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l flexible SnTe/MWCNT crystalline
hybrid for energy storage and humidity sensing
with 3D-printed device integration
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Ramakrishna Nayak, c M. S. Santoshd and M. Selvakumar *a

The design of multifunctional materials that unify energy storage and environmental sensing is vital for next-

generation flexible electronics and IoT devices. Here, the first report of a Bridgman-grown polycrystalline

SnTe/MWCNT (SUM) hybrid is presented, where the high pseudocapacitance of SnTe is synergistically

coupled with the conductivity, flexibility, and porous architecture of carbon nanotubes. This hybrid

serves as a dual-function platform, enabling both high-performance microsupercapacitors and humidity

sensors fabricated via scalable screen-printing. The optimized asymmetric device (FAM–SUM-10) delivers

an areal capacitance of 468.6 mF cm−2, >90.7% retention at high scan rates, and excellent cycling

stability (95.3% coulombic efficiency over 10 000 cycles) under mechanical deformation. As a humidity

sensor, the same SUM-10 composite exhibits fast response (7 s), short recovery (9 s), and high sensitivity

and is further integrated into a 3D-printed wireless module for real-time monitoring. This work

establishes Bridgman-assisted hybridization as a versatile route for scalable, flexible materials that bridge

energy storage and environmental intelligence in wearable and precision sensing applications.
1. Introduction

The rapid depletion of non-renewable energy resources,
particularly fossil fuels, has accelerated the search for sustain-
able and eco-friendly alternatives. Excessive reliance on these
resources has led to signicant environmental degradation,
global economic challenges, and energy insecurity.1–4 Conse-
quently, research efforts have increasingly focused on renew-
able energy technologies, including energy conversion and
storage devices, to meet the demands of modern society. Flex-
ible microsupercapacitors (FMSCs) have emerged as a cutting-
edge solution in this eld, offering compact, lightweight, and
durable energy storage options suitable for integration into
wearable electronics, portable devices, and exible energy
systems.5–10 They exhibit various advantageous properties such
as exceptional power density, rapid charge/discharge capability,
and extended cycle life.11,12 Conventional supercapacitors,
including MSCs, are known for their exceptional power density,
rapid charge–discharge capability, and extended cycle life,
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distinguishing them from conventional capacitors and
batteries.13,14 Although FMSCs offer notable benets, a major
hurdle lies in boosting their energy density without compro-
mising their exibility or other key characteristics. Beyond
FMSCs, the rapid advancement of Internet of Things (IoT) and
articial intelligence (AI) technologies has driven the wide-
spread deployment of smart sensors, fundamentally trans-
forming environmental monitoring and human–machine
interactions.15,16 Humidity sensors (HSs), as a vital category of
smart sensing devices, are widely employed in diverse areas,
including human–machine interfaces,17 healthcare moni-
toring,18 and safety inspections in industrial environments.19

Elevated humidity levels above 60% can promote the prolifer-
ation of harmful microorganisms, cause discomfort,20 and
result in the deterioration of buildings and electronic devices.
Conversely, low humidity levels below 30% may lead to respi-
ratory problems, excessive dryness, and potential harm to
furniture and vegetation.21 Therefore, regulating relative
humidity (%RH) within the optimal range of 45–55% is essen-
tial to ensure a comfortable and health-supportive indoor
environment.22 Nevertheless, current humidity sensors oen
struggle with limitations in accuracy, response speed, and long-
term reliability. To address these issues, researchers are actively
investigating advanced sensing materials, innovative structural
designs, and emerging technologies to create humidity sensors
with enhanced sensitivity, selectivity, responsiveness, and
stability for diverse applications. In this context, multifunc-
tional materials that exhibit excellent electrochemical
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16077
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performance along with responsive sensing capabilities are of
particular interest. Such materials can serve as active electrodes
in MSCs while also responding to external changes, such as
humidity, through detectable variations in their electrical
resistance. This dual functionality arises from the inherent
properties of the material, such as high surface area (e.g.,
MWCNTs), redox-active sites (e.g., SnTe), tunable conductivity,
and structural exibility, all of which contribute to both effi-
cient charge storage and high sensitivity to environmental
stimuli. Tin-based chalcogenides,23–25 particularly tin telluride
(SnTe), are emerging as promising candidates for super-
capacitor applications due to their advantageous electro-
chemical and structural properties.26,27 The primary challenge
with Sn-based electrodes stems from mechanical instability
caused by signicant volume expansion during cycling, which
leads to poor structural integrity, reduced exibility, and cluster
formation. To address these issues, researchers have focused on
engineering Sn-based materials with structural modications.
Reports on SnTe are limited, showing only moderate energy and
power densities, though its rock-salt structure, narrow bandgap,
and layered conguration favour high conductivity, ion inter-
calation, and pseudocapacitance.28 Despite progress, conven-
tional SnTe synthesis methods remain complex and oen
inconsistent. Thiol-free precursors yield nanocrystals but suffer
from scalability issues,29 while aqueous hot-injection improves
sustainability yet lacks reproducibility.25 One-pot aqueous
synthesis enables gram-scale production but compromises
uniformity and crystallinity.28,30 To address these challenges,
this work introduces the rst assisted synthesis of multifunc-
tional polycrystalline SnTe unwrapped MWCNT (SUM) crystal-
based nanocomposites using a Bridgman-type crystal puller
method. By integrating the high pseudocapacitance of SnTe
with the excellent conductivity, exibility, and structural
stability of MWCNTs, the SUM composite functions as a dual-
role material for both exible microsupercapacitors (MSCs)
and real-time humidity sensors. A SnTe/MWCNT humidity
microsensor was integrated into a wireless prototype based on
an ESP-32 microcontroller, enabling continuous resistance
monitoring with rapid signal processing and low-latency data
transmission for applications in wearable devices, IoT systems,
and real-time crop monitoring via moisture detection on plant
leaves. Electrochemical analyses conrmed high charge-storage
capability, excellent bending stability, and durable energy
storage performance of SnTe-MWCNT-based MSCs. Pristine
SnTe is prone to nanoparticle agglomeration, which restricts
ion/moisture diffusion and diminishes electrochemical
activity.31 Incorporating MWCNTs suppresses aggregation while
providing a conductive porous network, thereby enhancing
capacitance, exibility, sensitivity, and response/recovery in
humidity sensing. This multifunctional composite shows
strong potential for next-generation integrated energy storage
and environmental monitoring platforms. This work demon-
strates the successful synthesis of a polycrystalline SnTe/
MWCNT (SUM) nanocomposite via a Bridgman-type crystal
puller-assisted strategy and its application in the fabrication of
exible microsupercapacitors (MSCs) and humidity sensors
using screen-printing technology. The SUM nanocomposite
16078 | J. Mater. Chem. A, 2026, 14, 16077–16103
synergistically integrates the high pseudocapacitance of SnTe
with the conductivity, exibility, and porous framework of
MWCNTs, effectively overcoming the intrinsic limitations of
pristine SnTe. The optimized asymmetric SUM-10 device deliv-
ered an impressive areal capacitance of 468.6 mF cm−2 at 5 mV
s−1, outstanding rate capability with capacitance retention of
96.8% (FAM) and 93.2% (FSM), and superior cycling stability,
maintaining a coulombic efficiency of 98.7% over 5000 cycles
under repeated bending. As a humidity sensor, SUM-10
exhibited rapid response (68 s) and recovery (162 s) times,
high sensitivity, and stable performance even under mechanical
deformation. Furthermore, a real-time monitoring prototype
was realized using FDM 3D printing integrated with a micro-
controller for continuous humidity tracking. Collectively, these
results establish SUM-10 as a versatile dual-functional platform
that combines high-performance energy storage with reliable
environmental sensing, paving the way for next-generation
wearable electronics, IoT devices, and precision agriculture
applications.32,33
2. Materials and methods
2.1. Materials

The following chemicals were used in this study: tin metal (Sn),
tellurium (Te), multi-walled carbon nanotubes (MWCNTs),
cellulose acetate butyrate (CAB), diacetone alcohol (C6H12O2),
ethanol (C2H5OH), and methanol (CH3OH), and the salts, such
as LiCl, CH3COOK, MgCl2, K2CO3, (MgNO3)2, CuCl2, NaCl, KCl,
KNO3, and K2SO4 required for the humidity sensing applica-
tion, were all supplied by LOBA Chemie PVT. Ltd. All chemicals
were of analytical grade and purchased from Sigma Aldrich with
a stated purity of 99.9%.
2.2. Preparation of polycrystalline SnTe and SnTe/MWCNT
(SUM) functional nanocomposites

The synthesis of SUMs as a functional material was carried out
using the crystal growth method to obtain high-purity poly-
crystalline SnTe with superior crystallinity. A Bridgman-type
crystal puller setup was employed for the growth process,
specically designed to produce high-quality SnTe crystals
doped with multi-walled carbon nanotubes (MWCNTs).29,34

Initially, tin (Sn) and tellurium (Te) powders were mixed in
a stoichiometric ratio and thoroughly homogenized. The
resulting mixture, along with a pre-determined amount of
MWCNTs, was loaded into a quartz ampoule. The ampoule was
then evacuated to a high vacuum (∼10−5 torr) and sealed to
prevent oxidation during the synthesis process. The sealed
ampoule was subjected to a controlled heating cycle in the
Bridgman furnace to promote crystal growth and ensure
uniform incorporation of MWCNTs into the SnTe matrix. The
ampoule was sealed and subjected to a molten growth process
by heating it to 700 °C in a furnace. The temperature was
maintained for 12 h to ensure complete melting and crystalli-
zation of SnTe. Subsequently, the ampoule was cooled to room
temperature at a controlled rate, promoting the formation of
polycrystalline SnTe with high crystalline quality. To enhance
This journal is © The Royal Society of Chemistry 2026
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Scheme 1 (a–c) Synthesis and growth of MWCNT-wrapped SnTe crystals via the Bridgman molten-crystal method (1 cm, 2.5 cm). The process
involved ball milling of precursors, vacuum sealing in quartz ampoules, and controlled crystallization to obtain the SnTe/MWCNT hybrid crystal.
(a) Experimental setup of the Bridgman furnace, (b) pulling control unit equipped with precise temperature regulation (°C), and (c) progressive
growth of theMWCNT-doped SnTe ingot using the Bridgman configuration, showing the optimized temperature–time profile for uniform crystal
formation.
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the uniformity of the nanocomposite, MWCNTs were pre-
treated by ultrasonication in ethanol to reduce the agglomera-
tion and improve their distribution. The dried MWCNTs were
then mechanically mixed with Sn and Te precursors prior to
synthesis to obtain a homogeneous nanocomposite structure
suitable for advanced energy storage applications. The pristine
SnTe polycrystal was synthesised using the approach without
the incorporation of the MWCNTs. Furthermore, nano-
composites were synthesized by varying the weight percentage
of MWCNTs relative to the SnTe content in the reactionmixture.
Specically, compositions containing 3 wt%, 5 wt%, 10 wt%,
and 15 wt% MWCNTs were prepared to investigate the inu-
ence of MWCNT loading on the structural and functional
properties of the resulting SnTe/MWCNT polycrystal-based
nanocomposites, as summarized in Table S1. The synthesized
bulk nanocomposite was subsequently crushed into a ne
powder using a high-energy ball milling process to reduce the
This journal is © The Royal Society of Chemistry 2026
particle size to the nanoscale. The milling was performed at
300 rpm for 6 h under an inert argon atmosphere to prevent
oxidation and maintain the material's integrity and purity.
Scheme 1(a) demonstrates the process of the SnTe/MWCNT
crystals via the Bridgman crystal growth method, involving
ball milling, vacuum-sealed quartz ampoules, and crystal
growth in a Bridgman crystal puller.
2.3. Mechanism for the synthesis of the SnTe/MWCNT
hybrid crystal

Scheme 1(b) and (c) depict the synthesis procedure of the SnTe/
MWCNT hybrid crystal. Themechanism involves a combination
of thermally driven chemical reactions and physical interac-
tions between the SnTe matrix and multi-walled carbon nano-
tubes (MWCNTs). During the high-temperature reaction
processing under a vacuum, Sn and Te precursors react to form
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16079
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Scheme 2 Schematic representation of the fabrication process of microsupercapacitors and humidity sensors using a screen-printing approach.
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a homogeneous molten SnTe phase. Owing to their high
thermal stability, the dispersed MWCNTs remain structurally
intact within the melts and act as heterogeneous nucleation
center for SnTe crystallization.35 Due to the interfacial interac-
tions, primarily governed by the van der Waals force of inter-
action between the graphitic walls of MWCNTs and SnTe
species, SnTe preferentially nucleates and grows along the
nanotube surfaces,36 as shown in Scheme 1(a).37,38 Furthermore,
the directional solidication in the Bridgman conguration
promotes the controlled crystal growth along the temperature
gradient. This process facilitates the incorporation of MWCNTs
into the SnTe matrix, leading to a nanocomposite structure in
whichMWCNTs are embedded or encapsulated within the SnTe
grains, enhancing the electrical and thermal transport proper-
ties of the nal ingot. The temperature–time prole of the
reaction was designed with stepwise increments to prevent
unwanted cracking and to promote uniform crystal growth, as
shown in Scheme 1(b). Furthermore, the schematic depicts
SnTe nanoparticles embedded within the tubular MWCNT
framework through van der Waals interactions, demonstrating
homogeneous dispersion and intimate interfacial contact. Such
a well-integrated heterostructure is essential for improving
charge transport, accelerating both ion diffusion and thereby
enhancing the overall electrochemical performance of the
nanocomposite.
2.4. Formulation of the functional conductive ink for the
microsupercapacitor and micro-humidity sensor

The formulation of functional conductive ink was prepared by
dispersing the synthesized nanocomposite into an eco-friendly
binder solution. The binder was formulated by dissolving
cellulose acetate butyrate (CAB) in a solvent mixture of ethanol
and diacetone alcohol using probe sonication at high frequency
to form a homogeneous vehicle resin, maintaining a solvent-to-
binder ratio of 90 : 10 to ensure optimal rheological behaviour
for screen printable inks. To enhance dispersion stability,
a non-ionic surfactant (Triton X-100) was added to the binder
16080 | J. Mater. Chem. A, 2026, 14, 16077–16103
solution. The nanocomposite was incorporated into the binder
solution and stirred vigorously for 2 h, followed by sonication
for an additional 1 h at room temperature to ensure homoge-
neous dispersion and minimize agglomeration. The ink's
viscosity was ne-tuned by adjusting the binder concentration
to ensure optimal printability, with the nal viscosity ranging
between 2000 and 10 000 mPa s, depending on the shear rate
and temperature. The formulated ink exhibited thixotropic
behaviour, which facilitated smooth passage through the screen
mesh during printing while maintaining excellent adhesion to
exible substrates such as polyethylene terephthalate (PET).
This ink was used for fabricating interdigitated micro-
supercapacitors and micro-humidity sensors using the screen-
printing method, as illustrated in Scheme 2. The preparation
of a screen mesh with an interdigitated pattern using the
negative-positive technique involves numerous processes to
create a precise stencil for the screen-printing method. In
screen printing, a positive process involves hardening the
emulsion in areas corresponding to the design so that ink is
blocked in those regions, whereas a negative process involves
blocking off the inverse of the design, allowing ink to pass
through the desired pattern. The entire stepwise protocol is
illustrated in SI Scheme S1 (from the bare screen to a fully
fabricated customized screen mesh for exible micro-
supercapacitor and humidity sensor templates), as shown in
Scheme S1.
2.5. Fabrication of exible printed interdigitated devices

The fabrication of the microsupercapacitor and micro-humidity
sensor was carried out using screen printing technology on
a polyethylene terephthalate (PET) substrate (135 ± 5 mm),
utilizing a formulated conductive functional ink. The printing
process involved the initial deposition of the current collector
(Ag current collector), which serves as the rst conductive layer
and the electrical connection for the device. This was followed
by the printing of the active functional material in multiple
layers, with the number of layers varied and optimized for
This journal is © The Royal Society of Chemistry 2026
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enhanced performance. Aer printing, the device was baked at
70–80 °C for one hour to ensure the evaporation of excess
solvents from the printed functional matrix. This post-
processing step is critical as it facilitates strong adhesion
between the printed layers and the PET substrate. As a result,
the device maintains excellent mechanical exibility and stable
electrochemical performance, even aer repeated bending
cycles, without any signicant loss in functionality. The fabri-
cated microsupercapacitors have overall dimensions of 22.9 ×

13.6 mm (length × breadth) and consist of 16 interdigitated
electrodes (IDEs), which enhance ionic mobility and increase
the effective surface area at the electrode/electrolyte interface.
In contrast, the micro-humidity sensor features a surface area of
10.5 × 7.9 mm and incorporates two pairs of IDEs, each with
a thickness of 0.5 mm. Furthermore, the effect of overprinting
(OP) of both the IDEs and the sensing layer has also been
evaluated to understand its inuence on device performance.
Scheme S2 illustrates the overall printing strategy and matrix
layout of the fabricated devices. Electrodes were prepared by the
conventional slurry deposition method using N-methyl-2-
pyrrolidone (NMP) as the solvent and polyvinylidene uoride
(PVDF) as the binder. The active material and acetylene black
were dispersed in NMP/PVDF to form a homogeneous slurry,
which was blade-coated onto stainless steel current collectors (1
× 1 cm2). Aer drying under controlled conditions, the elec-
trodes were tested using a Biologic SP-50e workstation in
a three-electrode setup with Pt counter and saturated calomel
reference electrodes. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) were used to evaluate
capacitive and charge-transfer characteristics. Humidity
response and recovery were analysed in a customized chamber
across 11–97% RH.39–47

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction (XRD) analysis, as illustrated in Fig. 1,
reveals insights into the crystalline structure and phase
composition of pristine SnTe, pristine multi-walled carbon
nanotubes (MWCNTs), and their nanocomposites named
SUM-3, SUM-5, SUM-10, and SUM-15. Fig. 1(a) shows the XRD
pattern of pristine SnTe, exhibiting sharp and well-dened
peaks at 2q values of 27.9°, 41.2°, 50.8°, 66.0°, 73.1°, and
77.5°, corresponding to the (200), (220), (222), (400), (420), and
(422) planes, respectively, which are indexed to the face-
centered cubic (FCC) phase with Fm�3m of SnTe (JCPDS card
no 08-0487). This conrms the formation of highly crystalline
and phase-pure SnTe.28,34,48 In contrast, Fig. 1(a) shows pristine
MWCNTs displaying a broad peak centred at 25.6°, attributed
to the (002) reection of graphitized carbon present within the
interconnected tubular structure. Upon incorporation of
MWCNTs into SnTe, all characteristic peaks of SnTe are
retained in the SUM-series nanocomposites, indicating the
preservation of its polycrystalline structure post-hybridization.
Notably, a gradual increase in the intensity and sharpness of
the slightly broadened MWCNT (002) hump is observed with
higher MWCNT content, particularly in SUM-10 and SUM-15,
This journal is © The Royal Society of Chemistry 2026
conrming successful integration and increased carbon
content. Fig. 1(b) shows a zoomed-in region highlighting the
(200) and (220) phases between 27.9° and 40.2°. The SUM
nanocomposites retain the SnTe major characteristic peaks,
but with a notable leward shi in peak positions, especially
in the (200) and (220) planes, as magnied in Fig. 1(c). This
systematic shi towards lower 2q angles suggests lattice
expansion or tensile strain, likely due to the incorporation of
carbon nanotubes into the SnTe matrix, leading to slight
distortions in the crystal lattice and modication of the
interplanar spacing. Such a shi can also arise from interfacial
stress between the SnTe grains and the embedded MWCNTs,
as well as the quantum connement effect at the nanoscale.
Furthermore, a broad graphitic hump centred at 22.0°,
marked with an asterisk (*) in the combined diffraction
pattern shown in Fig. 1(d), is observed exclusively in nano-
composites with higher graphitic carbon content (i.e., SUM-10
and SUM-15). This feature is characteristic of the amorphous
or turbostratic graphitic structure associated with MWCNTs
and validates their successful incorporation into the
composite matrix at higher concentrations. Additionally,
Rietveld renement was performed using FullProf soware©
to analyse the structural characteristics of the synthesised
pristine SnTe polycrystal. As illustrated in Fig. 1(e), the
renement exhibits excellent tting quality, as evidenced by
low residual values (c2 = 1.70), conrming the high phase
purity and structural stability of the synthesized SnTe without
detectable secondary phases. The average crystallite size of the
nanocomposite increases with the addition of MWCNTs,
reaching a maximum of 28.1 nm at SUM-10. This suggests that
the inclusion of CNTs facilitates better crystalline ordering
and growth. Among all compositions, the SUM-10 nano-
composite shows the optimal crystallite size, indicating
superior structural quality. This enhancement can be attrib-
uted to the well-dispersed MWCNTs serving as nucleation
centres and promoting uniform crystal growth.49,50 At higher
loading (15 wt%), a slight reduction in crystallite size is
observed, possibly due to agglomeration of MWCNTs, which
can hinder crystallite formation. Therefore, 10 wt% MWCNTs
is identied as the optimal composition for achieving
improved structural and functional properties. The enhance-
ment in crystallite size with 10 wt% MWCNT addition corre-
sponds to improved crystalline order and stronger interfacial
interaction between the matrix and the conductive additive.
This structural optimization results in superior performance
by providing enhanced electron mobility, improved ion diffu-
sion pathways, and lower charge transfer resistance. Hence,
SUM-10 demonstrates the best balance between structural and
functional properties such as lower interfacial resistance and
enhanced interaction between the functional nanocomposites
and the active surface, making it the optimal composition for
the fabrication of electrodes as well as for high-performance
sensing applications.51 The crystallite size of the synthesized
nanocomposites was estimated by analysing the broadening of
the diffraction peaks in the corresponding XRD patterns. The
quantitative evaluation was carried out using the Scherrer
equation, as expressed in eqn (1).
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16081
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Fig. 1 (a)–(i) The XRD patterns of pristine SnTe, MWCNTs, and SnTe-based nanocomposites (SUM-3, SUM-5, SUM-10, and SUM-15), (a)
comparison of p-SnTe and p-MWCNT, (b) the evolution of diffraction peaks with MWCNT concentrations, (c) the shift and broadening of the
(200) and (220) peaks, (d) overlay of all samples for phase comparison, and (e) the Rietveld refinement confirming phase purity and fitting
accuracy. (f) Survey spectrum confirming the presence of Sn, Te, and C elements; (g) high-resolution Sn 3d spectrum, (h) deconvoluted Te 3d
spectrum, and (i) C 1s spectrum.
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D ¼ Kl

b cosðqÞ (1)

Furthermore, the structural parameters derived from the
XRD analysis reveal a strong correlation between CNT content
and the microstructure within the SnTe-based nanocomposites.
As the concentration of MWCNTs increases from 3 wt% to
10 wt%, the crystallite size increases from 25.8 nm (SUM-3) to
a maximum of 29.06 nm (SUM-10), as tabulated in Table S2.
This growth suggests that MWCNTs act as nucleation
templates, facilitating grain development and improved crys-
tallinity within the matrix. However, beyond 10 wt% (SUM-15),
the crystallite size slightly decreases to 28.0 nm, likely due to
the onset of nanotube agglomeration, which hinders uniform
crystal growth. This observation is supported by the dislocation
density (d) and microstrain (3) values, both of which increase
16082 | J. Mater. Chem. A, 2026, 14, 16077–16103
progressively with MWCNT concentration, peaking at SUM-15.
While a moderate increase in microstrain and dislocation
density (as seen in SUM-10) can introduce benecial defects
that enhance electrochemical reactivity by providing more
active sites, the excessively high defect levels in SUM-15 may
result in charge recombination centres and structural insta-
bility due to the intertwining of the CNTs. Thus, the SUM-10
nanocomposites achieve an optimal balance between crystal-
lite size, structural defects, and strain, which is expected to
enhance electron transport and ion diffusion, which act as key
factors for superior electrochemical performance.
3.2. XPS (X-ray photoelectron spectroscopy) analysis

XPS analysis provides detailed insight into the elemental
composition and chemical states of the SnTe nanocomposite.
The survey spectrum shown in Fig. 1(f) conrms the presence of
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 FESEMmicrographs showing (a)–(c) pristine polycrystalline SnTe with agglomerated nanoparticles morphology, (d)–(f) pristine MWCNTs
exhibiting a tubular network, (g)–(i) SnTe/MWCNT nanocomposite showing an integrated nanoparticle–nanotubular architecture, and (j)–(l)
screen-printed interdigitated electrode (IDE) pattern fabricated using the nanocomposite ink.
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key elements, including tin (Sn), tellurium (Te), and carbon (C),
with distinct peaks observed for Sn 3d, Te 3d, and C 1s. A Te–O
signal is also detected, which is attributed to surface oxidation
as expected from the surface-sensitive nature of XPS measure-
ments.52 High-resolution spectra further elucidate the chemical
states of these elements. In Fig. 1(g), the Sn 3d spectrum reveals
two prominent peaks corresponding to the spin–orbit doublets
Sn 3d5/2 and Sn 3d3/2 at binding energies of approximately
486.5 eV and 495.0 eV, respectively. These values are charac-
teristic of Sn2+ oxidation states, indicating the presence of
divalent tin species in the sample. Fig. 1(h) presents the
deconvoluted Te 3d spectrum, where two main peaks at
∼573.1 eV and ∼583.5 eV correspond to Te 3d5/2 and Te 3d3/2,
respectively. These binding energies are characteristic of Te2−

species in the SnTe lattice, conrming the formation of the
SnTe phase. In addition, a secondary doublet observed at higher
binding energies of 576.8 and 587.3 eV is attributed to Te4+

species (TeO2), indicating mild surface oxidation arising from
ambient exposure.53,54 Additionally, the C 1s spectrum in
Fig. 1(i) reveals contributions from different carbon bonding
environments. The main peak at ∼284.6 eV corresponds to
This journal is © The Royal Society of Chemistry 2026
aliphatic C–C/C–H bonds, while the minor peaks at higher
binding energies indicate the presence of C–O and C]O func-
tionalities,55 likely originating from surface-adsorbed organic
species or residual solvents. Overall, the XPS results validate the
successful synthesis of the SnTe nanocomposite with Sn2+ and
Te2− oxidation states, while the surface chemistry shows minor
contamination from carbonaceous species.29
3.3. Field emission scanning electron microscopy (FESEM)
analysis

FESEM analysis was performed to examine themorphology, size
distribution, and surface features of the pristine material and
synthesized nanocomposites (Fig. 2(a)–(i)). High-resolution
imaging provides crucial insights for electrochemical energy
storage and sensing applications, revealing microstructural
traits that impact surface area, particle distribution, and inter-
facial interactions, all of which inuence device performance.
For SnTe/MWCNT nanocomposites, FESEM analysis conrms
uniform material distribution, evaluates nanoparticle and CNT
agglomeration, and assesses interfacial bonding. When
combined with EDX spectroscopy, it also provides elemental
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16083
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composition and mapping. The FESEMmicrographs of pristine
polycrystalline SnTe nanoparticles, as shown in Fig. 2(a)–(c),
reveal a densely agglomerated nanoparticle morphology with
notable size heterogeneity and extensive particle clustering, as
evident from the micrographs. Their spherical morphology
promotes better interfacial contact with carbon-based mate-
rials, increasing surface area and ion accessibility, thereby
improving electrochemical performance. Additionally, pristine
MWCNTs, as shown in Fig. 2(d)–(f), clearly exhibit the
morphology of interconnected nanotubes, forming a porous
and entangled network. This structure facilitates efficient elec-
tron transport and provides a large surface area, which is
benecial for enhancing electrochemical performance in energy
storage and sensing applications. The formation of the SUM-10
nanocomposite is shown in Fig. 2(g)–(i), illustrating the devel-
opment of an integrated SnTe/MWCNT hybrid structure. Upon
completion of the reaction, SnTe nanoparticles are uniformly
distributed within the interconnected MWCNT network, with
minor localized clustering. The MWCNTs preserve their tubular
morphology, serving as a conductive scaffold, while partially
wrapping around SnTe nanoparticles to improve the dispersion,
suppress excessive agglomeration, and improve interfacial
contact. This structural integration promotes a synergistic
effect, combining efficient electron transport through the
carbon framework and electrochemically active sites provided
by dispersed SnTe nanoparticles, thereby contributing to
improved composite performance.56 The advanced nano-
composite in Fig. 2(i) demonstrates the successful formation of
the desired hybrid morphology, with SnTe nanoparticles inti-
mately integrated within the MWCNT (SUM) network. This 3D
conductive framework ensures uniform active material
Fig. 3 (a)–(f) HRTEM analysis of the SnTe/MWCNT nanocomposite sho
anchored onto MWCNTs, (c) and (d) high-resolution images displaying
atomic-scale lattice fringes corresponding to the (220) plane, and (f) SA

16084 | J. Mater. Chem. A, 2026, 14, 16077–16103
distribution, mechanical stability, efficient electron transport,
and accessible SnTe surfaces for electrochemical reactions.57

The fabricated interdigitated electrodes (IDEs) on exible PET
substrates exhibit precise geometry and high surface quality.
Both the microsupercapacitor and humidity sensor IDEs have
a uniform spacing of 0.5 mm ± 0.1 mm (Fig. 2(j)–(l)), with
clearly dened deposition of the silver current collector and
SUM electrode material. The current collector shows a consis-
tent thickness of ∼578.8 mm (∼0.57 mm) (Fig. 2(k)), ensuring
reliable electrochemical and sensing performance. This IDE
design reduces ion diffusion paths, enhances electric eld
strength, and improves device response, with FESEM conrm-
ing the accurate achievement of the intended electrode geom-
etry. The FESEM analysis highlights structural features critical
for device performance. In microsupercapacitors, the SnTe/
MWCNT nanocomposite provides a high surface area, excel-
lent conductivity, efficient charge transfer, and mechanical
stability, preventing material detachment during cycling. For
humidity sensors, the screen-printed porous sensing layer
enables effective moisture adsorption, while the MWCNT
network ensures rapid signal transmission and stable electrical
response and recovery.
3.4. Transmission electron microscopy (HRTEM) analysis

HRTEM analysis was conducted to investigate the structural
characteristics and morphological features of the SUM nano-
composites in more detail (Fig. 3(a)–(f)). The micrograph
revealed distinct structural components, including SnTe nano-
particles and carbon nanotube elements within the composite
system. The micrograph demonstrates the presence of SnTe
nanoparticles displaying characteristic particle morphology
wing (a) and (b) low-magnification TEM images of SnTe nanoparticles
lattice fringes of crystalline SnTe and graphitic carbon walls, and (e)
ED pattern with indexed (002), (200), and (220) reflections.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Elemental mapping and EDX analysis of (a–e) SnTe nanoparticles: (a) EDX spectrum, (b) FESEM image, (c) overlay map, and (d and e) Sn
and Te maps; (f–j) MWCNTs: (f) EDX spectrum, (g) FESEM image, (h) overlay map, and (i and j) C and O maps; and (k–q) SnTe-MWCNT nano-
composite: (k) EDX spectrum, (l) FESEM image, (m) overlay map, and (n–q) Sn, Te, C, and O maps.
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with well-dened crystalline boundaries (Fig. 3(a)). The nano-
tube structures shown in Fig. 3(b) reveal tubular morphologies
consistent with multi-walled carbon nanotube characteristics.
This journal is © The Royal Society of Chemistry 2026
The higher magnication image (Fig. 3(c)) further reveals that
the SnTe nanoparticles are intimately attached to the carbon
nanotube surface, indicating strong interfacial contact between
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16085
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the two components. This close interaction is essential for
efficient charge transfer across the heterointerface. Fig. 3(d)
displays contrast variations between regions, as indicated by the
parallel dashed lines marking the crystalline nanoparticle
domains and the graphitic nanotube walls. In Fig. 3(e), well-
dened lattice fringes are observed with an interplanar
spacing corresponding to the (200) plane of SnTe, while a lattice
spacing of ∼0.35 nm corresponds to the (002) plane of
MWCNTs, characteristic of graphitic carbon. Furthermore, the
selected area electron diffraction (SAED) pattern, as shown in
Fig. 3(f), shows well-dened reections corresponding to both
SnTe and MWCNT phases in nanocomposites. The reections
at d-spacings of 0.32 nm and 0.22 nm correspond to the (200)
and (220) crystallographic planes of SnTe, respectively, con-
rming the face-centred cubic structure. The reection at
0.35 nm corresponds to the (002) graphitic interlayer spacing of
MWCNTs, conrming the successful incorporation of carbon
nanotubes in the nanocomposite system. This value aligns
perfectly with the typical interlayer distance of 0.34–0.36 nm
reported for multi-walled carbon nanotubes,58 conrming the
preservation of the graphitic structure during the composite
synthesis process. The nanocomposite architecture demon-
strates intimate contact between SnTe nanoparticles and
carbon nanotube components, with the nanotube conguration
potentially enhancing interfacial contact and charge transfer
mechanisms. The hierarchical structure progression from the
microscale to the atomic scale reveals a well-organized
composite system with clean, well-dened interfaces and
minimal amorphous regions. The nanocomposite exhibits
strong interfacial interactions, mechanical stability, and high
crystalline quality, promoting efficient charge transfer and
favourable electronic transport. The well-structured SnTe
nanoparticles integrated with MWCNTs create a synergistic
effect, making the material suitable for advanced micro-
supercapacitor and energy conversion applications.
3.5. Energy dispersive X-ray spectroscopy (EDX) analysis

EDX analysis was conducted to investigate the elemental
composition and spatial distribution of elements within the
pristine as well as SnTe-MWCNT nanocomposite system. The
comprehensive elemental mapping provides crucial insights
into the chemical composition, phase distribution, and homo-
geneity of the synthesized nanocomposite materials. The
elemental mapping results demonstrate excellent spatial reso-
lution and clearly distinguish the distribution of constituent
elements throughout the nanocomposite structure. Fig. 4(a)–(e)
present the EDS spectrum and corresponding elemental maps
of pristine SnTe nanoparticles. The EDS analysis conrms the
presence of the core elements Sn (37.2 wt%) and Te (35.7%),
which are present in an approximately 1 : 1 ratio consistent with
the stoichiometric composition of SnTe. A small amount of
surface oxygen (5.8 wt%) is also detected, which may arise from
the surface oxidation. The detected Au and Pd signals originate
from the sputter coating during sample preparation, while the
carbon signal is attributed to the conductive carbon tape used
for mounting beneath the sample. The elemental maps further
16086 | J. Mater. Chem. A, 2026, 14, 16077–16103
illustrate the spatial distribution of Sn and Te.The Sn elemental
map (green) exhibits a relatively uniform distribution with
localized clustering, corresponding to the SnTe nanoparticle
regions. Similarly, the Te map (magenta) closely overlaps with
the Sn distribution, conrming homogeneous elemental
distribution and supporting the formation of SnTe phase.
Moreover, Fig. 4(f)–(j) show the EDS spectrum and elemental
maps for the pristine MWCNTs. The spectrum is dominated by
the strong carbon peak (77.9 wt%), conrming the graphitic
nature of nanotubes, with a minor oxygen signal attributed to
surface functionalities. The carbon maps reveal a uniform
distribution across the entangled network, while the oxygen
maps show a weak and dispersed presence, indicating limited
surface oxidation. Furthermore, Fig. 4(k)–(q) show the EDS
analysis for the SnTe/MWCNT nanocomposite. The spectrum
conrms the presence of Sn and Te along with carbon, with an
estimated MWCNT content of ∼8.2 wt%, which is close to the
nominal 10 wt% composition of the SUM-10 nanocomposite,
thereby verifying the successful integration of SnTe within the
MWCNT framework. The elemental maps show a homogeneous
distribution of Sn and Te overlapping with the carbon network,
indicating the uniform distribution of SnTe nanoparticles
across the conductive nanotube matrix of MWCNTs. The
correlation between elemental maps and STEM morphology
conrms the successful synthesis of a well-integrated
nanocomposite.

4. Rheological analysis
4.1. Viscosity analysis

The synthesized nanocomposite was used for the formulation of
the functional conductive ink by utilizing the pigment (opti-
mized nanocomposite (SUM-10)), eco-friendly binder, and non-
ionic surfactant to formulate a screen printable functional ink
for the printing of the exible microsupercapacitor and
humidity sensor using screen printing technology.6,59,60 The
formulated ink was further evaluated using rheological analysis
(viscosity, shear rate, and thixotropic behaviour). The viscosity
was analysed at varied temperatures from room temperature
(25 °C to 35 °C and 45 °C), respectively, as shown in Fig. 5(a).61–67

The formulated ink shows excellent printability, stability, and
thixotropic behaviour. The calculated viscosity for the formu-
lated ink is h = 6229.3 at 25 °C. The presence of the MWCNTs
within the SUMs provides structural stability and enhanced
adhesion over the exible substrate. The “h” of the functional
shows a decreasing trend as the temperature is increased from
room temperature to 45 °C. Shear rate analysis was carried out
for the formulated ink, as shown in Fig. 5(b), which provides
comprehensive insights into the ow behaviour of the formu-
lated conductive ink under various shear conditions. Rheolog-
ical studies over shear rate range of 0–700 s−1 show that the ink
exhibits pronounced shear-thinning behaviour across 25–45 °C.
Maximum shear stress decreases with temperature, from 8000
mPa s at 25 °C to 6000 mPa s at 35 °C and 3500 mPa s at 45 °C,
demonstrating temperature-dependent viscosity reduction that
eases processing at higher temperatures. Shear rate dependency
analysis reveals that the formulated ink maintains excellent
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a–e) Show the rheological and stability profile of the formulated conductive ink. The ink exhibits shear-thinning behaviour (a) and
pseudoplastic flow (b), while the thixotropy test (c) demonstrates structural recovery. Stable viscosity over time (d) confirms storage stability.
Contact angle (e–h) and pendant drop analysis (i and j) indicate enhanced wettability and a surface tension of 51.1 mN m−1, while (k) confirms
uniform flow and homogeneity.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 2

:4
5:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ow consistency throughout the entire shear rate spectrum,
with no evidence of shear thickening or ow instabilities that
could compromise printing quality. The typical shear rates
range from 10 to 100 s−1 during ink transfer through screen
mesh openings. The absence of yield stress behaviour at low
shear rates suggests that the ink can initiate ow readily under
minimal applied forces, which is advantageous for achieving
uniform ink distribution across the screen surface and pre-
venting clogging and incomplete transfer of the IDE pattern.
The shear-thinning mechanism is primarily governed by the
structural arrangement of SUMs and polymer chains within the
ink matrix rather than temperature-induced molecular
changes. This consistent shear-thinning prole ensures that the
ink maintains optimal ow properties for screen printing
applications, where it must ow smoothly under the applied
squeegee pressure while rapidly recovering its structure to
This journal is © The Royal Society of Chemistry 2026
prevent post-printing deformation and maintain sharp edge
denition in the printed patterns.62,63 The three-interval thixo-
tropic test (3ITT) behaviour was also analysed to understand the
time-dependent viscosity over a time span of 120 s, which was
categorized into three main subcategories: homogenization,
interval during the stroking of the squeegee during printing,
and aer printing.68 The recovery ratio, calculated using eqn (2)
by comparing the initial viscosity (hi) with the nal viscosity (hf),
was found to be 84.4%.

Recovery ratio ¼ viscosity over time ðtÞ hf

initial viscosity hi

� 100 (2)

The formulated conductive ink exhibits excellent rheological
stability and visual homogeneity as illustrated in Fig. 5(d)–(e).
Viscosity monitoring over 49 days at 25 °C (Fig. 5(d)) shows
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16087
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minimal variation, remaining consistently around 6200 mPa s.
The results conrm the ink's long-term stability, essential for
printed electronics, with contact angle measurements over time
indicating consistent wettability and spreading, further vali-
dating the formulation's reliability during storage. Fig. 5(k)
visually highlights the macroscopic behaviour of the ink during
handling. The image captures the ink being poured, exhibiting
a smooth, cohesive ow without fragmentation or phase sepa-
ration. The uniform thread-like elongation reects well-
balanced viscoelastic properties, ensuring consistent ink
transfer and precise patterning during device fabrication. The
absence of agglomerates or sedimentation conrms dispersion
homogeneity, indicating that the ink remains stable and ready
for use in device assembly even aer extended storage. Overall,
these results demonstrate that the formulated ink preserves
both structural integrity and functional printability, supporting
reliable device performance over time.
4.2. Contact angle (°) and surface tension analysis (g) of
formulated ink

The contact angle and surface tension analysis were further
conducted to evaluate the wettability and adhesion behaviour of
the formulated functional ink on the exible substrate. This
analysis is crucial for determining the ink's compatibility with
screen-printing processes and its ability to uniformly coat the
substrate. The dynamic contact angle measurements were
recorded over 116 frames at a frame rate of 30 frames per
second (FPS), as illustrated in Fig. 5(e)–(h). The initial contact
angle was observed at 49.81°, which progressively decreased to
44.37° by the 116th frame, indicating enhanced spreading of
the ink droplet over time. This reduction in contact angle
signies improved wettability and strong interfacial adhesion of
the ink to the substrate surface, which is essential for achieving
defect-free, uniform printed lms. The low contact angle (q z
5.4°) indicates optimized surface energy and good substrate
compatibility, ensuring uniform lm formation, consistent
deposition, and strong adhesion, key to exible device fabrica-
tion. Furthermore, the surface tension (g) of the formulated ink
was determined using the pendant drop method, as shown in
Fig. 5i and j. By tting the droplet prole to the Young–Laplace
equation, the surface tension was calculated to be g = 51.1 mN
m−1, a value within the ideal range for screen-printable inks
(typically 30–60 mNm−1). This moderately high surface tension
ensures sufficient cohesion within the ink, while still allowing
for effective wetting and spreading over the substrate. The
droplet prole (Fig. 5(i)) and its analysis (Fig. 5(j)) conrm the
ink's suitability for high-resolution, defect-free screen printing,
validating its excellent interfacial properties for exible printed
electronics, including microsupercapacitors and sensors.
5. Electrochemical analysis
5.1. Electrochemical impedance (EIS) analysis

Electrochemical impedance spectroscopy (EIS) was employed to
investigate the interfacial charge transport resistance and ionic
conductivity of the fabricated electrodes, including the pristine
16088 | J. Mater. Chem. A, 2026, 14, 16077–16103
samples (p-SnTe and p-MWCNT), their nanocomposites (SUM-
3, SUM-5, SUM-10, and SUM-15), the exible symmetric
microsupercapacitor [FSM (SUM-10)], and the exible asym-
metric microsupercapacitor [FAM (SUM-10//Ac)], as illustrated
in Fig. 6(a)–(d). In Fig. 6(a), the Nyquist plots for pristine SnTe
and MWCNTs exhibit classic semicircles in the high-frequency
region, followed by linear tails at low frequencies. The charge
transfer resistance (Rct), represented by the diameter of the
semicircle, is markedly lower for MWCNTs than for SnTe,
indicating improved electrical conductivity due to the conduc-
tive carbon network. Fig. 6(b) presents the Nyquist proles of
nanocomposites SUM-x (x = 3, 5, 10, and 15), which show
a systematic decrease in Rct up to SUM-10, followed by an
increase in SUM-15. This trend reects an optimal percolation
threshold at SUM-10, beyond which excessive additive content
leads to nanocluster agglomeration, increasing the resistance.
The equivalent circuit tting follows the R(Q(R(Q(RW)))) model,
where Rs is the solution resistance, CPE is the constant phase
element, and W is the Warburg impedance associated with ion
diffusion. Notably, the screen-printed exible device FSM(SUM-
10) (Fig. 6(c)) displays a substantially lower Rct than its drop-cast
counterpart, conrming improved interfacial contact and
homogeneous ink deposition. Furthermore, Fig. 6(d) shows that
the hybrid architecture FAM(SUM-10//AC), containing activated
carbon (AC), achieves the lowest Rct, which is attributable to the
high surface area and porous structure of AC, promoting elec-
trolyte inltration and rapid charge transfer.

5.2. Cyclic voltammetry (CV) analysis

The electrochemical behaviour and redox kinetics of the fabri-
cated electrodes were further analysed using CV, as presented in
Fig. 6(e)–(l). The comparative CV voltammogram curves of
pristine SnTe and MWCNTs at 5 mV s−1 (Fig. 6(e)) show well-
dened redox peaks at 0.37 V (cathodic) and 0.55 V (anodic),
characteristic of faradaic charge storage, with a larger inte-
grated area for MWCNTs, indicating higher areal capacitance.
The areal capacitance (Cs) was calculated using the relationship
(3):

CA ¼

ð
Idv

vSDV
(3)

where “n” is the scan rate in (V s−1). CV voltammograms of
nanocomposites at varying scan rates from 5–100 mV s−1 are
shown in Fig. 6(f)–(i). SUM-10 (Fig. 6(h)) shows the most
symmetric redox peaks and stable area across scan rates, while
SUM-15 (Fig. 6(i)) displays distorted shapes and reduced peak
currents, signifying limited ion diffusion and charge storage
due to increased internal resistance. A direct comparison at
5 mV s−1 (Fig. 6(j)) conrms that SUM-10 yields the highest
current response and enclosed area, validating its superior
electrochemical performance. The CV proles of the printed
devices FSM(SUM-10) (Fig. 6(k)) and FAM(SUM-10//AC)
(Fig. 6(l)) show nearly rectangular curves with minor redox
features, typical of electric double-layer capacitors (EDLCs). The
FAM(SUM-10//AC) architecture delivers the highest current
density and area, beneting from the combination of faradaic
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a)–(d) Nyquist plots for p-SnTe, p-MWCNT, the nanocomposite, FSM(SUM-10), and FAM(SUM-10/AC). (e) CV comparison of p-SnTe and
p-MWCNT. (f)–(j) CV curves of SUM-3 to SUM-15 at various scan rates exhibiting pseudocapacitive behaviour. (k) and (l) CV profiles of FSM and
FAM devices showing ideal capacitive response. (m)–(o) GCD curves of FSM and FAM devices at different current densities, highlighting voltage
retention and discharge performance.

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A, 2026, 14, 16077–16103 | 16089
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and EDLC mechanisms enabled by the synergistic hybrid. The
areal capacitance values calculated from CV curves at a scan rate
of 5 mV s−1 are 416.2, 935.7, 1109.1, and 956.5 mF cm−2 for the
SUM-3, SUM-5, SUM-10, and SUM-15 nanocomposites, respec-
tively. Among these, the SUM-10 electrode demonstrates the
highest areal capacitance (1109.1 mF cm−2, which can be
attributed to the optimized incorporation of MWCNTs that
provide a conductive framework, facilitate rapid electron
transport, and prevent excessive aggregation of SnTe nano-
particles. Notably, the performance decreases slightly at higher
loading (SUM-15), suggesting that excess active material
induces agglomeration and reduces effective electrochemical
surface area. Furthermore, the fabricated symmetric and
asymmetric microsupercapacitor (MSC) devices exhibit areal
capacitances of 91.5 and 468.6 mF cm−2 at 5 mV s−1, respec-
tively, highlighting the superior charge storage capability of the
asymmetric conguration. The higher capacitance in the
asymmetric device arises from the synergistic contribution of
the faradaic and non-faradaic processes, enabling a broader
potential window and improved energy storage efficiency
compared to the symmetric conguration. These results
conrm the potential of SUM-based nanocomposites as prom-
ising electrode materials for high-performance exible
microsupercapacitors.

5.3. Galvanostatic charge–discharge (GCD) analysis

To evaluate the rate performance and energy storage capabil-
ities, GCD measurements were carried out, as shown in
Fig. 6(m)–(o). The GCD curves of FSM(SUM-10) at different
current densities (0.1, 0.5, and 1 mA cm−2) in Fig. 6(m) exhibit
linear and nearly symmetric charge/discharge characteristics
with minimal IR drop, maintaining a working voltage of up to
0.8 V. The areal capacitance (Cg) was estimated using eqn (4).

Cg ¼ IDt

SDV
(4)

where “DV” is the voltage window. In contrast, the FAM(SUM-
10//AC) conguration, as shown in Fig. 6(n), sustains a higher
operating voltage of 1 V, with extended discharge times at all
current densities, emphasizing the improved energy storage
due to the hierarchical porous structure of AC. The areal
capacitance (Cg) of FAM (SUM-10) is calculated to be 290.2 and
157.6 mF cm−2 at current densities of 0.1 and 1 mA cm−2,
respectively. Furthermore, eqn (7) was employed to analyse the
coulombic efficiency (h), as depicted in Fig. 6(k). In the case of
the FAM(SUM-10), the calculated coulombic efficiency (h) is
98.7%. This high efficiency indicates that the device retains
a substantial amount of charge throughout its operation,
demonstrating its effectiveness in maintaining energy storage
performance over time. The efficiency highlights the device's
outstanding charge–discharge stability and minimal energy
losses, essential for reliable and durable energy storage
applications.

EA ¼ Cs � ðDVÞ2
7200

(5)
16090 | J. Mater. Chem. A, 2026, 14, 16077–16103
PA ¼ 3600� EA

Dt
(6)

h ¼ tD

tC
� 100% (7)

Finally, the comparative GCD in Fig. 6(o) shows that
FAM(SUM-10//AC) retains superior discharge proles compared
to FSM(SUM-10) under the same current load (0.1 mA cm−2),
conrming its enhanced rate capability and long-term electro-
chemical stability. These results collectively validate the
performance superiority of FAM(SUM-10//AC), which benets
from the synergistic integration of conductive networks, porous
carbon architecture, and mechanically robust screen-printed
design. The energy density (EA) and power density (EA) were
determined using the standard eqn (5) and (6), respectively. The
fabricated device delivered an impressive energy density of
29.05 mW h cm−2, along with a corresponding power density of
418.32 mW cm−2, which surpasses many previously reported
results for similar electrode materials as mentioned in Table S1,
highlighting the superior charge storage capability and rapid
energy delivery of the SUM-based device. The combination of
high energy density with considerable power density demon-
strates its potential for integration in next-generation exible
and miniaturized energy storage systems.

Furthermore, to demonstrate the practical applicability of
the fabricated microsupercapacitor devices, three FAM(SUM-
10//AC)-based units were connected in parallel and series
congurations, respectively, as shown in Fig. 7(a)–(f). The
parallel connection was employed to enhance the overall
current handling capability while maintaining the same oper-
ational voltage window. In contrast, the series conguration
aimed to increase the output voltage, which is essential for
powering small-scale electronics. This behaviour conrms the
capability of the printed MSCs to operate in real-world appli-
cations. The devices also showed robust cycle stability and
mechanical exibility, maintaining their performance under
repeated bending and deformation. Such characteristics high-
light the potential of FAM(SUM-10//AC)-based micro-
supercapacitors as integrated, miniaturized energy storage
units for next-generation wearable and portable electronic
systems. In Fig. 7(a), the Nyquist plot reveals that the parallel
conguration exhibits signicantly lower charge transfer resis-
tance (Rct) compared to the series conguration, indicating
superior ion transport and lower internal resistance.69 Fig. 7(b)
and (d) display cyclic voltammetry (CV) curves of the devices at
various scan rates ranging from 5 to 100 mV s−1. The FAM in
parallel conguration shows nearly rectangular CV proles
(Fig. 7b), reecting ideal capacitive behaviour, while the series
conguration (Fig. 7d) demonstrates broadened CV areas due to
extended voltage windows (up to 3.0 V), which is benecial for
enhanced energy storage.60 The galvanostatic charge–discharge
(GCD) curves shown in Fig. 7(c) and (e) further support these
observations, where the FAM in series conguration exhibits
prolonged discharge times, indicating higher energy storage
capacity. Fig. 7(f) compares the CV curves of symmetric (FSM),
This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a)–(l) Electrochemical evaluation of FAM(SUM-10) in parallel and series configurations: (a) Nyquist plots reveal lower internal resistance in
the parallel configuration compared to the series, (b and d) CV curves at varying scan rates (5–100 mV s−1) for parallel and series setups show
stable capacitive behaviour, with an extended voltage window up to 3.0 V in series, (c and e) GCD curves at 0.1 mA cm−2 confirm near-linear and
symmetric charge/discharge profiles, (f) CV comparison of single, parallel, and series devices at 5 mV s−1 highlighting voltage scalability, (g) areal
capacitance of electrode, (h) FAM configuration outperforms FSM with a maximum capacitance of 468.6 mF cm−2, (i) and (j) schematics
illustrating electrode interconnection in parallel and series modes, (k) cycling performance confirms excellent stability with >95.3% retention and
high coulombic efficiency over 10 000 cycles, and (l) comparative Ragone for various previously reported microsupercapacitor.
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parallel, and series-congured FAM devices at 100 mV s−1,
clearly showing that the series conguration offers the highest
voltage window and energy output. Areal capacitance compari-
sons in Fig. 7(g) and (h) highlight that the SUM-10-based FAM
device achieves a remarkable areal capacitance of 468.6 mF
This journal is © The Royal Society of Chemistry 2026
cm−2 at 5 mV s−1, outperforming other compositions (SUM-3,
SUM-5, and SUM-15) and the FSM device, which only reached
91.5 mF cm−2. Fig. 7(i) and (j) illustrate the structural congu-
rations of the interdigitated electrodes used in the study,
showing clear differentiation between the device architectures.
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16091

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta10103d


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 2

:4
5:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Finally, Fig. 7(k) demonstrates excellent long-term cycling
stability, where the FAM(SUM-10) device retains over 90.7% of
its initial capacitance aer 10 000 cycles, along with a high
coulombic efficiency of approximately 95.3%. Fig. 7(l) shows the
comparative analysis of energy and power densities of the
present fabricated device with those of previously reported
microsupercapacitors, highlighting its comparative electro-
chemical analysis. Overall, the results conrm the outstanding
electrochemical performance, rate capability, and durability of
the FAM(SUM-10),25,28 especially in the series conguration,
making it a promising candidate for exible energy storage
applications.

5.4. Flexibility and electrochemical stability under
mechanical bending

Fig. S3(a)–(f) illustrate the sequential bending of the FAM(SUM-
10) device at various angles (180°, 70°, 30°, 10°, 40°, and back to
180°), demonstrating its mechanical exibility and durability
under repetitive deformation. The electrochemical stability of
the device under bending conditions was assessed through
cyclic voltammetry (CV) at scan rates of 40 mV s−1 and 100 mV
s−1, as shown in Fig. S3(g). Prior to bending, the CV curves at
both scan rates exhibited a near-rectangular shape, indicative of
hybrid behaviour of pseudocapacitive (SnTe/MWCNT) and
double layer (AC) behaviour and efficient charge storage. Aer
bending, a slight decrease in current response was observed at
both scan rates, which can be attributed to minor strain-
induced effects such as microstructural deformation or partial
delamination at the electrode/substrate interface. Nevertheless,
the CV curves retained their overall shape and symmetry, sug-
gesting that the device maintained excellent electrochemical
performance and mechanical integrity even aer bending
stress. This conrms the robust exibility of the printed
FAM(SUM-10) microsupercapacitor and its suitability for
application in deformable and wearable energy storage devices.

5.5. Inuence of electrode material deposition on device
performance

To evaluate the effect of electrode thickness on device perfor-
mance, the number of overprints (Ops) was varied during the
screen-printing process on PET substrates (Fig. S4(a)–(e)).70

Fig. S4(a)–(d) depict the effect of the overprinting of the elec-
trode material with increasing Ops. Fig. S4(a) shows the current
collector with 3 Ops (10 ± 2 mm thickness), and Fig. S4(b)–(d)
show the interdigitated electrode patterns printed with 5, 7, and
9 Ops, resulting in electrode thicknesses of 39.2 mm, 49.2 mm,
and 60.4 mm, respectively.71 Each additional overprint (∼5.6 ± 2
mm) increases electrode thickness and active material loading.
Five Ops were identied as optimal, signicantly enhancing
areal capacitance through the synergistic contribution of
pseudocapacitive and double-layer charge storage, facilitated by
SnTe nanoparticles within the MWCNT framework and the in
situ grown structure. Beyond this, excessive overprinting (e.g., 9
Ops) causes pattern distortion such as merging and smudging,
which can be mitigated by increasing electrode spacing.72

Fig. S4(e) shows the CV curves of FAM(SUM-10)
16092 | J. Mater. Chem. A, 2026, 14, 16077–16103
microsupercapacitors at 0–1 V and 60 mV s−1, conrming
enhanced hybrid capacitive behaviour with increasing Ops,
peaking at 5–7 Ops. The corresponding areal capacitances are
93.4, 49.5, and 38.08 mF cm−2 for 5, 7, and 9 Ops, respectively,
calculated using eqn (3). Notably, at 5 Ops, the electrode
exhibits optimal performance, with an areal capacitance of 93.4
mF cm−2. A further increase to 7 Ops results in a reduced areal
capacitance of 49.5 mF cm−2, while 9 Ops shows a further drop
to 38.08 mF cm−2. The decline beyond 5 Ops is mainly due to
pattern distortion and smudging, which compromise the elec-
trode resolution and effective surface area, thereby limiting
electrochemical performance. The resultant analysis deter-
mines that 5 Ops represent the optimal printing condition for
balancing lm thickness, uniformity, and structural delity.

6. Charge storage mechanism for the
electrode materials

Fig. 8(a) shows the schematic representation of the charge
storage mechanism in the asymmetric supercapacitor based on
the SnTe/MWCNTs nanocomposite electrode and activated
carbon counter electrode in KOH electrolyte. The working
electrode comprises a SnTe/MWCNT nanocomposite printed
over a silver current collector, where the synergistic effect of
SnTe and MWCNTs enhances electrical conductivity and
provides abundant electroactive sites for redox reactions. The
counter electrode, composed of activated carbon, contributes
primarily through double-layer capacitance. During charging
and discharging, K+ and OH− ions from the KOH electrolyte
migrate between electrodes, where K+ ions are adsorbed/
desorbed at the activated carbon surface, and OH− ions
actively participate in faradaic redox reactions at the SnTe/
MWCNT nanocomposite interface.73,74 The charge storage
mechanism of the SnTe/MWCNT electrode was systematically
investigated through cyclic voltammetry (CV) at various scan
rates to distinguish between capacitive and diffusion-controlled
contributions. The relationship between the peak current (i)
and scan rate (v) was analysed using Dunn's power law56,75 (eqn
(8)):

i = avb (8)

where “i” represents the peak current, “v” is the scan rate, and
“a” and “b” are adjustable parameters. The value of b provides
insight into the nature of the charge storage mechanism, where
“b= 0.5” corresponds to a diffusion-controlled process, while “b
= 1.0” indicates surface-capacitive behaviour. For the SnTe/
MWCNT electrode, the b value was calculated to be “0.81”,
suggesting that the electrochemical response is governed
primarily by surface-controlled pseudocapacitive behavior with
additional contributions from diffusion-controlled charge
storage (Fig. 8(b)). The anodic and cathodic peak currents were
further examined, yielding excellent linear ts with correlation
coefficients (R2) of “0.96” and “0.97”, respectively (Fig. 8(c)).
This high degree of correlation conrms the accuracy and reli-
ability of the Dunn analysis in describing the charge storage
kinetics of the SnTe/MWCNT electrode. To quantitatively
This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Electrochemical analysis of the SnTe/MWCNT electrode to elucidate the charge storage mechanism: (a) schematic illustration of ion
transport and charge storage behaviour in KOH electrolyte, (b) determination of the b-value from the log(i) vs. log(v) relationship, (c) anodic and
cathodic peak current dependence on the scan rate with linear fits, (d) quantitative contributions of capacitive- and diffusion-controlled
processes at different scan rates, and (e) separation of current response into capacitive and diffusion-controlled components at 5 mV s−1.
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differentiate between the two processes, the total current
response was deconvoluted according to eqn (9) and (10):

surface capacitive processes contribution

¼ k1V

k1V þ k2V
1
2

� 100 (9)

diffusion-controlled contribution ¼ k2V

k1V þ k2V
1
2

� 100 (10)

The results, shown in Fig. 8(d)–(e), indicate that the capaci-
tive contribution dominates across the entire scan rate range
(5–100 mV s−1), while the diffusion-controlled contribution
varied between 87.6% and 97.8%. This demonstrates that the
SnTe/MWCNT nanocomposite exhibits predominantly capaci-
tive charge storage behaviour, which is favourable for achieving
fast charge–discharge kinetics and high-rate capability. The
underlying electrochemical mechanism can be attributed to the
synergistic effect between SnTe and MWCNTs. The MWCNT
network provides rapid electron transport pathways and a large
electroactive surface area, while SnTe undergoes reversible
faradaic redox reactions with OH−/K+ ions from the KOH elec-
trolyte. During the charging process, SnTe participates in
surface-controlled redox reactions, while MWCNTs facilitate the
formation of an electrical double layer. Conversely, during
discharge, electrons are released through the oxidation of SnTe,
and ions are desorbed from the MWCNT surface, completing
the electrochemical cycle. Overall, the mixed charge storage
mechanism, dominated by pseudocapacitive processes, endows
the SnTe/MWCNT electrode with superior electrochemical
performance. This makes it highly promising for next genera-
tion microsupercapacitors requiring both high power density
and excellent cycling stability. Furthermore, the comparison of
the electrochemical properties of different MSC electrode
materials is mentioned in Table S3. The optimized active site
density in SUM-10 provides a balanced concentration of
electroactive sites, ensuring efficient redox activity without
excessive agglomeration, which typically hampers electron and
ion transport in higher loadings. The compositional ratio in
SUM-10 also facilitates strong interfacial coupling, as observed
in high-resolution HRTEMmicrographs, between the transition
selenide domains and the conductive MWCNT network. This
synergistic interaction signicantly reduces charge transfer
resistance (Rct) and enhances ion diffusion, thereby improving
both charge storage and transport. Furthermore, SUM-10 avoids
the structural collapse or resistance buildup observed in higher
compositions (e.g., SUM-15), preserving long-term electro-
chemical stability, as evidenced by a capacitance retention of
96.8%, and maintaining the integrity of the conductive path-
ways, reected in a high coulombic efficiency of 98.7%. More-
over, the enhanced electrochemical performance of the SnTe/
MWCNT nanocomposites originates from interfacial band
alignment and charge redistribution at the heterojunction. As
shown in Scheme 3, the energy band diagram indicates that
MWCNTs possess a relatively higher work function of f= 5.9 eV
compared to SnTe f = 4.5–5.5 eV.76,77 When these two p-type
16094 | J. Mater. Chem. A, 2026, 14, 16077–16103
materials come into contact, electron transfer from SnTe
(lower work function) to MWCNTs (higher work function)
occurs until Fermi level equilibration is achieved. This charge
transfer results in downward band bending in SnTe near the
interface, where the upward band adjustment in MWCNTs
leads to an internal built-in potential at the heterointerface.
Although both materials are p-type (p–p heterojunction), the
work function difference drives interfacial charge redistribu-
tion, creating a hole-rich accumulation region in SnTe near the
junction.78–80 The resulting built-in electric eld promotes
directional charge transport across the interface and reduces
the carrier scattering. The interfacial coupling provides
multiple advantages over the reduced charge transfer, acceler-
ated electron transport through conductive MWCNT pathways,
and improved interfacial conductivity due to the Fermi level
alignment, which leads to ion–electron coupling at the
electrode/electrolyte interface. Additionally, the narrow band
gap of SnTe (0.18 eV), combined with the high conductivity and
quasi-metallic nature of MWCNTs, facilitates rapid redox
kinetics. The MWCNT network acts as an efficient electron
highway, while SnTe contributes pseudocapacitive redox sites.
The band bending at the interface lowers the interfacial energy
barrier, enabling faster charge transfer during charge/discharge
cycling. Therefore, the SnTe/MWCNT heterointerface is not
merely a physical mixture but forms an electronically coupled
system, where interface band alignment signicantly enhances
carrier mobility, suppresses recombination losses, and
improves the electrochemical kinetics. This synergistic inter-
action explains the improved electrochemical performance.

7. Humidity sensor characterization

Flexible microhumidity sensors based on SnTe unwrapped
multi-walled carbon nanotube (SUM) nanocomposites have
shown great promise due to their fast and sensitive response to
changes in ambient humidity.33,81 The presence of oxygen-rich
functional groups in functionalized (–COOH) MWCNTs,82

along with the high aspect ratio and conductive network of SnTe
nanoparticles and the conductive tubular structure of
MWCNTs, facilitates efficient adsorption and desorption of
water molecules. These hydrophilic characteristics enhance
surface interaction with moisture, making the composite highly
suitable for humidity sensing. To evaluate the sensor's perfor-
mance, the devices were exposed to controlled relative humidity
(RH) environments ranging from 11% to 97% RH at a constant
temperature of 25 °C. The humidity levels were regulated using
saturated aqueous solutions of specic salts inside a sealed
chamber, as detailed in Scheme S4 and Table S4. The sensor's
resistance was recorded using a calibrated digital multimeter
(Fluke-179), and the sensitivity was calculated using eqn (11). To
investigate the humidity sensing performance, a exible mini-
aturized humidity sensor was fabricated using a screen-printing
technique on a polyethylene terephthalate (PET) substrate as
shown in Scheme S4. The sensor featured an overprinted
interdigitated electrode structure with a dened single sensing
layer. To evaluate the sensor's response to different humidity
concentrations, a series of saturated salt solutions were used to
This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Energy band diagrams of (1) MWCNTs and SnTe before contact and (2) band alignment of the SnTe/MWCNT heterojunction after
Fermi level equilibration. The work function difference induces interfacial charge transfer and band bending.
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create controlled relative humidity (%RH) environments
ranging from 11% to 97% inside sealed Teon chambers. These
saturated solutions included salts such as LiCl, MgCl2,
Mg(NO3)2, NaCl, KCl, KNO3, and others, each providing a stable
(%RH) level at room temperature. Additionally, the results were
also cross-checked using a commercially available humidity
probe sensor (Electronic Spices®). The sensor was suspended
above the solution (approx. 1.5–2 cm) inside each chamber to
ensure exposure to water vapor without direct contact with the
liquid phase. The sensor's electrical response was monitored
using a precision sourcemeter (multimeter (Fluke®)) connected
to a data acquisition system, allowing real-timemeasurement of
resistance variations. The active sensing area (approximately
3.8 mm × 4.3 mm) and electrode spacing (0.5 mm) were opti-
mized for high sensitivity and reproducibility. This setup
enabled systematic characterization of the sensor's perfor-
mance across a wide humidity range.

SR ¼ Ri � RRH

Ri

� 100 (11)

where “Ri” denotes the initial resistance at 11% RH, while “RRH”

represents the resistance at a specic %RH level. The minimum
and maximum responses were calculated using eqn (11) across
the “11% to 97% RH” range.

As shown in Fig. 9(a) and (b), a consistent increase in resis-
tance was observed with rising RH levels, indicating a typical p-
type semiconducting response driven by water molecule
adsorption. This resistance modulation is attributed to the
physisorption and subsequent chemisorption of water, leading
to the formation of H3O

+ ions through proton hopping, which
alters charge transport pathways in the sensing layer.82 The
enhanced sensitivity in single-layer sensors can be attributed to
their thinner active lms, which offer minimal diffusion
barriers and faster response kinetics. In contrast, triple-printed
sensors with thicker lms exhibit reduced sensitivity, primarily
due to restricted vapour diffusion and delayed interaction with
the embedded sensing sites. These ndings emphasize the
crucial inuence of lm thickness and nanoscale material
synergy in optimizing the humidity sensing performance of
SnTe-MWCNT nanocomposites. The humidity sensing perfor-
mance of the pristine materials, SnTe and MWCNTs, was rst
evaluated over the RH range of 11% to 97%. SnTe showed
a decrease in resistance from 10.87 kU to 3.67 kU, resulting in
This journal is © The Royal Society of Chemistry 2026
a change (DR) of 7.20 kU. In contrast, MWCNTs exhibited
a larger absolute change, from 31.45 kU to 20.65 kU, corre-
sponding to a DR of 10.80 kU. Although MWCNTs showed
a higher DR, SnTe demonstrated a greater relative change in
resistance, as evident in Fig. 9(a). To further enhance sensing
performance, nanocomposites (SUM-3 to SUM-15) incorpo-
rating different proportions of the pristine materials were
fabricated and tested. The SUM-3 sensor displayed a resistance
drop from 20.67 kU to 5.39 kU (DR = 15.28 kU). For SUM-5, the
resistance changed from 40.89 kU to 27.61 kU (DR = 13.28 kU),
while SUM-10 exhibited the highest response, with resistance
decreasing from 56.38 kU to 3.93 kU (DR = 52.45 kU). In
contrast, SUM-15 showed a relatively modest change from 64.67
kU to 57.63 kU (DR = 7.04 kU) as shown in Fig. 9(b). These
results conrm that SUM-10 offers the most signicant resis-
tance variation, indicating optimal synergy between SnTe and
MWCNTs, and thus superior sensitivity among the tested
nanocomposites. This superior response is attributed to the
optimized composition of SUM-10, where the balance between
the semiconducting properties of SnTe and the high surface
area and conductivity of MWCNTs provides an ideal network for
moisture adsorption and charge transport. The synergy between
the two components enhances the interaction with water
molecules, facilitating efficient electron transfer and signicant
resistance modulation. Furthermore, the hysteresis, “H” repre-
sents the maximum hysteresis, “S” denotes sensitivity, and
“DHmax” is the maximum absolute difference in resistance
during adsorption and desorption, measured at 97% RH, as
elucidated in eqn (12).

H ¼ DHmax

S
(12)

The hysteresis behaviour of the humidity sensor was
systematically evaluated by cycling the RH from 11% to 97%
(adsorption) and subsequently from 97% to 11% (desorption).
The hysteresis curve illustrates the discrepancy between the
resistance responses during adsorption and desorption at
identical RH levels, indicating the degree of variation in sensor
response to RH changes. This phenomenon is primarily
attributed to the delayed desorption of water molecules from
the active sensing sites, resulting in a looped curve. The extent
of hysteresis, quantied as the maximum absolute difference in
J. Mater. Chem. A, 2026, 14, 16077–16103 | 16095
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Fig. 9 (a) Resistance variation of pristine p-MWCNT and p-SnTe with increasing RH (11–97%); (b) comparative humidity sensing response of
nanocomposites (SUM-3 to SUM-15), highlighting the highestDR in SUM-10. Hysteresis curves of resistance response versus relative humidity for
(c) SUM-3, (d) SUM-5, (e) SUM-10, and (f) SUM-15, showing adsorption and desorption behaviour with corresponding DHmax values. (g) Dynamic
response–recovery behaviour of SUM-10 at varying relative humidity, indicating a response time of 7 s and a recovery time of 9 s.
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resistance values at a given RH (typically at 97%), reects the
sensor's reversibility and reliability for repeated use in dynamic
humidity conditions. Fig. 9(c)–(f) show the hysteresis curve for
the prepared nanocomposites (SUMs). The hysteresis behaviour
of fabricated sensors SUM-3(c), SUM-5(d), SUM-10(e), and SUM-
15(f) was analysed to evaluate their reversibility and stability.
The hysteresis values were determined by calculating the
maximum resistance difference DHmax between adsorption and
desorption at a xed RH level and normalizing it by the sensi-
tivity (S) across the RH range of 11–97%. Among these, SUM-10
exhibited the lowest hysteresis of 0.35%, followed by SUM-15 at
0.86%, while SUM-5 and SUM-3 recorded signicantly higher
hysteresis values of 3.78% and 5.07%, respectively. The superior
hysteresis performance of SUM-10 and SUM-15 highlights their
16096 | J. Mater. Chem. A, 2026, 14, 16077–16103
excellent reversibility, minimal signal dri, and efficient
desorption kinetics, which are essential for reliable long-term
sensing applications. These sensors likely benet from opti-
mized surface morphology, homogeneous nanocomposite
dispersion, and controlled porosity, which facilitate rapid and
reversible interactions with water molecules. In contrast, the
larger hysteresis observed in SUM-3 and SUM-5 suggests
incomplete desorption and possible moisture trapping within
the sensing layer, likely due to less favourable surface energetics
or aggregation effects. The low hysteresis exhibited by SUM-10
at 62% RH conrms their potential as promising candidates
for high-performance, stable, and reusable humidity sensors
suitable for integration into exible and wearable electronic
systems. Furthermore, the SUM-10 based nanocomposite
This journal is © The Royal Society of Chemistry 2026
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exhibits a distinct response and recovery behaviour at a specic
relative humidity of 85% RH. Over the course of time-resolved
analysis, the material demonstrates a rapid and stable change
in resistance, clearly highlighting its sensitivity to moisture
adsorption during the response (7 s) phase and efficient
desorption during the recovery (9 s) phase, as shown in Fig. 9(g).
This consistent performance under controlled humidity
conditions conrms the reliability and reproducibility of SUM-
10 as a potential candidate for high-performance humidity
sensing applications.
7.1. Humidity sensing mechanism

The humidity sensing mechanism is primarily governed by the
interaction between water vapour molecules and the surface of
the sensing material, as shown in Scheme 4. When the sensor
is exposed to varying levels of relative humidity (%RH), the
adsorption of water molecules causes measurable changes in
its electrical properties, particularly resistance or capaci-
tance.83 At low humidity levels, water molecules initially
undergo physisorption, forming a monolayer on the sensor
surface through weak van der Waals forces. This thin layer
does not signicantly contribute to proton conduction, and
hence, the resistance remains relatively high. As humidity
increases, multilayer adsorption takes place, and water mole-
cules start forming a continuous network.84 This allows for the
Grotthuss chain reaction mechanism,82 where protons (H+)
hop between adjacent water molecules. This enhances ionic
conductivity and decreases the resistance of the material. In
nanocomposite systems such as SnTe/MWCNT, the
Scheme 4 Schematic representation of the sensing mechanism in the
sensing layer, leading to changes in resistance. The integrated real-time 3
response curve.

This journal is © The Royal Society of Chemistry 2026
mechanism is further enhanced due to the high surface area
and porous structure provided by the carbon nanotubes. These
features allow for better water molecule trapping and faster
diffusion paths. The semiconducting nature of SnTe facilitates
charge transport, and the composite structure ensures
a synergistic effect, improving both the sensitivity and
response time of the sensor. Moreover, the presence of defect
sites, oxygen-containing functional groups, and interfaces
between different phases (such as SnTe and MWCNT)
contributes to polar interactions with water molecules, further
aiding adsorption and enhancing sensor performance. The
sensor exhibits a decrease in resistance with rising humidity,
which is reversible upon desorption, enabling real-time
humidity monitoring.85,86 The synergistic behaviour of SnTe
and MWCNTs in the humidity sensing application is primarily
governed by the Te–Sn bonds, which act as hydrophilic
adsorption centres for H2O molecules. The proton hopping
mechanism, as discussed earlier, facilitates rapid conductivity
modulation, which is essential for high-performance sensing.
In the optimized nanocomposite, the synergy between Sn and
Te ensures high sensitivity through strong interactions with
water molecules, while the MWCNTs provide a stable
conductive network, maintaining a wide dynamic range and
minimizing hysteresis during adsorption/desorption cycles.
This unied mechanism, where SnTe nodes function as the
active sensing sites and MWCNTs serve as conductive high-
ways, establishes a cooperative framework in which ion–elec-
tron coupling underlies both charge storage (electrochemical)
and signal modulation (humidity sensing).
fabricated humidity sensor, where water molecules interact with the
D enclosure setup for device testing is shown along with the transient

J. Mater. Chem. A, 2026, 14, 16077–16103 | 16097
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8. Real-time monitoring using the
fabricated environmental monitoring
assembly

For real-time monitoring, prototypes were fabricated to
demonstrate the integration of a humidity sensing device with
a microcontroller-based system for environmental applications.
The device housing was fabricated using fused deposition
modeling (FDM) 3D printing with a polylactic acid (PLA) la-
ment,87 and the complete design and printing details are
provided in SI Scheme S5(a)–(c). As shown in Fig. 10(a), the
setup features a commercial humidity sensor positioned within
a custom 3D-printed chamber housing fresh green leaves,
thereby simulating a natural humidity source generated by
crops. The commercial sensor was connected to a micro-
controller for real-time monitoring, with the measured
humidity displayed on a small screen. In parallel, the fabricated
SnTe/MWCNT-based humidity sensor, optimized for high
sensitivity, was mounted on the chamber lid at a xed distance
of 4 cm above the leaves. This sensor was connected to an ESP32
microcontroller and interfaced with Arduino® soware,
enabling continuous resistance measurements as a function of
time. The fabricated sensor exhibited a fast response time of
68 s and a recovery time of 162 s, attributed to the high
conductivity of MWCNTs, which promotes rapid adsorption
and desorption of water molecules. In Fig. 10(b), the compact
assembly of the microcontroller and associated circuitry is
shown, affixed to the side of the enclosure for portability and
Fig. 10 (a)–(d) Real-time humidity sensing setup with microcontroller int
samples, (b) portable sensor microcontroller assembly, (c) wireless data
with supporting components, and (e) response curve showing dynamic

16098 | J. Mater. Chem. A, 2026, 14, 16077–16103
easy deployment. The sensor–microcontroller unit was con-
nected through a breadboard-based interface for signal pro-
cessing. Fig. 10(c) presents the wireless data acquisition setup,
where real-time sensor output was transmitted to a laptop and
visualized using a custom dashboard. Fig. 10(d) shows the
microcontroller assembly and supporting electronic compo-
nents, while Fig. 10(e) displays the dynamic resistance response
curve of the fabricated device using the SUM-10 sensor, con-
rming stable and reproducible performance during repeated
humidication cycles. Comparative summary of previously re-
ported sensingmaterials for exible humidity sensors, arranged
according to response time. The table highlights the inuence
of the material structure, synthesis method, and sensing prin-
ciple on device performance, as shown in Table S5. Overall, the
prototype demonstrates a low-cost, non-invasive, and portable
real-time humidity sensing system, highlighting its potential
for environmental monitoring and agricultural applications.
8.1. Device integration and applications

The fabricated exible interdigitated microsupercapacitors
(MSCs) and humidity sensors demonstrate signicant potential
for next-generation wearable and portable electronics. Both
devices benet from screen-printing fabrication, a scalable and
cost-effective technique that supports large-area, high-
throughput production while maintaining device perfor-
mance. The use of exible substrates (e.g., PET) enables inte-
gration into bendable and lightweight platforms, essential for
wearable and IoT-based systems.88,89
egration, (a) sensor enclosed in a 3D-printed chamber with natural leaf
acquisition and visualization on a laptop, (d) microcontroller assembly
resistance change during humidity exposure and recovery.

This journal is © The Royal Society of Chemistry 2026
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For MSCs, the high areal capacitance, rapid charge/
discharge capability, and long-term cycling stability allow effi-
cient powering of low-energy IoT nodes, sensors, and micro-
electronics, reducing reliance on bulky or non-sustainable
batteries. Their ability to be congured in series or parallel
further enhances design exibility to meet specic voltage and
energy requirements. For humidity sensors, the rapid response/
recovery behaviour and high sensitivity make them ideal for
real-time environmental monitoring. They are inherently IoT-
compatible, with potential applications in healthcare (e.g.,
respiratory tracking and wound healing assessment), agricul-
ture, and industrial process monitoring.33,90 Their exible and
miniaturized design enables seamless embedding into textiles,
packaging, and wearable devices. From a market standpoint,
both MSCs and humidity sensors are aligned with the growing
demand for sustainable, eco-friendly technologies. The use of
green conductive inks and binder systems not only supports
environmental goals but also strengthens their relevance for
consumer electronics and smart sensing markets. Collectively,
these devices offer scalable, IoT-ready, and market-relevant
solutions for future intelligent and connected systems.
9. Conclusion

A polycrystalline SnTe/MWCNT (SUM) nanocomposite was
synthesized via a Bridgman-type method and used to fabricate
exible microsupercapacitors and humidity sensors by screen
printing. The SUM nanocomposite synergistically combines
SnTe's high pseudocapacitance with the conductivity, exibility,
and porous architecture of MWCNTs, overcoming the limitations
of pristine SnTe. The asymmetric SUM-10 device delivered a high
areal capacitance of 468.6 mF cm−2 at 5 mV s−1, excellent rate
capability with a capacitance retention of 90.7% (FAM) and 84.7%
(FSM), and superior cycling stability with a coulombic efficiency of
95.3% over 10 000 cycles under repeated bending. As a humidity
sensor, SUM-10 exhibited rapid response (68 s) and recovery (162
s) times, high sensitivity, and reliable performance during defor-
mation. Furthermore, a real-time monitoring prototype was
demonstrated using FDM 3D printing integrated with a micro-
controller for continuous humidity tracking. These results estab-
lish SUM-10 as a promising dual-functional platform that
combines high-performance energy storage with real-time envi-
ronmental monitoring, opening pathways for its application in
wearable electronics, IoT, and precision agriculture.
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