-like and cotton ball-like structures within the host matrix
with a band gap of 3.23 eV. The outcomes of these character-
istics showcased a seamless consensus, highlighting the stabi-
lity and useability of the synthesized material. Additionally, the
88% efficacy in dye degradation accentuates its versatility and
promise in addressing environmental concerns such as waste-
water treatment and environmental technologies.
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