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Synergistic g-C3N;@SnO, nano heterostructures
and their application for enhanced humidity
sensing

Priyanka Birla, ©2 Manish Shinde, © * Shweta Jagtap, ©° Sudhir Arbuj, &2
Sunit Rane *? and Bharat Kale &2

We report g-CsN,@SnO, nanocomposites as efficient humidity-sensing materials. SnO, nanoparticles
synthesized via a facile solvothermal route were coupled in situ with g-CsN4 sheets through an
economic solid-state process. XRD, FTIR, and XPS confirmed the tetragonal SnO, phase and successful
composite formation, while FESEM and FETEM showed 20-50 nm SnO, nanoparticles anchored on g-
CsN4. The composites exhibited a red-shifted optical absorption edge and suppressed
photoluminescence, indicating enhanced charge separation. The sensors, fabricated by screen printing,
exhibited stable operation in the 20-80% RH range. Humidity-sensing studies revealed outstanding
performance for the 15 wt% g-CsN,@SnO, composite, with a sensitivity of 20.2 Q/%RH as well as rapid
response (25 s) and recovery (45 s) times. These results establish g-C3N4@SnO, as a promising platform
for next-generation, ultrasensitive and fast-response humidity sensors.

Introduction

Artificial intelligence-based machines, devices and components
have gained importance in the modern era; sensors play a vital
role in such development. Among various sensors being devel-
oped, humidity sensors are crucial but have received relatively
little attention. Humidity is the presence of water vapour in the
atmosphere, and hence influences various physical, chemical,
and biological processes.!

Humidity sensing and measurement is very crucial in
industries as humid environments can disturb all categories of
commercial setups, like in agriculture and the food industry
(crop protection (dew prevention) and soil relative humidity
monitoring), healthcare and pharmaceutical industry (respira-
tory equipment, sterilizers, incubators), electronics, printing,
food, construction etc., which could hamper the cost, quality,
health, and safety of the product and therefore a trustworthy,
steady, repeatable, and economic method for humidity
measurement is needed as humidity can be considered/
measured in numerous ways.>™*

Diversiform humidity sensors with different sensing mech-
anisms have been reported, including resistive, impedance,
capacitive, quartz crystal microbalance (QCM), surface acoustic
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wave (SAW), field-effect transistor (FET), and optical fibre
humidity sensors.> However, resistive humidity sensors have
advantages over all the aforementioned humidity sensors owing
to their cost-effective fabrication, easy integrability with
complementary metal oxide semiconductor (CMOS) platforms,
and easy and efficient operation.® In this field, researchers are
continually searching for ways to develop humidity-sensing
materials that have good stability, long-term durability, rapid
response and recovery time, high linearity, and exceptionally
low hysteresis.

To date, many researchers have worked on various kinds of
strategies® and materials viz., vanadates’ metal sulfides (e.g., n-
WS,),® MXenes,® perovskite materials,' a variety of conjugated
polymers,™ 2D rGO/2D MoS, ** and chitosan/zinc oxide/single-
walled carbon nanotubes.’”® Additionally, materials such as
Al,03," Si0,," perovskites (ABO3),'® spinel (AB,0,), and semi-
conductor metal oxides, such as ZnO,"*® SnQ,,"** TiO,,*"*
Cu0,” and WO;,**** are broadly studied for humidity sensing.

Graphitic carbon nitride proves its supremacy owing to
various fascinating qualities like large density of active sites,
decent semiconducting nature and 2D polymeric sheet-like
structure, which combine to give a large specific surface area
and enhanced electric conductivity through superior electron
transport, making it responsive to the adsorption of water
molecules and an apt candidate for humidity sensing.>**” So far,
there is a solitary report on the use of pure g-C;N, for humidity
sensing.”®

SnO, is one of the abundantly available n-type metal oxides
with exceptional electrochemical stability and low production
cost, good porosity and huge surface area (for nanoscale Sn0O,),
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offering more active sites for the surface chemical interaction
and proving its suitability for humidity-sensing practical
applications, but it exhibits a narrow range and a long response/
recovery time.”**' Some of these issues can be addressed by
combining SnO, with other metals/metal oxides and carbon-
based materials as dopants or composites, as they offer good
thermal and chemical stability, exceptional electronic band
structure, decent electrical behavior, etc.**

The composite system of SnO, with g-C;N, is expected to
provide such a synergistic effect in the humidity-sensing studies
due to the high surface area, conducting nature, and stability of
2-C3N,. Individually, SnO,-based composites with different
materials, as well as g-C;Ny-based composites with various
materials, have been reported as humidity sensors.* To the best
of our knowledge, no such reports are available where a g-
C3;N,@Sn0O, composite system was explored for humidity-
sensing applications.

In this context, we synthesized g-C;N,@SnO,
composites with different wt% ratios of g-C;N, and SnO, using
a facile solid-state method. The humidity-sensing properties,
including response time and sensitivity, of g-C;N,@SnO, were
investigated with respect to change in wt% composition.

nano-

Experimental
Materials and methods

For material synthesis, analytical-grade tin chloride (Otto
Chemicals), melamine (Sigma Aldrich), isopropanol (IPA, SD
Fine chemicals) and NaOH (Qualigen) were procured and used
without further purification.

Synthesis of pristine nanostructured tin oxide was accom-
plished by solvothermal method using SnCl,-5H,0 as the metal
precursor. In a typical process, 0.02 M of tin precursor was di-
ssolved in a mixture of solvents, namely, IPA and distilled water
in the volume ratio of 4: 1. On complete dissolution, a strong
base solution (2 M NaOH in water) was added to adjust the pH
to 12. This solution was then transferred to a Teflon container,
packed in a stainless steel autoclave and heated at 150 °C for 24
h (Fig. 1). After hydrothermal treatment, the resultant precipi-
tate was washed several times until neutral pH was achieved,

SnCl..5 H;0 (0.02M) Add0.2M
A NaOH till 150°C/24 hrs
4:1 IPA: Distilled Water PH=12
joJ
.
/-\ 1 .- .’
.- — - — —
Synthesised SnO.
- - e
s — :
00, o4 X P
oede
Mixing of Synthesized Sn0; §50°C for 2 hrs
and Melamine Ramp Rate 5 °C/min gCsNJ/SnO

Fig. 1 Schematic representation of the preparation of g-C3N,@SnO,
nanostructures.
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Table 1 Wt% composition of precursors for preparation of g-
C3N4@SnO, nanostructures

Composition Sno, Melamine
Sr. no (Wt%) (in grams) (in grams)
1 5 1.5¢ 0.16
2 10 0.33
3 15 0.5
4 20 0.66

then filtered and dried at 60 °C. For synthesis of g-C3N,, we used
melamine as the precusor which was heated at 550 °C for 2 h
with ramp rate of 5 °C min~" using a facile solid state method.
g-C3N,@Sn0O, nanocomposites with different wt% ratios of g-
C3N, and SnO, were prepared using the same protocol (Table 1).

Characterization

X-ray diffraction (XRD) analysis was carried out using a Rigaku
MiniFlex 600 diffractometer with Cu Kol radiation (A = 1.5406
A) and a step size of 0.02 in the 26 range of 20-80°. XRD
refinement analysis was done using MAUD software. Diffuse
reflectance UV-vis spectra were recorded in the 200-800 nm
range using a Shimadzu spectrophotometer (UV 3600). FT-IR
spectra were taken on an IRAffinity-1S 01130 Shimadzu spec-
trometer over the range of 400-4000 cm™*. The surface area of
the samples was determined with the Brunauer-Emmett-Teller
(BET) method using a Quantachrome NOVA touch LX1. X-ray
photoelectron spectroscopy (XPS) study was conducted to
determine the elemental composition using a PHI Versa Probe.
The surface morphology and elemental composition of the
nanostructures were analyzed using scanning electron micros-
copy (SEM) and field emission transmission electron micros-
copy (FETEM) using JEOL models JSM6360A and JEM 2200FS,
respectively.

Humidity sensor film fabrication

g-C3N,/SnO, composite powders were uniformly blended with
terpinol to formulate the functional material paste, followed by
screen-printing technique for subsequent deposition onto the
glass substrate. Prepared films were then dried under an IR
lamp. For resistivity measurement, ohmic contacts were made
using imported silver paint (RS Components UK).

Humidity measurements setup

For humidity measurement, an in-house enclosed system was
employed, consisting of an enclosed glass dome with a rubber
cork to maintain an airtight environment for uniform moisture
distribution and a Hanna Instruments (HI 9565) humidity
meter (range: 20-95% RH, accuracy: £3% RH) as shown in
Fig. 2. All measurements were conducted at room temperature,
and an enclosed system ensured that the air concentration
remained constant throughout the experiments. Both the
humidity probe and substrate holder were positioned at the
center point of this enclosed humidity measurement setup. A
dehumidifier based on phosphorous pentoxide was employed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of % relative humidity measurement
setup.

for the sake of humidity reduction. The humidity-sensing
measurements were gathered across 20% to 80% RH and vari-
ations in humidity were carefully monitored as a function of
change in resistance at room temperature, i.e., 25 °C, which was
maintained using the air conditioner in the room. A standard
humidity meter along with a precise digital multimeter was
used for reference.

Impedance response of humidity sensors

Electrochemical impedance spectroscopy (EIS) analysis of the
15% g-C3N,@SnO, humidity sensor in the frequency range of
10 Hz to 8 MHz was carried out using an LCR meter HIOKI IM
3536. The sensor was connected to the dewpoint hygrometer
HI9565 for humidity monitoring. After establishing the desired
humidity value, the impedance, resistance, capacitance, etc.
were measured. Resistance transients were measured by
assessing the sensor's resistance change when alternately
exposed to two controlled humidity chambers. While imped-
ance spectra helped assess overall electrical properties, resis-
tance was selected for transient studies as it offers a simpler and
more direct way to follow real-time adsorption and desorption.
The resistance was recorded using a Tektronix 4040 multimeter
and plotted as transient curves. From these, the response and
recovery times were calculated as the duration needed to reach
90% of the total resistance change.

Results and discussion
X-ray diffraction analysis

The crystallinity and phase purity of the prepared samples were
studied using XRD and the results are presented in Fig. 3a. XRD
pattern for pristine SnO, sample showed Bragg's diffraction
peaks at 26 values of 26.80, 33.92, 37.97, 38.85, 51.87, 54.68,
58.02, 61.86, 65.03, 66.07, 71.43 and 78.62° which were assigned
to (110), (101), (200), (111), (211), (220), (002), (310), (112), (301),
(202) and (321) planes of tetragonal phase corresponding to
JCPDS no. 88-0287. XRD pattern of g-C3N, (JCPDS card no. 087-
15260) presented two diffraction characteristic peaks, first
around 13.0°, which confirmed (100) lattice plane of triazine
units, whereas the (002) lattice plane, confirming interlayer
stacking of aromatic segments, was observed as a high intensity
peak around 27.3°. All the characteristic peaks of SnO, were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) X-ray diffractograms of prepared pristine g-C3Ny4, SnO,, and
g-C3N4@SnO, nanocomposites and crystal structure refinement
analysis of the g-CsN4@SnO, nanocomposite sample. (b) Comparison
between the observed and computed XRD patterns and (c) tetragonal
(space group P4,/mnm) crystal structure of the SnO, lattice.

observed in the XRD patterns of the g-C;N,@SnO, nano-
composite samples.

The significant diffraction peaks for g-C3N, were not
observed in the XRD patterns of the nanocomposites prepared
with g-C3N,@SnO,, which is obviously due to the grain growth
of SnO, owing to annealing in the solid-state reaction step and
the g-C3N, peaks around 27.3° might be covered by the signif-
icantly higher intensity characteristic peak of SnO, at 26.8°.33°

Fig. 3b shows the Rietveld XRD refinement analysis results
for the 15% g-C;N,@ SnO, sample carried out by MAUD soft-
ware. The tetragonal (space group: P4,/mnm) unit cell of SnO,
lattice and two types of Sn-O bond lengths with values of 2.1088
A and 2.0694 A were calculated within the SnOg octahedra, as
indicated in Fig. 3b and c, respectively.

UV-DRS spectroscopy

Optical properties of the prepared g-C;N,@SnO, nano-
composites were recorded by UV-DRS spectroscopy, as shown in
Fig. 4a and b. The pristine g-C3N, and SnO, showed absorption
edges at 470 and 365 nm, respectively (Fig. 4a). In the case of the
nanocomposites, with increasing g-C;N, loading, the major
coupling interaction between SnO, and g-C;N, red-shifted the
absorption band edge from the UV region to visible, from 365 to
420 nm.*

The band gap values of pristine g-C;N, and SnO, were
calculated to be 2.77 eV and 3.69 eV, respectively (Fig. 4b). For
the 5, 10, 15 and 20 wt% g-C;N,@SnO, nanocomposites, the
band gap energy values calculated using the Kubelka-Munk
equation were in the range of 3.54-3.33 eV. The decrease in the
band gap designated the formation of the composite, which
affected the energy levels in the band structure of SnO, by
generating imperfections on the surface of the nanocomposites,
making them suitable for humidity sensing.>®

RSC Adv, 2025, 15, 39795-39806 | 39797
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Fig.4 (a) UV-DRS spectra and (b) Tauc plot of pristine g-C3Ny, pristine
SnO,, and the prepared g-CsN,@SnO, nanocomposites.

Photoluminescence spectroscopy

Photoluminescence spectroscopy was used to analyze the
recombination efficiency of the photogenerated charge carriers.
Fig. 5 shows the room-temperature PL spectra with emission

Pristine g-C;N
Pristine SnO,

5% g-C.N,@Sn0,
10% g-C.N ,@SnO,
15% g-C;N @Sn0,
20% g-C:N @Sn0,

Intensity (a.u.)

T : ] L] L] L] L] T L)
325 350 375 400 425 450 475 500 525 S50

Wavelength (nm)

Fig. 5 Photoluminescence spectra of pristine g-CzNy, pristine SnO,,
and the prepared g-C3zN,4@SnO, composite powders.
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wavelength of 300 nm for the g-C;N,, SnO, and different wt% g-
C;3;N,@Sn0O, nanocomposites. The pristine g-C3N, sample di-
splayed a strong emission band at 448 nm. For pristine SnO,
and the g-C;N,@SnO, composites, three emission bands were
observed, the first strong band around 363 nm might be due to
the interstitial transition of Sn species and their respective
oxygen vacancy, while the two small peaks in the visible region
at 415 and 468 nm hint at the radiative recombination of the
electron from the oxygen vacancy created due to Sn species with
the holes.*”

The PL peak intensities of different wt% g-C;N,@SnO,
nanocomposites were relatively lower than those of the pristine
samples, which signified the reduction of the electron-hole
pairs recombination efficiency and increased with respect
to wt% loading of g-C;N, as a result of the strong interactive
coupling of the oxygen vacancy present in SnO, with the g-C3N,
sheets, which led to a decrease in trap density and progressive
carrier mobility resulting in a higher PL intensity.**>%%%

FTIR spectroscopy

FTIR spectra (Fig. 6) were obtained to analyze the chemical
structures of the samples. Typical vibration peaks observed at
880, 1215, 1403, 1410, 1550, and 1630 cm " corresponded to the
distinguishing stretching vibration modes of g-C;N,. The amino
group present in g-C3N, i.e. N-H and the hydroxyl group (-OH)
from SnO, on the surface displayed broad stretching vibration
band in the same range of 3000-3500 cm ‘. The peak at
880 cm ™" were assigned to the triazine units, and the stretching
vibrations at 1255 to 1550 cm ™' confirmed the presence of the
C-N heterocyclic structure in the g-C;N, sheets. The C-N mode
was reflected at 1309 cm ™" in pristine g-C3N,.%°

The sharp absorption peaks at 498 and 476 cm ™~ were fitted
to the anti-symmetrical stretching vibration of Sn-O-Sn in the
pristine SnO, and the 15 wt% g-C;N,@SnO, composite,
respectively. Vibrational properties of the triazine ring of g-C3N,
were reflected around 880 and 1630 (C=N stretching) cm ™'

1

120 4 Pristine g-C;N, Vibration around
Pristine SnO, 800-400 em™ due to
15% g-C,N,@ SnO, Sn-O-Sn stretching
100 -+
L
=
< 80+
= Bending
o T
E Stretching vibration of v '_b' a»tm_n
)< surface -OH group O.f .
§ 60 =3000-3500 cm! ring
S due to N-H
= stretching vibration
1
e 1200-1600 cm”
c\ 40 1 attributed to \
C-N stretching
204
T

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

4000

Fig. 6 FTIR spectra of pristine g-CsNg, pristine SnO,, and prepared
15 wt% g-C3N,@SnO, composite powders.
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whereas for the 15 wt% g-C3N,@SnO, composite, these
stretching vibrations were noted around 885 and 1649 cm ™",
which implied an interaction between the g-C;N, sheets and the
SnO, particles, confirming composite formation. FTIR spectra
of pristine g-C3N4, SnO,, and different wt% g-C3N,@SnO,
composites provided in the SI Fig. S1 revealed peak positions
similar to those of the 15wt% g-C;N,@SnO, composite

powder.*

X-ray photoelectron spectroscopy

Information pertaining to the chemical bonding states,
compositions and heterojunctions was obtained by XPS and the
results are displayed in Fig. S2 and 7. The survey spectra
(Fig. S2) revealed the existence of Sn, O, C and N elements in the
15 wt% g-C3;N,@SnO, sample.**

For Sn 3d XPS spectrum (Fig. 7a), the characteristic peaks at
486.2 eV and 494.7 eV were assigned to Sn 3ds,, and Sn 3d;),,
having an energy difference of 8.5 eV, which conferred the
presence of the Sn*" oxidation state in the Sn-O bond instead of
Sn** or Sno state whereas the peak around 496.6 was referred to
as a satellite peak. The binding energy peaks due to Sn are re-
ported at 486.0 eV and 494.4 eV, implying a difference of 0.2 eV
from the values obtained in our case, suggesting the formation
of the g-C;N,@SnO, heterojunction. Interface interaction at
such a heterojunction could result in the weak transfer of
charges from the g-C;N, nanosheets to the SnO,
nanostructures.***° The O 1s XPS spectra in Fig. 7b show that
three contributions were separated out: the first peak at
530.22 eV describing SnO, lattice oxygen, the second peak at
531.6 eV assigned to oxygen in defect states, and the third one at
535.3 eV for oxygen from -OH groups on the sample
surface.?>**>

The high-resolution C 1s XPS spectrum of 15 wt% g-
C3;N,@Sn0O, sample in Fig. 7c can be decomposed into two
peaks at 284.52 eV and 288.23 eV, ascribed to sp® hybridized
carbon in C=C/C-C and N-C=N, respectively. Moreover, the

Sn 3d

(a)

486.2¢V

494.7 ¢V

Intensity (a.u.)
Intensity (a.u.)

496.6 eV

—

490 48! 530 58

486 484 482 538 536 s 22
Binding Energy (eV)

498 496 494 492

s
Binding Energy (eV)

(c) ;

§

C 15| (d) ,;:

Intensity (a.u.)
Intensity (a.u.)

e
280 402 401 400 399 398 397 396 395 394
Binding Energy (eV)

292 290 288 286 284 282
Binding Energy (V)

Fig. 7 XPS spectra of prepared 15 wt% g-C3N,@SnO, nanocomposite
corresponding to the elements (a) Sn 3d, (b) O 1s, (c) C 1s and (d) N 1s.
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high-resolution N 1s XPS spectrum of the sample (Fig. 7d)
exhibited three binding energy peaks at 398.0 eV, 399.3 eV and
400.4 eV, corresponding to sp>-hybridized nitrogen (C=N-C),
tertiary graphite nitrogen (N-C3) and amino (C-N-H), respec-
tively.>>** Thus, XPS spectra revealed the creation of a g-
C3;N,@Sn0O, heterojunction.

FESEM imaging

Fig. 8 depicts the surface morphology of the pristine g-C;N,,
pristine SnO, and different wt% g-C;N,@SnO, nanocomposites
studied using field emission scanning electron microscopy
(FESEM). Fig. 8a and b presents a clear agglomerated multi-
layered structure corresponding to pristine g-C3N,. Fig. 8c and
d, for the pristine SnO, micro-nanopowder, shows a mixture of
submicron to nanoscale particles having multi-shaped forms
viz. spheres, cubes, rods and occasionally microscale spherical
morphology having particle sizes in the range of 2-3 pum
composed of agglomerated 20-50 nm sized particles. FESEM
images of the different wt% g-C;N,@SnO, composites revealed
that SnO, particles distributed onto the surface of g-C;N, sheets
prepared with variations of the g-C3N, composition as 5 (Fig. 8 e
and f), 10 (Fig. 8 g and h), 15 (Fig. 8 i and j) and 20 (Fig. 8 k and
) wt%.

FETEM imaging

FETEM images for the 15 wt% g-C;N,@SnO, composite powder
are shown in Fig. 9. The FETEM images at low and intermediate
magnification (Fig. 9a—c) display agglomerated bunches of sub-
microns to nanoscale particles embedded in g-C;N, sheets. The
agglomerated bunches are made up of spherical, rod and cube-
like morphologies of sizes in the range of 20-50 nm. The
apparent ambiguity between FESEM and FETEM images arises
from the difference in resolution and imaging depth between
FETEM (which captures the internal structure at the nanoscale)
and FESEM (which emphasizes surface topography at the
micro- and nano-scale). However, both techniques provided

Fig. 8 FESEM images of pristine g-CzN4 (a and b), pristine SnO, (c and
d) and 5 (e and f), 10 (g and h), 15 (i and j) and 20 (k and ) wt% g-
C3N4@SnO, nanocomposites at low and high magnifications,
respectively.

RSC Adv, 2025, 15, 39795-39806 | 39799
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Fig. 9 FETEM images of prepared 15 wt% g-CsN4@SnO, nano-
structures at (a), (b) low, (c) intermediate, (d), and (e) high magnifica-
tions and (f) SAED pattern.

similar morphological information. Validation of the almost
analogous microstructural traits of SnO, particles on g-C3N,
sheets was done by providing more such FETEM images in SI
Fig. S3. In high-resolution images (Fig. 9d and e), fringes for
SnO, nanoparticles, with lattice spacing of 3.74, 2.53 and 1.94 A
ascribable to (110), (200) and (211) planes, corresponding to its
tetragonal phase were noticed whereas g-C3;N, sheets confirmed
the lattice spacing value of 3.68 A annotated to the (002) plane.
The selected area electron diffraction (SAED) pattern (Fig. 9f) for
the 15 wt% g-C3N,@SnO, composite evinced the intermittent
ring structures displaying regular bright spots.*®

The distribution of elements in the 15 wt% g-C;N,@SnO,
composite sample was ascertained using the FETEM-STEM-
EDS-elemental mapping mode and the results are shown in
Fig. 10. The electron image (Fig. 10a) and elemental mapping
images accountable to Sn and O (Fig. 10b and c, respectively)
correlated well with each other while in case of g-C3Ny, it was
annotated that elemental mapping images for C and N also
(Fig. 10d and e) overlayed each other in such a manner that
SnO, nanoparticles were positioned on the sheet-like structure

Fig. 10 FETEM-STEM-EDS elemental mapping images of 15 wt% g-
C3N4@SnO, hanocomposite corresponding to (a) electron image, and
elements, namely, (b) Sn, (c) O, (d) C, (e) N and (f) combined elemental
mixture.
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of g-C;N,, and thus the mix mode image (Fig. 10f) confirmed the
¢-C3N,@Sn0O, composite formation. Higher intensity of the
colors allocated to Sn and O as compared to C and N was
noticed which was tangible as amount of g-C;N, was 15 wt%
only.

BET surface area analysis

Fig. 11 displays the N, adsorption-desorption isotherms of the
pristine g-C3N,, pristine SnO, and g-C;N,@SnO, composites
prepared with g-C;N, loading from 5 to 20 wt%. All the samples
displayed type IV nitrogen adsorption-desorption isotherms
maintaining type H; hysteresis loops (Fig. 11a). The detailed
BET surface analysis results for the as-prepared pristine g-C3Ny,
pristine SnO, and g-C;N,@SnO, composite samples are
summarized in Table 2.

The BET surface area of the pristine SnO, nanopowder was
found to be 13.22 m? g~ *, which showed that a notable increase
in surface area occurred with increasing wt% loading of g-C3N,
due to the sheet-like structure of g-C3;N,, which provided high
surface area with corresponding values from 17.86 to 42.10 m>

g~ '. At moderate loading, g-C;N, helps to disperse SnO,

—— Pristine g-C;N,
=& Pristine Sn0O,
——5% g-C;N,@Sn0,
54— 10% g-C;N,@Sn0O,
—9—15% g-C;N @Sn0,
——20% g-C,N,@Sn0,

(a)

Volume adsorbed Nz(cm3/g STP)
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e
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®
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0.06 4—o— 15% g-C,N,@Sn0,
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Fig. 11 BET surface area analysis of pristine g-CsNy, pristine SnO,, and
prepared g-CsN4@SnO, nanocomposites corresponding to (a) N»
adsorption—desorption isotherms, and (b) BJH pore size distribution.
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Table 2 BET surface area, total pore volume, BJH pore size, sensitivity, response and recovery times for pristine SnO,, pristine g-CsN4 and g-

C3N4@SnO; nanopowders

BET surface Total pore volume BJH pore size Sensitivity Response Recovery

Sample area (m® g™ ") (em® g™ (nm) (ohm/%RH) time (s) (£3) time (s) (£3)
Pristine SnO, 13.22 0.0548 3.3736 0.45 63 75
Pristine g-C;N, 38.02 0.0352 3.3616 3.41 59 63
2-C;N,@Sn0, 5% 17.86 0.064 3.8128 4.92 30 40

10% 18.27 0.083 3.2556 2.17 49 56

15% 42.57 0.0097 3.3834 20.20 25 45

20% 42.10 0.014 3.3546 9.20 50 38

particles and maintain accessible active sites. However, on
increasing the g-C;N, loading above 15 wt% on the SnO,
surface, a slight reduction in the BET surface area was noted.
Moreover, at higher loadings, the nanosheets tend to get
stacked, agglomerate and wrap around SnO, particles, leading
to pore blockage and reduced accessibility of active sites. Such
over-coverage and structural compaction led to the observed
reduction in surface area.

Humidity-sensing studies

Electrical resistance as a function of relative humidity for the
sensors is depicted in Fig. 12, revealing the exponential
decrease in the resistance of the prepared films with respect to
the increase in the relative humidity for pristine SnO,, pristine
2-C3Ny, and the 5 and 10 wt% g-C3N,@SnO, nanocomposites.
On the contrary, almost linear performance was observed in
case of the 15 and 20 wt% g-C;N,@SnO, nanocomposite. The
ratio of the change in the resistance to the change in relative
humidity (%RH) provided the value of sensitivity for all films
(Table 2). It was observed that the sensor film corresponding to
the 15 wt% g-C3N,@SnO, nanocomposite showed the highest
response as compared to the other sensors.*

The response and recovery times for all the g-C;N,@SnO,-
based films are provided in Table 2 and Fig. 13. Primarily, the
films were introduced to dry air conditions, explicitly at 20%

10000

=& Pristine Sn0,
~—@— Pristinc g-C,N,
—8—5% g-C;N,@Sn0,
——10% g-C;N,@Sn0,
—0—15% g-C,N,@Sn0,
—@—20% g-C,N,@SnO,

1000

Log R (MQ)

20 30 40 50 60 70 80
% Relative Humidity

Fig. 12 Comparison of humidity-sensing analysis of pristine g-CzNy,

pristine SNnO,, and prepared g-CsN,@SnO, composite powder-based
sensors at various % relative humidities vs. log R.
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Fig. 13 Resistance transient curves of (a) pristine SnO,, (b) pristine g-
C3Ny4, and g-C3N4@SnO, nanocomposites with (c) 5 wt%, (d) 10 wt%,
(e) 15 wt%, and (f) 20 wt% g-CsN,4 loading, recorded under cyclic
exposure to 20-80% RH.

RH. Upon switching to a humid environment enclosed within
a sealed glass dome set at 80% RH, an instantaneous drop in
film resistance was detected. Subsequently, upon switching the
films back to the dry air environment (at 20% RH), the resis-
tance was found to gradually recuperate to the initial value. To
ascertain the consistency of the film's performance, three cycles
of the above procedure were conducted to test the repeatability.
As noted from the resistance transient curves, the best response
and recovery times of 25 and 45 s were recorded for the 15 wt%
g-C3N,@Sn0O, composite-based humidity sensor.

Impedance response of 15 wt% g-C;N,@SnO,,
nanocomposite-based humidity sensor

The real and imaginary parts of impedance represent the DC
resistivity and reactance of the material. Relaxation time ()
and location of a loss peak for frequency dependence of Im(Z)
are correlated by eqn (1):*

1
— 1
T 2 e @)
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Fig. 14 Impendence measurement against (a) 30%, (b) 60% and (c)
90% relative humidity for the prepared 15% g-C3N,@SnO, nano-
composite humidity sensor.

where fi.x represents the relaxation frequency for which the
Im(Z) peak is observed. The centers of the semicircles obtained
in the Nyquist plots of the 15% g-C;N,@SnO, nanocomposite-
based humidity sensor were noted to be below the abscissa
axis (Fig. 14a-c) indicating the occurrence of non-Debye relax-
ation processes and thus impedance spectroscopy is carried out
by considering the constant phase elements (CPEs) for
construction of an equivalent circuit.*® The plotted values of

Table 3 R values at various relative humidities for prepared 15% g-
C3N4@SnO, nanocomposite-based humidity sensor

Sr. no. Relative humidity (%RH) R values (MQ)
1 30 4.02

2 60 1.16

3 90 0.5
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resistance component were measured by LCR meter as
a measure of sensor response.

For the 15% g-C;N,@Sn0O, nanocomposite-based humidity
sensor, the measurement of charge transfer resistance (R.)
represented the journey of an electron from one atom to
another at the electrode and water vapour interface by assessing
the diameter of the semicircle in the Nyquist plot (Fig. 14a—c). At
30%, 60% and 90% RH, the sensor exhibited a decrease in R,
values (Table 3) corroborated by corresponding diminished
semicircle diameters, suggesting a slower rate of electron
transfer between the electrode surface and water vapour. This
result is attributed to the gradual improvement of the material's
electrical conductivity with increasing humidity levels.

Mechanism of humidity sensing

The Grotthuss chain mechanism offers a methodical detailing
of humidity sensing. In the basic concept of humidity sensing,
the conductivity of hydrophilic metal oxide-based sensing layers
is altered when interaction between their surface and water
vapours takes place.?

Fig. 15 depicts a mechanism that explains physisorption of
water molecules (Fig. 15a) followed by the splitting of water
molecules owing to the inflated electrical fields. The enhanced
sensing response of the 15 wt% g-C;N,@SnO, nanocomposite
arises from a combination of efficient water adsorption,
protonic conduction, and heterojunction-driven charge trans-
fer. At this composition, the surface area and pore distribution
provide favorable sites for physisorption of water molecules.
Under the influence of localized electric fields, the adsorbed
water undergoes dissociation to form H" and H;0" ions, which
migrate through the Grotthuss mechanism and significantly
improve ionic conduction, thereby reducing resistance.***” As
humidity increases, adsorption of more water molecules on the
surface takes place. The presence of a continuous water layer
significantly increases the number of charge carriers, thereby
reducing the overall electrical resistance. While air

&rﬁﬁﬁ
RN e

\,‘..

(a) Surface layer absorption

Q Oxygen atom on the surface
of humidity sensitive material

Humidity Sensitive material
surface

(c) Continuous layer absorption

Fig. 15 Schematic for the humidity-sensing mechanism of the
prepared g-CsN4@SnO, nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of humidity-sensing performance of the prepared 15% g-CsN,@SnO, nanocomposite-based humidity sensor with

available reports

Sr. No. Material composition Response time (s) Recovery time (s) Year Ref.

1 ZnO-SnO, 32 92 2019 49

2 RhAAmM/SnO, nanocomposite 12 160 2021 50

3 Co-doped SnO,/rGO 52 100 2022 51

4 SnO, thin film 84 576 2023 52

5 2-C;N,/GQDs nanocomposite 44 10 2023 53

6 Sn0,/Ti;C,Tx 14 49 2024 54

7 gC3N4/Zn, 5Nig sFe; sMng ,0,/rGO 43 38 2025 55

8 gC3N,@Sn0, 25 45 2025 Present work

concentration differences may also contribute negligibly, the
dominant factor is the enhanced surface conductivity due to
interaction of water molecules with oxygen vacancies and
hydroxyl groups present on the nanocomposite surface. The
pore structure also facilitates capillary condensation, further
enhancing water uptake and proton mobility.

In parallel, the intimate contact between g-C;N, and SnO,
establishes a heterojunction, since both are n-type semi-
conductors. The conduction band of g-C;N, lies at a more
negative potential than that of SnO,, which drives electron
transfer from g-C3;N; to SnO,. This charge redistribution
increases the interfacial potential barrier and promotes effec-
tive separation of photogenerated electrons and holes, consis-
tent with previous reports on heterojunction-enhanced
sensing.*® At lower g-C;N, contents, the interfacial coupling is
insufficient and a limited number of water molecules are
adsorbed onto the surface. While at higher contents, the excess
coverage may hinder the exposure of SnO, active sites due to
thicker g-C;N, sheets. Thus, the 15 wt% g-C3;N,@SnO, nano-
composite achieves the balance of optimal surface area for
water adsorption, enhanced proton conduction via water
dissociation, and efficient charge separation at the g-C;N,/SnO,
heterojunction, resulting in the highest humidity-sensing
performance. This synergistic effect, absent at lower or higher
g-C3N, loadings, accounts for the maximum sensitivity and fast
response characteristics observed for 15 wt% g-C;N,@SnO,
nanocomposite.

Table 4 provides a comparison of the humidity-sensing
performance of the prepared 15% g-C3N,@SnO, nano-
composite against those of previously reported materials. The
15% g-C3N,@Sn0, nanocomposite exhibits a clear advantage in
terms of response speed, recovery, and sensitivity compared to
the reported humidity sensors. While many SnO,- or g-C;N,-
based sensors deliver good performance, they often face draw-
backs such as sluggish kinetics, restricted humidity ranges, or
compromised stability. Our material overcomes these limita-
tions by leveraging the synergistic interaction of g-C;N, sheets
with SnO, nanoparticles, which ensures abundant active sites
and prevents pore blockage. Importantly, both components are
low-cost and easily synthesized by scalable routes, making the
sensor highly attractive for practical, energy-efficient, and
economical humidity monitoring applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Conclusions

¢-C3N,@Sn0O, nanocomposites were successfully synthesized
through a combination of solvothermal and solid-state routes.
XRD confirmed the tetragonal phase of SnO,, while the pres-
ence of g-C3N, could not be distinctly resolved due to peak
overlap. Photoluminescence studies indicated defect-related
vacancy states, while FESEM and FETEM analyses revealed the
uniform distribution of SnO, nanoparticles on g-C;N, sheets.
The 15 wt% g-C;N,@SnO, composite exhibited the best
humidity-sensing performance, with a sensitivity of 20.2 Q/%
RH, and fast response (25 s), and recovery (45 s) times. The
enhanced sensing behavior can be attributed to heterojunction
formation between SnO, and g-C3;N,, which facilitates efficient
charge separation and higher barrier potential.

Looking ahead, further optimization of g-C;N, loading,
defect engineering, and surface functionalization strategies
could extend the sensing range and stability under varying
environmental conditions. Integration of these composites into
flexible substrates or miniaturized electronic platforms may
pave the way for their application in wearable electronics, smart
healthcare devices, and environmental monitoring. Thus, the
reported g-C3N,@SnO, nanocomposite offers a promising
pathway toward earth-abundant, low-cost, and next-generation
humidity sensors.
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