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15 Abstract: The design of multifunctional materials that unify energy storage and 

16 environmental sensing is vital for next-generation flexible electronics and IoT devices. Here, 

17 a first report on Bridgman-grown polycrystalline SnTe/MWCNT (SUM) hybrid is presented, 

18 where the high pseudocapacitance of SnTe is synergistically coupled with the conductivity, 

19 flexibility, and porous architecture of carbon nanotubes. This hybrid serves as a dual-function 

20 platform, enabling both high-performance microsupercapacitors and humidity sensors 

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

22 delivers an areal capacitance of 468.6 mF cm-2, >90.7 % retention at high scan rates, and 

23 excellent cycling stability (95.3 % Coulombic efficiency over 10000 cycles) under 

24 mechanical deformation. As a humidity sensor, the same SUM-10 composite exhibits fast 

25 response (7 s), short recovery (9 s), and high sensitivity, further integrated into a 3D-printed 

26 wireless module for real-time monitoring. This work establishes Bridgman-assisted 

27 hybridization as a versatile route for scalable, flexible materials that bridge energy storage 

28 and environmental intelligence in wearable and precision sensing applications.

29 Keywords: Flexible microsupercapacitor, humidity sensor, Bridgman crystal growth, 

30 multifunctional materials, conductive ink, real-time environmental sensing.
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32 1. Introduction

33 The rapid depletion of non-renewable energy resources, particularly fossil fuels, has 

34 accelerated the search for sustainable and eco-friendly alternatives. The excessive reliance on 

35 these resources has led to significant environmental degradation, global economic challenges, 

36 and energy insecurity [1–4]. Consequently, research efforts have increasingly focused on 

37 renewable energy technologies, including energy conversion and storage devices, to meet the 

38 demands of modern society. Flexible microsupercapacitors (FMSCs) have emerged as a 

39 cutting-edge solution in this field, offering compact, lightweight, and durable energy storage 

40 options suitable for integration into wearable electronics, portable devices, and flexible energy 

41 systems [5–10]. Apart from various advantageous properties such as exceptional power 

42 density, rapid charge/discharge capability, and extended cycle life [11,12]. Conventional 

43 Supercapacitors, including MSCs, are known for their exceptional power density, rapid 

44 charge-discharge capability, and extended cycle life, distinguishing them from conventional 

45 capacitors and batteries [13,14]. Although FMSCs offer notable benefits, a major hurdle lies 

46 in boosting their energy density without compromising their flexibility or other key 

47 characteristics. Beyond FMSCs, the rapid advancement of Internet of Things (IoT) and 

48 artificial intelligence (AI) technologies has driven the widespread deployment of smart 

49 sensors, fundamentally transforming environmental monitoring and human-based machine 

50 interactions [15,16]. Humidity sensors (HS), as a vital category of smart sensing devices, are 

51 widely employed in diverse areas, including human-machine interfaces [17], healthcare 

52 monitoring [18], and safety inspections in industrial environments [19]. Elevated humidity 

53 levels above 60% can promote the proliferation of harmful microorganisms, cause discomfort 

54 [20], and result in the deterioration of buildings and electronic devices. Conversely, low 

55 humidity levels below 30% may lead to respiratory problems, excessive dryness, and potential 

56 harm to furniture and vegetation [21]. Therefore, regulating relative humidity (%𝑅𝐻) within 

57 the optimal range of 45 ― 55% is essential to ensure a comfortable and health-supportive 

58 indoor environment [22]. Nevertheless, current humidity sensors often struggle with 

59 limitations in accuracy, response speed, and long-term reliability. To address these issues, 

60 researchers are actively investigating advanced sensing materials, innovative structural 

61 designs, and emerging technologies to create humidity sensors with enhanced sensitivity, 

62 selectivity, responsiveness, and stability for diverse applications. In this context, 

63 multifunctional materials that exhibit excellent electrochemical performance along with 

64 responsive sensing capabilities are of particular interest. Such materials can serve as active 
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65 electrodes in MSCs while also responding to external changes, such as humidity, through 

66 detectable variations in their electrical resistance. This dual functionality arises from the 

67 inherent properties of the material, such as high surface area (e.g., MWCNTs), redox-active 

68 sites (e.g., SnTe), tunable conductivity, and structural flexibility, all of which contribute to 

69 both efficient charge storage and high sensitivity to environmental stimuli. Tin-based 

70 chalcogenides [23–25], particularly tin telluride (SnTe), are emerging as promising candidates 

71 for supercapacitor applications due to their advantageous electrochemical and structural 

72 properties [26,27]. The primary challenge with Sn-based electrodes stems from mechanical 

73 instability caused by significant volume expansion during cycling, which leads to poor 

74 structural integrity, reduced flexibility, and cluster formation. To address these issues, 

75 researchers have focused on engineering Sn-based materials with structural modifications. 

76 Reports on SnTe are limited, showing only moderate energy and power densities, though its 

77 rock-salt structure, narrow bandgap, and layered configuration favour high conductivity, ion 

78 intercalation, and pseudocapacitance [28]. Despite progress, conventional SnTe synthesis 

79 methods remain complex and often inconsistent. Thiol-free precursors yield nanocrystals but 

80 suffer from scalability issues [29], while aqueous hot-injection improves sustainability yet 

81 lacks reproducibility [25]. One-pot aqueous synthesis enables gram-scale production but 

82 compromises uniformity and crystallinity [28,30]. To address these challenges, this work 

83 introduces the first assisted synthesis of multifunctional polycrystalline SnTe unwrapped 

84 MWCNT (SUM) crystal-based nanocomposites using a Bridgman-type crystal puller method. 

85 In which the integration of the high pseudocapacitance of SnTe with the excellent 

86 conductivity, flexibility, and structural stability of MWCNTs, the SUM composite functions 

87 as a dual-role material for both flexible microsupercapacitors (MSCs) and real-time humidity 

88 sensors. A SnTe/MWCNT humidity microsensor was integrated into a wireless prototype 

89 based on an ESP-32 microcontroller, enabling continuous resistance monitoring with rapid 

90 signal processing and low-latency data transmission for applications in wearable devices, IoT 

91 systems, and real-time crop monitoring via moisture detection on plant leaves. 

92 Electrochemical analyses confirmed high charge-storage capability, excellent bending 

93 stability, and durable energy storage performance in SnTe-MWCNT-based MSCs. Pristine 

94 SnTe is prone to nanoparticle agglomeration, which restricts ion/moisture diffusion and 

95 diminishes electrochemical activity [31]. Incorporating MWCNTs suppresses aggregation 

96 while providing a conductive porous network, thereby enhancing capacitance, flexibility, 

97 sensitivity, and response/recovery in humidity sensing. This multifunctional composite shows 

98 strong potential for next-generation integrated energy storage and environmental monitoring 
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99 platforms. This work demonstrates the successful synthesis of a polycrystalline 

100 SnTe/MWCNT (SUM) nanocomposite via a Bridgman-type crystal puller-assisted strategy 

101 and its application in the fabrication of flexible microsupercapacitors (MSCs) and humidity 

102 sensors using screen-printing technology. The SUM nanocomposite synergistically integrates 

103 the high pseudocapacitance of SnTe with the conductivity, flexibility, and porous framework 

104 of MWCNTs, effectively overcoming the intrinsic limitations of pristine SnTe. The optimized 

105 asymmetric SUM-10 device delivered an impressive areal capacitance of 468.6 𝑚𝐹𝑐𝑚―2 at 

106 5 𝑚𝑉𝑠⁻¹, outstanding rate capability with capacitance retention of 96.8% (FAM) and 93.2% 

107 (FSM), and superior cycling stability, maintaining a Coulombic efficiency of 98.7% over 

108 5000 cycles under repeated bending. As a humidity sensor, SUM-10 exhibited rapid response 

109 (68 s) and recovery (162 s) times, high sensitivity, and stable performance even under 

110 mechanical deformation. Furthermore, a real-time monitoring prototype was realized using 

111 FDM 3D printing integrated with a microcontroller for continuous humidity tracking. 

112 Collectively, these results establish SUM-10 as a versatile dual-functional platform that 

113 combines high-performance energy storage with reliable environmental sensing, paving the 

114 way for next-generation wearable electronics, IoT devices, and precision agriculture 

115 applications [32,33].

116 2. Materials and Methods

117 2.1. Materials

118 The following chemicals were used in this study: tin metal (Sn), tellurium (Te), multi-walled 

119 carbon nanotubes (MWCNTs), cellulose acetate butyrate (CAB), Diacetone alcohol (C6H12O2), 

120 ethanol (C2H5OH), and methanol (CH3OH), and the salts such as LiCl, CH3COOK, MgCl2, K2

121 CO3, (MgNO3)2, CuCl2, NaCl, KCl, KNO3, and K2SO4 required for the humidity sensing 

122 application, all supplied by LOBA Chemie PVT. LTD. All chemicals were of analytical grade 

123 and purchased from Sigma Aldrich with a stated purity of 99.9%.

124 2.2. Preparation of Polycrystalline SnTe and SnTe/MWCNT (SUMs) Functional 

125 Nanocomposites

126 The synthesis of SUMs as a functional material was carried out using the crystal growth 

127 method to obtain high-purity polycrystalline SnTe with superior crystallinity. A Bridgman-

128 type crystal puller setup was employed for the growth process, specifically designed to 

129 produce high-quality SnTe crystals doped with multi-walled carbon nanotubes (MWCNTs) 
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130 [29,34]. Initially, tin (Sn) and tellurium (Te) powders were mixed in a stoichiometric ratio 

131 and thoroughly homogenized. The resulting mixture, along with a pre-determined amount of 

132 MWCNTs, was loaded into a quartz ampoule. The ampoule was then evacuated to a high 

133 vacuum (~10-5 torr) and sealed to prevent oxidation during the synthesis process. The sealed 

134 ampoule was subjected to a controlled heating cycle in the Bridgman furnace to promote 

135 crystal growth and ensure uniform incorporation of MWCNTs into the SnTe matrix. The 

136 ampoule was sealed and subjected to a molten growth process by heating it to 700°𝐶 in a 

137 furnace. The temperature was maintained for 12 ℎ to ensure complete melting and 

138 crystallization of SnTe. Subsequently, the ampoule was cooled to room temperature at a 

139 controlled rate, promoting the formation of polycrystalline SnTe with high crystalline quality. 

140 To enhance the uniformity of the nanocomposite, MWCNTs were pre-treated by 

141 ultrasonication in ethanol to reduce the agglomeration and improve their distribution. The 

142 Dried MWCNTs were then mechanically mixed with Sn and Te precursors prior to synthesis 

143 to obtain a homogeneous nanocomposite structure suitable for advanced energy storage 

144 applications. The pristine SnTe polycrystal was synthesised using the approach without the 

145 incorporation of the MWCNTs. Furthermore, nanocomposites were synthesized by varying 

146 the weight percentage of MWCNTs relative to the SnTe content in the reaction mixture. 

147 Specifically, compositions containing 3 wt%, 5 wt%, 10 wt%, and 15 wt% MWCNTs were 

148 prepared to investigate the influence of MWCNT loading on the structural and functional 

149 properties of the resulting SnTe/MWCNT polycrystal-based nanocomposites, as summarized 

150 in Table S1. The synthesized bulk nanocomposite was subsequently crushed into a fine 

151 powder using a high-energy ball milling process to reduce the particle size to the nanoscale. 

152 The milling was performed at 300 rpm for 6 ℎ under an inert argon atmosphere to prevent 

153 oxidation and maintain the material's integrity and purity. Scheme 1(a). Demonstrates the 

154 process of the SnTe/MWCNT crystals via the Bridgman crystal growth method, involving 

155 ball milling, vacuum-sealed quartz ampoules, and crystal growth in a Bridgman crystal puller.

156 2.3. Mechanism for the Synthesis of SnTe/MWCNT Hybrid Crystal

157 Scheme 1(b, c) depicts the synthesis procedure of the SnTe/MWCNT Hybrid crystal. The 

158 mechanism involves a combination of thermally driven chemical reactions and physical 

159 interactions between the SnTe matrix and multi-walled carbon nanotubes (MWCNTs). 

160 During the high-temperature reaction processing under a vacuum, Sn and Te precursors react 

161 to form a homogeneous molten SnTe phase. Owing to their high thermal stability, the 
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162 dispersed MWCNTs remain structurally intact within the melts and act as heterogeneous 

163 nucleation center for SnTe crystallization [35]. Due to the interfacial interactions, primarily 

164 governed by the van der Waals force of interaction between the graphitic walls of MWCNTs 

165 and SnTe species, SnTe preferentially nucleates and grows along the nanotube surfaces [36], 

166 as shown in Scheme 1(a) [37,38]. Furthermore, the directional solidification in bridgman 

167 configuration promotes the controlled crystal growth along the temperature gradient. This 

168 process facilitates the incorporation of interaction leads to a nanocomposite structure in which 

169 MWCNTs are embedded or encapsulated within the SnTe grains, enhancing the electrical and 

170 thermal transport properties of the final ingot. The temperature-time profile of the reaction 

171 was designed with stepwise increments to prevent unwanted cracking and to promote uniform 

172 crystal growth, as shown in Scheme 1(b). Furthermore, the schematic depicts SnTe 

173 nanoparticles embedded within the tubular MWCNT framework through van der Waals 

174 interactions, demonstrating homogenous dispersion and intimate interfacial contact. Such a 

175 well-integrated heterostructure is essential for improving charge transport, accelerating both 

176 ion diffusion and thereby enhancing the overall electrochemical performance of the 

177 nanocomposite. 
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178

179 Scheme 1 (a–c). Synthesis and growth of MWCNT-wrapped SnTe crystals via the Bridgman 

180 molten-crystal method (1 cm, 2.5 cm). The process involved ball milling of precursors, 

181 vacuum sealing in quartz ampoules, and controlled crystallization to obtain the 

182 SnTe/MWCNT hybrid crystal. (a) Experimental setup of the Bridgman furnace, (b) pulling 

183 control unit equipped with precise temperature regulation (°𝐶), and (c) progressive growth of 

184 MWCNT-doped SnTe ingot using the Bridgman configuration, showing the optimized 

185 temperature–time profile for uniform crystal formation.

186 2.4.  Formulation of the Functional Conductive Ink for the Microsupercapacitor and 

187 Micro-Humidity Sensor 

188 The formulation of functional conductive ink was prepared by dispersing the synthesized 

189 nanocomposite into an eco-friendly binder solution. The binder was formulated by dissolving 
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190 cellulose acetate butyrate (CAB) in a solvent mixture of ethanol and diacetone alcohol using 

191 the probe sonication at high frequency to form a homogenous vehicle resin, maintaining a 

192 solvent-to-binder ratio of 90:10 to ensure optimal rheological behaviour for screen printable 

193 inks. To enhance dispersion stability, a non-ionic surfactant (Triton X-100) was added to the 

194 binder solution. The nanocomposite was incorporated into the binder solution and stirred 

195 vigorously for 2  ℎ, followed by sonication for an additional 1 ℎ at room temperature to ensure 

196 homogeneous dispersion and minimize agglomeration. The ink’s viscosity was fine-tuned by 

197 adjusting the binder concentration to ensure optimal printability, with the final viscosity 

198 ranging between 2000 and 10000 𝑚𝑃𝑎·𝑠, depending on the shear rate and temperature. The 

199 formulated ink exhibited thixotropic behaviour, which facilitated smooth passage through the 

200 screen mesh during printing while maintaining excellent adhesion to flexible substrates such 

201 as polyethylene terephthalate (PET). This ink was used for fabricating interdigitated 

202 microsupercapacitors and micro-humidity sensors using the screen-printing method, as 

203 illustrated in Scheme 2. The preparation of a screen mesh with an interdigitated pattern using 

204 the negative-positive technique involves numerous processes to create a precise stencil for the 

205 screen-printing method. In screen printing, a positive process involves hardening the emulsion 

206 in areas corresponding to the design so that ink is blocked in those regions, whereas a negative 

207 process involves blocking off the inverse of the design, allowing ink to pass through the 

208 desired pattern. The entire stepwise protocol is illustrated in Supporting Information Scheme 

209 S1 (from the bare screen to a fully fabricated customized screen mesh for flexible 

210 microsupercapacitor and humidity sensor templates), as shown in Scheme S1.

211
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212 Scheme 2. Schematic representation of the fabrication process of microsupercapacitors and 

213 humidity sensors using a screen-printing approach.

214 2.5.  Fabrication of Flexible Printed Interdigitated Devices

215 The fabrication of the microsupercapacitor and micro-humidity sensor was carried out using 

216 screen printing technology on a Polyethylene Terephthalate (PET) substrate (135 ± 5 µ𝑚), 

217 utilizing a formulated conductive functional ink. The printing process involved the initial 

218 deposition of the current collector (Ag current collector), which serves as the first conductive 

219 layer and the electrical connection for the device. This was followed by the printing of the 

220 active functional material in multiple layers, with the number of layers varied and optimized 

221 for enhanced performance. After printing, the device was baked at 70 - 80 °C for one hour to 

222 ensure the evaporation of excess solvents from the printed functional matrix. This post-

223 processing step is critical as it facilitates strong adhesion between the printed layers and the 

224 PET substrate. As a result, the device maintains excellent mechanical flexibility and stable 

225 electrochemical performance, even after repeated bending cycles, without any significant loss 

226 in functionality. The fabricated microsupercapacitors have overall dimensions of 

227 22.9 ×  13.6 𝑚𝑚 (length × breadth) and consist of 16 interdigitated electrodes (IDEs), which 

228 enhance ionic mobility and increase the effective surface area at the electrode/electrolyte 

229 interface. In contrast, the micro-humidity sensor features a surface area of 10.5 ×  7.9 𝑚𝑚 

230 and incorporates two pairs of IDEs, each with a thickness of 0.5 𝑚𝑚. Furthermore, the effect 

231 of overprinting (OPs) of both the IDEs and the sensing layer has also been evaluated to 

232 understand its influence on device performance. Scheme S2 illustrates the overall printing 

233 strategy and matrix layout of the fabricated devices. Electrodes were prepared by the 

234 conventional slurry deposition method using N-methyl-2-pyrrolidone (NMP) as solvent and 

235 polyvinylidene fluoride (PVDF) as binder. The active material and acetylene black were 

236 dispersed in NMP/PVDF to form a homogeneous slurry, which was blade-coated onto 

237 stainless steel current collectors (1 ×  1 𝑐𝑚²). After drying under controlled conditions, the 

238 electrodes were tested using a Biologic SP-50e workstation in a three-electrode setup with Pt 

239 counter and saturated calomel reference electrodes. Cyclic voltammetry (CV) and 

240 electrochemical impedance spectroscopy (EIS) were used to evaluate capacitive and charge-

241 transfer characteristics. Humidity response and recovery were analysed in a customized 

242 chamber across 11 ― 97% 𝑅𝐻 [39–47].

243 3. Results and discussions 
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244 3.1. XRD analysis

245 The X-ray diffraction (XRD) analysis, as illustrated in Fig. 1, reveals insights into the 

246 crystalline structure and phase composition of pristine SnTe, pristine multi-walled carbon 

247 nanotubes (MWCNTs), and their nanocomposites named as SUM-3, SUM-5, SUM-10, and 

248 SUM-15. The Fig. 1(a) shows the XRD pattern of pristine SnTe exhibits sharp and well-

249 defined peaks at 2θ values of 27.9°, 41.2°, 50.8°, 66.0°, 73.1°, and 77.5°, corresponding to 

250 the (200), (220), (222), (400), (420), and (422) planes, respectively, which are indexed to the 

251 face-centered cubic (FCC) phase with Fm3m of SnTe (JCPDS card no 08-0487). This 

252 confirms the formation of highly crystalline and phase-pure SnTe [28,34,48]. In contrast, Fig. 

253 1(a) shows pristine MWCNTs displaying a broad peak centred at 25.6°, attributed to the (002) 

254 reflection of graphitized carbon present within the interconnected tubular structure. Upon 

255 incorporation of MWCNTs into SnTe, all characteristic peaks of SnTe are retained in the 

256 SUM-series nanocomposites, indicating the preservation of its polycrystalline structure post-

257 hybridization. Notably, a gradual increase in the intensity and sharpness of the MWCNT (002) 

258 slight broadened hump is observed with higher MWCNT content, particularly in SUM-10 and 

259 SUM-15, confirming successful integration and increased carbon content. The Fig. 1(b) A 

260 zoomed-in region with the phase (200) and (220) between 27.9° and 40.2° peaks. The SUM 

261 nanocomposites retain the SnTe major characteristic peaks, but with a notable leftward shift 

262 in peak positions, especially in the (200) and (220) planes, as magnified in Fig. 1(c). This 

263 systematic shift towards lower 2𝜃 angles suggest lattice expansion or tensile strain, likely due 

264 to the incorporation of carbon nanotubes into the SnTe matrix, leading to slight distortions in 

265 the crystal lattice and modification of the interplanar spacing. Such a shift can also arise from 

266 interfacial stress between the SnTe grains and the embedded MWCNTs, as well as the 

267 quantum confinement effect at the nanoscale. Furthermore, in nanocomposite the presence of 

268 a broad graphitic hump centred at 22.0°, marked with an asterisk ( ∗ ) in the combined 

269 diffraction pattern shown in Fig. 1(d), is observed exclusively in nanocomposites with higher 

270 graphitic carbon content (i.e., SUM-10 and SUM-15). This feature is characteristic of the 

271 amorphous or turbostratic graphitic structure associated with MWCNTs and validates their 

272 successful incorporation into the composite matrix at higher concentrations. Additionally, 

273 Rietveld refinement was performed using Fullprof software© to analyse the structural 

274 characteristics of the synthesis pristine SnTe polycrystal. As illustrated in Fig. 1(e), the 

275 refinement exhibits excellent fitting quality, as evidenced by low residual values (𝜒² = 1.70) 

276 confirming the high phase purity and structural stability of the synthesized SnTe without 
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277 detectable secondary phases. The average crystallite size of the nanocomposite increases with 

278 the addition of MWCNTs, reaching a maximum of 28.1 𝑛𝑚 at SUM-10. This suggests that 

279 the inclusion of CNTs facilitates better crystalline ordering and growth. Among all 

280 compositions, the SUM-10 nanocomposite shows the optimal crystallite size, indicating 

281 superior structural quality. This enhancement can be attributed to the well-dispersed 

282 MWCNTs serving as nucleation centres and promoting uniform crystal growth [49,50]. At 

283 higher loading (15 wt%), a slight reduction in crystallite size is observed, possibly due to 

284 agglomeration of MWCNTs, which can hinder crystallite formation. Therefore, 10 wt% 

285 MWCNT is identified as the optimal composition for achieving improved structural and 

286 functional properties. The enhancement in crystallite size with 10 wt% MWCNT addition 

287 corresponds to improved crystalline order and stronger interfacial interaction between the 

288 matrix and the conductive additive. This structural optimization results in superior 

289 performance by providing enhanced electron mobility, improved ion diffusion pathways, and 

290 lower charge transfer resistance. Hence, SUM-10 demonstrates the best balance between 

291 structural and functional properties  such as lower interfacial resistance and enhanced 

292 interaction between the functional nanocomposites and the active surface, making it the 

293 optimal composition for the fabrication of electrodes as well as for high-performance sensing 

294 applications [51]. The crystallite size of the synthesized nanocomposites was estimated by 

295 analysing the broadening of the diffraction peaks in the corresponding XRD patterns. The 

296 quantitative evaluation was carried out using the Scherrer equation, as expressed in Equation 

297 (1). 

298 𝑫 =
𝑲𝝀

𝜷𝐜𝐨 𝐬(𝜽)
    …………(𝟏)

299 Furthermore, the structural parameter analysis derived from the XRD analysis reveals a strong 

300 correlation between CNTs content and the microstructural within the SnTe-based 

301 nanocomposites. As the concentration of the MWCNT is increasing from 3 wt% to 10 wt%, 

302 25.8 𝑛𝑚 (SUM-3) to a maximum of 29.06 𝑛𝑚 (SUM-10), as tabulated in Table S2. This 

303 growth suggests that MWCNTs act as nucleation templates, facilitating grain development 

304 and improved crystallinity within the matrix. However, beyond the 10 wt% in (SUM-15), the 

305 crystallite size slightly decreases to 28.0 𝑛𝑚, likely due to the onset of nanotube 

306 agglomeration, which hinders uniform crystal growth. This observation is supported by the 

307 dislocation density (𝛿) and microstrain (𝜀) values, both of which increase progressively with 

308 MWCNT concentration, peaking at SUM-15. While a moderate increase in microstrain and 
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309 dislocation density (as seen in SUM-10) can introduce beneficial defects that enhance 

310 electrochemical reactivity by providing more active sites, the excessively high defect levels 

311 in SUM-15 may result in charge recombination centres and structural instability due to the 

312 intervein of the CNTs. Thus, the SUM-10 nanocomposites achieve an optimal balance 

313 between crystallite size, structural defects, and strain, which is expected to enhance electron 

314 transport and ion diffusion, which act as key factors for superior electrochemical performance.

315 3.2.  XPS (X-ray Photoelectron Spectroscopy) analysis

316 The XPS analysis provides detailed insight into the elemental composition and chemical states 

317 of the SnTe nanocomposite. The survey spectrum shown in Fig. 1(f) confirms the presence 

318 of key elements, including tin (Sn), tellurium (Te), and carbon (C), with distinct peaks 

319 observed for Sn 3d, Te 3d, and C 1s. A Te-O signal is also detected, which is attributed to 

320 surface oxidation as expected from the surface-sensitive nature of XPS measurements [52]. 

321 High-resolution spectra further elucidate the chemical states of these elements. In Fig. 1(g), 

322 the Sn 3d spectrum reveals two prominent peaks corresponding to the spin-orbit doublets Sn 

323 3d5/2 and Sn 3d3/2 at binding energies of approximately 486.5 eV and 495.0 eV, respectively. 

324 These values are characteristic of Sn²⁺ oxidation states, indicating the presence of divalent tin 

325 species in the sample. Fig. 1(h) presents the deconvoluted Te 3d spectrum, where two main 

326 peaks at ~573.1 eV and ~583.5 eV correspond to Te 3d5/2 and Te 3d3/2, respectively. These 

327 binding energies are characteristic of Te2- species in the SnTe lattice, confirming the 

328 formation of SnTe phase. In addition, a secondary doublet observed at higher binding energies 

329 of  (576.8 and 587.3 eV), is attributed to Te4+ species (TeO2), indicating mild surface oxidation 

330 arising from ambient exposure [53,54]. Additionally, the C 1s spectrum in Fig. 1(i) reveals 

331 contributions from different carbon bonding environments. The main peak at ~284.6 eV 

332 corresponds to aliphatic C-C/C-H bonds, while the minor peaks at higher binding energies 

333 indicate the presence of C-O and C=O functionalities [55], likely originating from surface-

334 adsorbed organic species or residual solvents. Overall, the XPS results validate the successful 

335 synthesis of the SnTe nanocomposite with Sn2+ and Te2- oxidation states, while the surface 

336 chemistry shows minor contamination from carbonaceous species [29].
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337

338 Figure 1(a-i). Shows the XRD patterns of pristine SnTe, MWCNT, and SnTe-based 

339 nanocomposites (SUM-3, SUM-5, SUM-10, SUM-15), Fig. 1(a) compares p-SnTe and p-

340 MWCNT, while Fig. 1(b) shows the evolution of diffraction peaks with MWCNT 

341 concentrations Fig. 1(c) highlights the shift and broadening of the (200) and (220) peaks, Fig. 

342 1(d) overlays all samples for phase comparison, and Fig. 1(e) presents the Rietveld refinement 

343 confirming phase purity and fitting accuracy. Furthermore (f) Survey spectrum confirming 

344 the presence of Sn, Te, and C elements; (g) High-resolution Sn 3d spectrum, (h) Deconvoluted 

345 Te 3d, (i) C 1s spectrum.

346 3.3.  Field emission scanning electron microscopy (FESEM) analysis.

347 The Fig. 2(a-i) FESEM analysis was performed to examine the morphology, size distribution, 

348 and surface features of the pristine material and synthesized nanocomposites. Its high-

349 resolution imaging is crucial for electrochemical energy storage and sensing, revealing 

350 microstructural traits that impact surface area, particle distribution, and interfacial 

351 interactions, all of which influence device performance. For SnTe/MWCNT nanocomposites, 
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352 FESEM analysis confirms uniform material distribution, evaluates nanoparticle and CNT 

353 agglomeration, and assesses interfacial bonding. When combined with EDX spectroscopy, it 

354 also provides elemental composition and mapping. The FESEM micrographs of pristine 

355 polycrystalline SnTe nanoparticles, as shown in Fig. 2(a-c), reveals a densely agglomerated 

356 nanoparticles morphology with notable size heterogeneity and extensive particle clustering, 

357 as evident from the micrographs. Their spherical morphology promotes better interfacial 

358 contact with carbon-based materials, increasing surface area and ion accessibility, thereby 

359 improving electrochemical performance. Additionally, pristine MWCNTs, as shown in Fig. 

360 2(d-f), clearly exhibit the morphology of interconnected nanotubes, forming a porous and 

361 entangled network. This structure facilitates efficient electron transport and provides a large 

362 surface area, which is beneficial for enhancing electrochemical performance in energy storage 

363 and sensing applications. The formation of the SUM-10 nanocomposite is shown in Fig. 2(g-

364 i), illustrating the development of an integrated SnTe/MWCNT hybrid structure. Upon 

365 completion of the reaction, SnTe nanoparticles are uniformly distributed within the 

366 interconnected MWCNT network, with minor localized clustering. The MWCNTs preserve 

367 their tubular morphology, serving as a conductive scaffold, while partially wrapping around 

368 SnTe nanoparticles to improve the dispersion, suppress excessive agglomeration, and improve 

369 interfacial contact. This structural integration promotes a synergistic effect, combining 

370 efficient electron transport through the carbon framework and electrochemical active sites 

371 provided by dispersed SnTe nanoparticles, thereby contributing to improved composite 

372 performance [56]. The advanced nanocomposite in Fig. 2(i) demonstrates the successful 

373 formation of the desired hybrid morphology, with SnTe nanoparticles intimately integrated 

374 within the MWCNT (SUMs) network. This 3D conductive framework ensures uniform active 

375 material distribution, mechanical stability, efficient electron transport, and accessible SnTe 

376 surfaces for electrochemical reactions [57]. The fabricated interdigitated electrodes (IDEs) on 

377 flexible PET substrates exhibit precise geometry and high surface quality. Both the 

378 microsupercapacitor and humidity sensor IDEs have uniform spacing of 0.5 𝑚𝑚 ±  0.1 𝑚𝑚 

379 (Fig. 2j-l), with clearly defined deposition of the silver current collector and SUMs electrode 

380 material. The current collector shows a consistent thickness of ~578.8 µ𝑚 (~0.57 𝑚𝑚) (Fig. 

381 2k), ensuring reliable electrochemical and sensing performance. This IDE design reduces ion 

382 diffusion paths, enhances electric field strength, and improves device response, with FESEM 

383 confirming the accurate achievement of the intended electrode geometry. The FESEM 

384 analysis highlights structural features critical for device performance. In 

385 microsupercapacitors, the SnTe/MWCNT nanocomposite provides high surface area, 
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386 excellent conductivity, efficient charge transfer, and mechanical stability, preventing material 

387 detachment during cycling. For humidity sensors, the screen-printed porous sensing layer 

388 enables effective moisture adsorption, while the MWCNT network ensures rapid signal 

389 transmission and stable electrical response and recovery.

390
391 Figure 2. FESEM micrographs showing (a-c) pristine polycrystalline SnTe with 

392 agglomerated nanoparticles morphology, (d-f) pristine MWCNTs exhibiting an tubular 

393 network, (g-i) SnTe/MWCNTs nanocomposite showing integrated nanoparticles-nanotubular 

394 architecture, and (j-l) screen-printed interdigitated electrode (IDE) pattern fabricated using 

395 the nanocomposite Ink.

396 3.4. Transmission electron microscopy (HrTEM) analysis.
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397 Fig. 3(a-f) shows that HRTEM analysis was conducted to investigate the structural 

398 characteristics and morphological features of the SUMs nanocomposites in more detail. The 

399 micrograph revealed distinct structural components, including SnTe nanoparticles and carbon 

400 nanotube elements within the composite system. Fig. 3(a) The micrograph demonstrates the 

401 presence of SnTe nanoparticles displaying characteristic particle morphology with well-

402 defined crystalline boundaries. The nanotube structures shown in Fig. 3(b) reveal tubular 

403 morphologies consistent with multi-walled carbon nanotube characteristics. The higher 

404 magnification image Fig. 3(c) further reveals that the SnTe nanoparticles are intimately 

405 attached to the carbon nanotube surface, indicating strong interfacial contact between the two 

406 components. This close interaction is essential for efficient charge transfer across the 

407 heterointerface. Fig. 3(d) displays contrast variations between regions, as indicated by the 

408 parallel dashed lines marking the crystalline nanoparticles domains from the graphitic 

409 nanotube walls. In Fig. 3(e), well-defined lattice fringes are observed with an interplanar 

410 spacing corresponding to (200) plane of SnTe, while lattice spacing of ~0.35 nm corresponds 

411 to the (002) plane of MWCNTs, characteristics of graphitic carbon. Furthermore, the selected 

412 area electron diffraction (SAED) pattern, as shown in Fig. 3(f), shows well-defined reflections 

413 corresponding to both SnTe and MWCNT phases in nanocomposites. The reflections at d-

414 spacings of 0.32 𝑛𝑚 and 0.22 𝑛𝑚 correspond to the (200) and (220) crystallographic planes 

415 of SnTe, respectively, confirming the face-centred cubic structure. The reflection at 0.35 𝑛𝑚 

416 corresponds to the (002) graphitic interlayer spacing of MWCNT, confirming the successful 

417 incorporation of carbon nanotubes in the nanocomposite system. This value aligns perfectly 

418 with the typical interlayer distance of 0.34 ― 0.36 𝑛𝑚 reported for multi-walled carbon 

419 nanotubes [58], confirming the preservation of the graphitic structure during the composite 

420 synthesis process. The nanocomposite architecture demonstrates intimate contact between 

421 SnTe nanoparticles and carbon nanotube components, with the nanotube configuration 

422 potentially enhancing interfacial contact and charge transfer mechanisms. The hierarchical 

423 structure progression from microscale to atomic scale reveals a well-organized composite 

424 system with clean, well-defined interfaces and minimal amorphous regions. The 

425 nanocomposite exhibits strong interfacial interactions, mechanical stability, and high 

426 crystalline quality, promoting efficient charge transfer and favourable electronic transport. 

427 The well-structured SnTe nanoparticles integrated with MWCNTs create a synergistic effect, 

428 making the material suitable for advanced microsupercapacitor and energy conversion 

429 applications.
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430

431 Figure 3(a-f). HRTEM analysis of SnTe/MWCNT nanocomposite showing (a-b) low-

432 magnification Tem images of SnTe nanoparticles anchored onto MWCNTs, (c-d) high-

433 resolution image displaying lattice fringes of crystalline SnTe and graphitic carbon walls, and 

434 (e) lattice fringes atomic-scale structure with (220) plane, (f) SAED pattern with indexed 

435 (002), (200), (220) reflections.

436 3.5. Energy Dispersive X-ray Spectroscopy (EDX) analysis.

437 EDX analysis was conducted to investigate the elemental composition and spatial distribution 

438 of elements within the pristine as well as SnTe-MWCNT nanocomposite system. The 

439 comprehensive elemental mapping provides crucial insights into the chemical composition, 

440 phase distribution, and homogeneity of the synthesized nanocomposite materials. The 

441 elemental mapping results demonstrate excellent spatial resolution and clearly distinguish the 

442 distribution of constituent elements throughout the nanocomposite structure. Fig. 4(a-e) 

443 presents the EDS spectrum and corresponding elemental maps of pristine SnTe nanoparticles. 

444 The EDS analysis confirms the presence of the core elements Sn (37.2 wt%) and Te (35.7%), 

445 which are present in approximately 1:1 ratio consistent with the stoichiometric composition 

446 of SnTe. A small amount of surface oxygen (5.8 wt%), which may arise from the surface 

447 oxidation. The detected Au and Pd signals originate from the sputter coating during sample 

448 preparation, while the carbon signal is attributed to the conductive carbon tape used for 
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449 mounting beneath the sample. The elemental maps further illustrate the spatial distribution of 

450 the Sn and Te. The Sn map (green) exhibits relatively uniform yet locally clusters distributions 

451 corresponding the SnTe nanoparticles regions. Similarly, the Te maps (magenta) closely 

452 overlap Sn distribution, confirming the homogenous elemental distribution and supporting the 

453 formation of SnTe phase.  Moreover the Fig. 4(f-j) shows the EDS spectrum and elemental 

454 maps for the pristine MWCNTs. The spectrum is dominated by the strong carbon peak (77.9 

455 wt%), confirming the graphitic nature of nanotubes, with a minor oxygen signal attributed to 

456 surface functionalities. The carbon amps reveal a uniform distribution across the entangled 

457 network, while the shows the weak and dispersed presence, indicating the limited surface 

458 oxidation. Furthermore, Fig. 4(k-q) shows the EDS analysis for the SnTe/MWCNTs 

459 nanocomposite. The spectrum confirms the presence of the Sn and Te along with the carbon, 

460 with the MWCNTs content estimated of ~8.2 wt%, which is close to nominal 10 wt% 

461 composition of SUM-10 nanocomposite, thereby verifying the successful integration of the 

462 SnTe within the MWCNT framework. The elemental maps show a homogenous distribution 

463 of Sn and Te overlapping with the carbon network, indicating the uniform distribution of SnTe 

464 nanoparticles across the conductive nanotube matric of MWCNTs. The correlation of 

465 elemental maps with STEM morphology confirms successful synthesis of a well-integrated 

466 nanocomposite.
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467

468 Figure 4(a-e). Elemental mapping and EDX analysis of SnTe-MWCNT composite: (a) 

469 FESEM image highlighting SnTe nanoclusters (red circles); (b-d) elemental distribution maps 

470 of Sn, Te, and C, respectively; (e) EDX spectrum confirming the presence of Sn, Te, and C 

471 elements.

472 4.  Rheological analysis 

473 4.1. Viscosity analysis

474 The synthesized nanocomposite was used for the formulation of the functional conductive ink 

475 by utilizing the pigment (optimized nanocomposite(SUM-10), eco-friendly binder, and non-
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476 ionic surfactant to formulate a screen printable functional ink for the printing of the flexible 

477 microsupercapacitor and humidity sensor using screen printing technology [6,59,60]. The 

478 formulated ink was further evaluated using the rheological analysis (viscosity, shear rate, and 

479 thixotropic behaviour). The viscosity was analysed at varied temperatures from the room 

480 temperature (25°𝐶 to 35°𝐶 and 45°𝐶), respectively, as shown in Fig. 5(a)[61–67]. The 

481 formulated ink shows excellent printability, stability, and thixotropic behaviour. The 

482 calculated viscosity for the formulated ink is 𝜂 =  6229.3 at 25°𝐶. The presence of the 

483 MWCNTs with the SUMs provides the structural stability and enhanced adhesion over the 

484 flexible substrate. The “η” of the functional shows the decreasing trends as the temperature is 

485 increased from room temperature to 45 °𝐶. The shear rate analysis was carried out for the 

486 formulated ink, as shown in Fig. 5(b), which provides comprehensive insights into the flow 

487 behaviour of the formulated conductive ink under various shear conditions. Rheological 

488 studies over shear rates to 0 ― 700 𝑠⁻¹ show that the ink exhibits pronounced shear-thinning 

489 behaviour across 25 ― 45 °𝐶. Maximum shear stress decreases with temperature, from 

490 8000 𝑚𝑃𝑎·𝑠 at 25 °𝐶 to 6000 𝑚𝑃𝑎·𝑠 at 35 °𝐶 and 3500 𝑚𝑃𝑎·𝑠 at 45 °𝐶, demonstrating 

491 temperature-dependent viscosity reduction that eases processing at higher temperatures. The 

492 shear rate dependency analysis reveals that the formulated ink maintains excellent flow 

493 consistency throughout the entire shear rate spectrum, with no evidence of shear thickening 

494 or flow instabilities that could compromise printing quality. The typical shear rates range from 

495 10 to 100 𝑠⁻¹ during ink transfer through screen mesh openings. The absence of yield stress 

496 behaviour at low shear rates suggests that the ink can initiate flow readily under minimal 

497 applied forces, which is advantageous for achieving uniform ink distribution across the screen 

498 surface and preventing clogging and incomplete transfer of the IDEs pattern. The shear-

499 thinning mechanism is primarily governed by the structural arrangement of SUMs and 

500 polymer chains within the ink matrix rather than temperature-induced molecular changes. 

501 This consistent shear-thinning profile ensures that the ink maintains optimal flow properties 

502 for screen printing applications, where it must flow smoothly under the applied squeegee 

503 pressure while rapidly recovering its structure to prevent post-printing deformation and 

504 maintain sharp edge definition in the printed patterns [62,63]. The three-interval thixotropic 

505 test (3ITTs) behaviour was also analysed to understand the time-dependent viscosity over a 

506 timespan of 120𝑠, which was categorized into three main subcategories: homogenization, 

507 interval during the stroking of the squeegee during printing, and after printing [68]. The 
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508 recovery ratio, calculated using equation (2) by comparing the initial viscosity (𝜂𝑖) with the 

509 final viscosity (𝜂𝑓), was found to be 84.4%. 

510 Recovery ratio =
Viscosity over time (𝑡) 𝜂𝑓

Initial viscosity 𝜂𝑖 × 100…………….(2)

511 The formulated conductive ink exhibits excellent rheological stability and visual homogeneity 

512 as illustrated in Fig. 5(d-e). Viscosity monitoring over 49 days at 25 °C (Fig. 5d) shows 

513 minimal variation, remaining consistently around 6200 𝑚𝑃𝑎·𝑠. The results confirm the ink’s 

514 long-term stability, essential for printed electronics, with contact angle measurements over 

515 time indicating consistent wettability and spreading, further validating the formulation’s 

516 reliability during storage. Figure 5(k) visually highlights the macroscopic behaviour of the 

517 ink during handling. The image captures the ink being poured, exhibiting a smooth, cohesive 

518 flow without fragmentation or phase separation. The uniform thread-like elongation reflects 

519 well-balanced viscoelastic properties, ensuring consistent ink transfer and precise patterning 

520 during device fabrication. The absence of agglomerates or sedimentation confirms dispersion 

521 homogeneity, indicating that the ink remains stable and ready for use in device assembly even 

522 after extended storage. Overall, these results demonstrate that the formulated ink preserves 

523 both structural integrity and functional printability, supporting reliable device performance 

524 over time.

525 4.2.  Contact angle (°) and surface tension analysis (𝜸) of formulated ink

526 The contact angle and surface tension analysis were further conducted to evaluate the 

527 wettability and adhesion behaviour of the formulated functional ink on the flexible substrate. 

528 This analysis is crucial for determining the ink’s compatibility with screen-printing processes 

529 and its ability to uniformly coat the substrate. The dynamic contact angle measurements were 

530 recorded over 116 frames at a frame rate of 30 frames per second (FPS), as illustrated in Fig. 

531 5(e-h). The initial contact angle was observed at 49.81°, which progressively decreased to 

532 44.37° by the 116th frame, indicating enhanced spreading of the ink droplet over time. This 

533 reduction in contact angle signifies improved wettability and strong interfacial adhesion of 

534 the ink to the substrate surface, which is essential for achieving defect-free, uniform printed 

535 films. The low contact angle (θ ≈ 5.4°) indicates optimized surface energy and good substrate 

536 compatibility, ensuring uniform film formation, consistent deposition, and strong adhesion, 

537 key to flexible device fabrication. Furthermore, the surface tension (γ) of the formulated ink 

538 was determined using the pendant drop method, as shown in Figures 5i and 5j. By fitting the 

539 droplet profile to the Young-Laplace equation, the surface tension was calculated to be γ = 

540 51.1 mN/m, a value within the ideal range for screen-printable inks (typically 30–60 𝑚𝑁/𝑚). 
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541 This moderately high surface tension ensures sufficient cohesion within the ink, while still 

542 allowing for effective wetting and spreading over the substrate. The droplet profile (Fig. 5i) 

543 and analysis (Fig. 5j) confirm the ink’s suitability for high-resolution, defect-free screen 

544 printing, validating its excellent interfacial properties for flexible printed electronics, 

545 including microsupercapacitors and sensors.

546

547 Figure 5(a-e). Shows the rheological and stability profile of the formulated conductive ink. 

548 The ink exhibits shear-thinning behaviour (Fig. 4a), and pseudoplastic flow is confirmed by 

549 shear stress analysis (Fig. 4b). The three-interval thixotropy test demonstrates excellent 

550 structural recovery (Fig. 4c). Long-term storage stability is evident from consistent viscosity 

551 over time (Fig. 4d), Contact angle analysis 4(e-h) and pendant drop analysis 4(i-j) of the 

552 formulated ink, confirming enhanced wettability and a surface tension of 51.1 𝑚𝑁/𝑚, while 

553 visual inspection confirms uniform flow and homogeneity (Fig. 4e). 

554 5. Electrochemical analysis

555 5.1. Electrochemical impedance (EIS) analysis 
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556 Electrochemical impedance spectroscopy (EIS) was employed to investigate the interfacial 

557 charge transport resistance and ionic conductivity of the fabricated electrodes, including the 

558 pristine samples (p-SnTe and p-MWCNT), their nanocomposites (SUM-3, SUM-5, SUM-10, 

559 and SUM-15), the flexible symmetric microsupercapacitor [FSM (SUM-10)], and the flexible 

560 asymmetric microsupercapacitor [FAM (SUM-10//Ac)], as illustrated in Fig. 6(a-d). In Fig. 

561 6a, the Nyquist plots for pristine SnTe and MWCNT exhibit classic semicircles in the high-

562 frequency region, followed by linear tails at low frequencies. The charge transfer resistance (𝑅

563 𝑐𝑡), represented by the diameter of the semicircle, is markedly lower for MWCNT than SnTe, 

564 indicating improved electrical conductivity due to the conductive carbon network. Fig. 6b 

565 presents the Nyquist profiles of nanocomposites SUM-x (x = 3, 5, 10, and 15), which show a 

566 systematic decrease in 𝑅𝑐𝑡 up to SUM-10, followed by an increase in SUM-15. This trend 

567 reflects an optimal percolation threshold at SUM-10, beyond which excessive additive content 

568 leads to nanocluster agglomeration, increasing the resistance. The equivalent circuit fitting 

569 follows the R(Q(R(Q(RW)))) model, where 𝑅𝑠 is the solution resistance, 𝐶𝑃𝐸 is the constant 

570 phase element, and 𝑊 is the Warburg impedance associated with ion diffusion. Notably, the 

571 screen-printed flexible device FSM(SUM-10) (Fig. 6c) displays a substantially lower 𝑅𝑐𝑡 than 

572 its drop-cast counterpart, confirming improved interfacial contact and homogeneous ink 

573 deposition. Furthermore, Fig. 6d shows that the hybrid architecture FAM(SUM-10//AC), 

574 containing activated carbon (AC), achieves the lowest 𝑅𝑐𝑡, which is attributable to the high 

575 surface area and porous structure of AC, promoting electrolyte infiltration and rapid charge 

576 transfer. 

577 5.2. Cyclic Voltammetry (CV) analysis 

578 The electrochemical behaviour and redox kinetics of the fabricated electrodes were further 

579 analysed using CV, as presented in Fig. 6(e-l). The comparative CV voltammogram curves 

580 of pristine SnTe and MWCNT at 5 𝑚𝑉𝑠―1 (Fig. 6e) show well-defined redox peaks at 0.37 𝑉 

581 (cathodic) and 0.55 𝑉 (anodic), characteristic of Faradaic charge storage, with a larger 

582 integrated area for MWCNT, indicating higher areal capacitance. The areal capacitance (𝐶𝑠) 

583 was calculated using the relation (3):

584 𝐶𝐴 =   
∫ Idv
vSΔV …………(3)

585 Where “𝜈” is the scan rate in (𝑉𝑠―1). CV voltammogram of nanocomposites at varying scan 

586 rates from 5-100 𝑚𝑉𝑠―1 are shown in Fig. 6(f–i). SUM-10 (Fig. 6h) shows the most 
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587 symmetric redox peaks and stable area across scan rates, while SUM-15 (Fig. 6i) displays 

588 distorted shapes and reduced peak currents, signifying limited ion diffusion and charge 

589 storage due to increased internal resistance. A direct comparison at 5 𝑚𝑉𝑠―1 (Fig. 6j) 

590 confirms that SUM-10 yields the highest current response and enclosed area, validating its 

591 superior electrochemical performance. The CV profiles of the printed devices FSM(SUM-10) 

592 (Fig. 6k) and FAM(SUM-10//AC) (Fig. 6l) show nearly rectangular curves with minor redox 

593 features, typical of electric double-layer capacitors (EDLCs). The FAM(SUM-10//AC) 

594 architecture delivers the highest current density and area, benefiting from the combination of 

595 Faradaic and EDLC mechanisms enabled by the synergistic hybrid. The areal capacitance 

596 values calculated from CV curves at a scan rate of 5 𝑚𝑉𝑠⁻¹ are 416.2, 935.7, 1109.1, and 

597 956.5 𝑚𝐹𝑐𝑚⁻² for the SUM-3, SUM-5, SUM-10, and SUM-15 nanocomposites, respectively. 

598 Among these, the SUM-10 electrode demonstrates the highest areal capacitance (1109.1 

599 𝑚𝐹𝑐𝑚⁻²), which can be attributed to the optimized incorporation of MWCNTs that provide 

600 a conductive framework, facilitate rapid electron transport, and prevent excessive aggregation 

601 of SnTe nanoparticles. Notably, the performance decreases slightly at higher loading (SUM-

602 15), suggesting that excess active material induces agglomeration and reduces effective 

603 electrochemical surface area. Furthermore, the fabricated symmetric and asymmetric 

604 microsupercapacitor (MSC) devices exhibit areal capacitances of 91.5 and 468.6 𝑚𝐹𝑐𝑚⁻² at 

605 5 𝑚𝑉𝑠⁻¹, respectively, highlighting the superior charge storage capability of the asymmetric 

606 configuration. The higher capacitance in the asymmetric device arises from the synergistic 

607 contribution of the faradaic and non-faradaic processes, enabling a broader potential window 

608 and improved energy storage efficiency compared to the symmetric configuration. These 

609 results confirm the potential of SUM-based nanocomposites as promising electrode materials 

610 for high-performance flexible microsupercapacitors. 

611 5.3. Galvanostatic charge-discharge (GCD) analysis

612 To evaluate the rate performance and energy storage capabilities, GCD measurements were 

613 carried out, as shown in Fig. 6(m-o). The GCD curves of FSM(SUM-10) at different current 

614 densities (0.1, 0.5, and 1 𝑚𝐴𝑐𝑚―2) in Fig. 6(m) exhibit linear and nearly symmetric 

615 charge/discharge characteristics with minimal IR drop, maintaining a working voltage of up 

616 to 0.8 V. The areal capacitance (𝐶𝑔) was estimated using equation (4).

617 𝐂𝐠 =
𝐼∆t
S∆V  ……….(4)
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618 Where “𝛥𝑉” is the voltage window. In contrast, the FAM(SUM-10//AC) configuration, as 

619 shown in Figure 6n, sustains a higher operating voltage of 1𝑉, with extended discharge times 

620 at all current densities, emphasizing the improved energy storage due to the hierarchical 

621 porous structure of AC. The calculated areal capacitance 𝐂𝐠 for FAM(SUM-10) is 290.2, 

622 157.6, and for 0.1 𝑚𝐴𝑐𝑚―2 respectively. Furthermore, equation (7) was employed to analyse 

623 the Coulombic efficiency (𝜂), as depicted in Fig. 6(k). In the case of the FAM(SUM-10), the 

624 calculated Coulombic efficiency (𝜂) is 98.7%. This high efficiency indicates that the device 

625 retains a substantial amount of charge throughout its operation, demonstrating its 

626 effectiveness in maintaining energy storage performance over time. The efficiency highlights 

627 the device's outstanding charge-discharge stability and minimal energy losses, essential for 

628 reliable and durable energy storage applications. 

629 𝐸𝐴 =   
𝐶𝑠 ×  (Δ𝑉)2 

7200 …….….(𝟓)

630 𝑃𝐴 =
3600 ×  𝐸𝐴

𝛥𝑡 …………(𝟔)

631 𝜂 =
tD
tC  × 100 %…………..(𝟕)

632 Finally, the comparative GCD in Fig. 6(o) shows that FAM(SUM-10//AC) retains superior 

633 discharge profiles compared to FSM(SUM-10) under the same current load ( 0.1 𝑚𝐴𝑐𝑚―2), 

634 confirming its enhanced rate capability and long-term electrochemical stability. These results 

635 collectively validate the performance superiority of FAM(SUM-10//AC), which benefits from 

636 the synergistic integration of conductive networks, porous carbon architecture, and 

637 mechanically robust screen-printed design. The energy density (𝐸𝐴) and power density (𝐸𝐴) 

638 were determined using the standard equations (5) and (6), respectively. The fabricated device 

639 delivered an impressive energy density of 29.05 𝑚𝑊ℎ𝑐𝑚⁻², along with a corresponding 

640 power density of 418.32 µ𝑊𝑐𝑚⁻², which surpasses many previously reported results for 

641 similar electrode materials as mentioned in Table S1, highlighting the superior charge storage 

642 capability and rapid energy delivery of the SUM-based device. The combination of high 

643 energy density with considerable power density demonstrates its potential for integration in 

644 next-generation flexible and miniaturized energy storage systems.

645 Furthermore, to demonstrate the practical applicability of the fabricated microsupercapacitor 

646 devices, three FAM(SUM-10//AC)-based units were connected in parallel and series 

647 configurations, respectively, as shown in the Fig. 7(a-f). The parallel connection was 
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648 employed to enhance the overall current handling capability while maintaining the same 

649 operational voltage window. In contrast, the series configuration aimed to increase the output 

650 voltage, which is essential for powering small-scale electronics.  This behaviour confirms the 

651 capability of the printed MSCs to operate in real-world applications. The devices also showed 

652 robust cycle stability and mechanical flexibility, maintaining their performance under 

653 repeated bending and deformation. Such characteristics highlight the potential of FAM(SUM-

654 10//AC)-based microsupercapacitors as integrated, miniaturized energy storage units for next-

655 generation wearable and portable electronic systems. In Fig. 7(a), the Nyquist plot reveals 

656 that the parallel configuration exhibits significantly lower charge transfer resistance (𝑅𝑐𝑡) 

657 compared to the series configuration, indicating superior ion transport and lower internal 

658 resistance [69]. Fig. 7(b) and 7(d) display cyclic voltammetry (CV) curves of the devices at 

659 various scan rates ranging from 5 to 100 𝑚𝑉𝑠―1. The FAM in parallel configuration shows 

660 nearly rectangular CV profiles (Figure b), reflecting ideal capacitive behaviour, while the 

661 series configuration (Figure d) demonstrates broadened CV areas due to extended voltage 

662 windows (up to 3.0 V), which is beneficial for enhanced energy storage [60]. The 

663 galvanostatic charge-discharge (GCD) curves shown in Fig. 7(c) and (e) further support these 

664 observations, where the FAM in series configuration exhibits prolonged discharge times, 

665 indicating higher energy storage capacity. Figure 7(f) compares the CV curves of symmetric 

666 (FSM), parallel, and series-configured FAM devices at 100 𝑚𝑉𝑠―1, clearly showing that the 

667 series configuration offers the highest voltage window and energy output. Areal capacitance 

668 comparisons in Figures 7(g) and 7(h) highlight that the SUM-10-based FAM device achieves 

669 a remarkable areal capacitance of 468.6 𝑚𝐹𝑐𝑚―2 at 5 𝑚𝑉𝑠―1, outperforming other 

670 compositions (SUM-3, SUM-5, SUM-15) and the FSM device, which only reached 91.5 𝑚𝐹

671 𝑐𝑚―2. Figures 7(i) and 7(j) illustrate the structural configurations of the interdigitated 

672 electrodes used in the study, showing clear differentiation between the device architectures. 

673 Finally, Fig. 7(k) demonstrates excellent long-term cycling stability, where the FAM(SUM-

674 10) device retains over 90.7% of its initial capacitance after 10000 cycles, along with a high 

675 Coulombic efficiency of approximately 95.3%. The Fig. 7(l) shows the comparative analysis 

676 of energy and power densities of the present fabricated device with those of previously 

677 reported microsupercapacitor, highlighting its comparative electrochemical analysis. Overall, 

678 the results confirm the outstanding electrochemical performance, rate capability, and 

679 durability of the FAM(SUM-10) [28][25], especially in the series configuration, making it a 

680 promising candidate for flexible energy storage applications.
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681

682 Figure 6. (a-d) Nyquist plots for p-SnTe, p-MWCNT, nanocomposite, FSM(SUM-10), and 

683 FAM(SUM-10/AC). (e) CV comparison of p-SnTe and p-MWCNT. (f-j) CV curves of SUM-

684 3 to SUM-15 at various scan rates exhibiting pseudocapacitive behaviour. (k-l) CV profiles 

Page 27 of 56 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

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

 3
/1

1/
20

26
 8

:0
3:

31
 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
DOI: 10.1039/D5TA10103D

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


28 | P a g e

685 of FSM and FAM devices showing ideal capacitive response. (m-o) GCD curves of FSM and 

686 FAM devices at different current densities, highlighting voltage retention and discharge 

687 performance.

688

689 Figure 7(a-l). Electrochemical evaluation of FAM(SUM-10) in parallel and series 

690 configurations, (a) Nyquist plots reveal lower internal resistance in the parallel configuration 

691 compared to the series, (b, d) CV curves at varying scan rates (5–100 𝑚𝑉𝑠―1) for parallel and 

692 series setups show stable capacitive behaviour, with an extended voltage window up to 3.0 𝑉 

693 in series, (c, e) GCD curves at 0.1 𝑚𝐴𝑐𝑚―2 confirm near-linear and symmetric 

694 charge/discharge profiles, (f) CV comparison of single, parallel, and series devices at 5 𝑚𝑉
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695 𝑠―1 highlights voltage scalability, (g) Areal capacitance of electrode, (h) FAM configuration 

696 outperforms FSM with a maximum capacitance of 468.6 𝑚𝐹𝑐𝑚―2, (i-j) Schematics illustrate 

697 electrode interconnection in parallel and series modes, (k) Cycling performance confirms 

698 excellent stability with > 95.3% retention and high Coulombic efficiency over 10000 cycles, 

699 and the (l) shows the comparative ragone for various  previous reported microsupercapacitor.

700 5.4.  Flexibility and Electrochemical Stability Under Mechanical Bending

701 Figure S3(a-f). illustrates the sequential bending of the FAM(SUM-10) device at various 

702 angles (180°, 70°, 30°, 10°, 40°, and back to 180°), demonstrating its mechanical flexibility 

703 and durability under repetitive deformation. The electrochemical stability of the device under 

704 bending conditions was assessed through cyclic voltammetry (CV) at scan rates of    40 𝑚𝑉

705 𝑠―1 and 100 𝑚𝑉𝑠―1, as shown in Fig. S3(g). Prior to bending, the CV curves at both scan 

706 rates exhibited a near-rectangular shape, indicative of hybrid behaviour of pseudocapacitive 

707 (SnTe/MWCNT) and double layer (AC) behaviour and efficient charge storage. After 

708 bending, a slight decrease in current response was observed at both scan rates, which can be 

709 attributed to minor strain-induced effects such as microstructural deformation or partial 

710 delamination at the electrode/substrate interface. Nevertheless, the CV curves retained their 

711 overall shape and symmetry, suggesting that the device maintained excellent electrochemical 

712 performance and mechanical integrity even after bending stress. This confirms the robust 

713 flexibility of the printed FAM(SUM-10) microsupercapacitor and its suitability for 

714 application in deformable and wearable energy storage devices.

715 5.5.  Influence of electrode material deposition on device performance 

716 Figure S4(a-e) to evaluate the effect of electrode thickness on device performance, the 

717 number of overprints (Ops) was varied during the screen-printing process on PET substrates 

718 [70]. Fig. S4(a-d) depicts the effect of the overprinting of electrode material with increasing 

719 Ops. Fig. S4(a) shows the current collector with 3 Ops (10  ±  2 µ𝑚 thickness), and (b)-(d) 

720 show the interdigitated electrode patterns printed with 5, 7, and 9 Ops, resulting in electrode 

721 thicknesses of 39.2 µ𝑚, 49.2 µ𝑚, and 60.4µ𝑚, respectively [71]. Each additional overprint 

722 (~5.6 ± 2 µm) increases electrode thickness and active material loading. Five Ops were 

723 identified as optimal, significantly enhancing areal capacitance through the synergistic 

724 contribution of pseudocapacitive and double-layer charge storage, facilitated by SnTe 

725 nanoparticles within the MWCNT framework and the in-situ grown structure. Beyond this, 
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726 excessive overprinting (e.g., 9 Ops) causes pattern distortion such as merging and smudging, 

727 which can be mitigated by increasing electrode spacing [72]. Figure S4(e) shows the CV 

728 curves of FAM(SUM-10) microsupercapacitors at 0 ― 1 𝑉 and 60 𝑚𝑉𝑠―1, confirming 

729 enhanced hybrid capacitive behaviour with increasing Ops, peaking at 5-7 Ops. 

730 Corresponding areal capacitances are 93.4, 49.5, and 38.08 𝑚𝐹𝑐𝑚―2 for 5, 7, and 9 Ops, 

731 respectively, calculated using equation (3). Notably, at 5 Ops, the electrode exhibits optimal 

732 performance, with an areal capacitance of 93.4 𝑚𝐹𝑐𝑚―2. A further increase to 7 Ops results 

733 in a reduced areal capacitance of 49.5 𝑚𝐹𝑐𝑚―2, while 9 Ops shows a further drop to 38.08 

734 𝑚𝐹𝑐𝑚―2. The decline beyond 5 Ops is mainly due to pattern distortion and smudging, which 

735 compromise the electrode resolution and effective surface area, thereby limiting 

736 electrochemical performance. Resultant analysis determines that 5 Ops represent the optimal 

737 printing condition for balancing film thickness, uniformity, and structural fidelity.

738 6. Charge storage mechanism for the electrode materials

739 Figure 8(a). Schematic representation of the charge storage mechanism in the asymmetric 

740 supercapacitor based on the SnTe/MWCNTs nanocomposite electrode and activated carbon 

741 counter electrode in KOH electrolyte. The working electrode comprises a SnTe/MWCNTs 

742 nanocomposite printed over the silver current collector, where the synergistic effect of SnTe 

743 and MWCNTs enhances electrical conductivity and provides abundant electroactive sites for 

744 redox reactions. The counter electrode, composed of activated carbon, contributes primarily 

745 through double-layer capacitance. During charging and discharging, K⁺ and OH⁻ ions from 

746 the KOH electrolyte migrate between electrodes, where K⁺ ions are adsorbed/desorbed at the 

747 activated carbon surface, and OH⁻ ions actively participate in faradaic redox reactions at the 

748 SnTe/MWCNTs nanocomposite interface [73,74]. The charge storage mechanism of the 

749 SnTe/MWCNT electrode was systematically investigated through cyclic voltammetry (CV) 

750 at various scan rates to distinguish between capacitive and diffusion-controlled contributions. 

751 The relationship between the peak current (𝑖) and scan rate (𝑣) was analysed using Dunn’s 

752 power law [56,75] (equation 8):

753 𝑖 = 𝑎𝑣𝑏……………..(8)

754 where "i” represents the peak current, "v" is the scan rate, and “a” and “b” are adjustable 

755 parameters. The value of 𝑏 provides insight into the nature of the charge storage mechanism, 

756 where "𝑏 =  0.5" corresponds to a diffusion-controlled process, while “𝑏 =  1.0” indicates 

757 surface-capacitive behaviour. For the SnTe/MWCNT electrode, the 𝑏 value was calculated to 
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758 be “0.81”, suggesting that the electrochemical response is governed primarily by surface-

759 controlled pseudocapacitive behavior with additional contributions from diffusion-controlled 

760 charge storage (Fig. 8b). The anodic and cathodic peak currents were further examined, 

761 yielding excellent linear fits with correlation coefficients (R²) of “0.96” and “0.97”, 

762 respectively (Fig. 8c). This high degree of correlation confirms the accuracy and reliability of 

763 the Dunn analysis in describing the charge storage kinetics of the SnTe/MWCNT electrode. 

764 To quantitatively differentiate between the two processes, the total current response was 

765 deconvoluted according to equations (9, 10):

766 Surface capacitive processes contribution =   
𝑘1𝑉

𝑘1𝑉 +  𝑘2𝑉
1
2 

 × 100…...(9)

767 Diffusion ― controlled contribution =   
𝑘2𝑉

𝑘1𝑉 +  𝑘2𝑉
1
2 

 × 100……………..(10)

768 The results, shown in Fig. 8(d-e), indicate that the capacitive contribution dominates across 

769 the entire scan rate range (5–100 𝑚𝑉𝑠⁻¹), while the diffusion-controlled contribution varied 

770 between 87.6% and 97.8%. This demonstrates that the SnTe/MWCNT nanocomposite 

771 exhibits predominantly capacitive charge storage behaviour, which is favourable for 

772 achieving fast charge–discharge kinetics and high-rate capability. The underlying 

773 electrochemical mechanism can be attributed to the synergistic effect between SnTe and 

774 MWCNTs. The MWCNT network provides rapid electron transport pathways and a large 

775 electroactive surface area, while SnTe undergoes reversible Faradaic redox reactions with 

776 𝑂𝐻―/𝐾⁺ ions from the KOH electrolyte. During the charging process, SnTe participates in 

777 surface-controlled redox reactions, while MWCNTs facilitate the formation of an electrical 

778 double layer. Conversely, during discharge, electrons are released through the oxidation of 

779 SnTe, and ions are desorbed from the MWCNT surface, completing the electrochemical cycle. 

780 Overall, the mixed charge storage mechanism, dominated by pseudocapacitive processes, 

781 endows the SnTe/MWCNT electrode with superior electrochemical performance. This makes 

782 it highly promising for next generation microsupercapacitors requiring both high power 

783 density and excellent cycling stability. Furthermore, the comparison of the electrochemical 

784 properties of different MSCs electrode materials is mentioned in Table S3. The optimized 

785 active site density in SUM-10 provides a balanced concentration of electroactive sites, 

786 ensuring efficient redox activity without excessive agglomeration, which typically hampers 

787 electron and ion transport in higher loadings. The compositional ratio in SUM-10 also 
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788 facilitates strong interfacial coupling, as observed in high-resolution HrTEM micrographs, 

789 between the transition selenide domains and the conductive MWCNT network. This 

790 synergistic interaction significantly reduces charge transfer resistance (𝑅𝑐𝑡) and enhances ion 

791 diffusion, thereby improving both charge storage and transport. Furthermore, SUM-10 avoids 

792 the structural collapse or resistance buildup observed in higher compositions (e.g., SUM-15), 

793 preserving long-term electrochemical stability, as evidenced by a capacitance retention of 

794 96.8%, and maintaining the integrity of the conductive pathways, reflected in a high 

795 Coulombic efficiency of 98.7%. Moreover, the enhanced electrochemical performance of the 

796 SnTe/MWCNT nanocomposites originates from interfacial band alignment and charge 

797 redistribution at the heterojunction. As shown in scheme 3, the energy band diagram, 

798 MWCNTs possess a relatively higher work function of 𝜙 =  5.9 𝑒𝑉 compared to SnTe 

799 𝜙 =  4.5 ―  5.5 𝑒𝑉 [76,77]. When these two p-type materials come into contact, electron 

800 transfer from SnTe (lower work function) to MWCNTs (higher work function) occurs until 

801 Fermi level equilibration is achieved. This charge transfer results in downward band bending 

802 in SnTe near the interface, where the upward band adjustment in MWCNTs leads to an 

803 internal built-in potential at the heterointerface. Although both materials are 𝑝 ― 𝑡𝑦𝑝𝑒 (𝑝 ― 𝑝 

804 heterojunction), the work function difference drives interfacial charge redistribution, creating 

805 a hole-rich accumulation region in SnTe near the junction [78–80]. The resulting built-in 

806 electric field promotes directional charge transport across the interface and reduces the carrier 

807 scattering. The interfacial coupling provides multiple advantages over the reduced charge 

808 transfer, accelerated electron transport through conductive MWCNT pathways, and improved 

809 interfacial conductivity due to the Fermi level alignment, which leads to the ion-electron 

810 coupling at the electrode/electrolyte interface. Additionally, the narrow band gap of SnTe (

811 0.18 𝑒𝑉), combined with the high conductivity and quasi-metallic nature of MWCNTs, 

812 facilitates rapid redox kinetics. The MWCNT network acts as an efficient electron highway, 

813 while SnTe contributes pseudocapacitive redox sites. The band bending at the interface lowers 

814 the interfacial energy barrier, enabling faster charge transfer during charge/discharge cycling. 

815 Therefore, the SnTe/MWCNT heterointerface is not merely a physical mixture but forms an 

816 electronically coupled system, where interface band alignment significantly enhances carrier 

817 mobility, suppresses recombination losses, and improves the electrochemical kinetics. This 

818 synergistic interaction explains the improved electrochemical performance.
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819

820 Figure 8. Electrochemical analysis of the SnTe/MWCNT electrode to elucidate the charge 

821 storage mechanism: (a) schematic illustration of ion transport and charge storage behaviour 

822 in KOH electrolyte, (b) determination of b-value from the 𝑙𝑜𝑔(𝑖) vs. 𝑙𝑜𝑔(𝑣) relationship, (c) 
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823 anodic and cathodic peak current dependence on scan rate with linear fits, (d) quantitative 

824 contributions of capacitive- and diffusion-controlled processes at different scan rates, and (e) 

825 separation of current response into capacitive and diffusion-controlled components at 5 

826 𝑚𝑉𝑠⁻¹. 

827

828 Scheme 3. Energy band diagrams of (1) MWCNTs and SnTe before contact, and (2) band 

829 alignment of the SnTe/MWCNT heterojunction after Fermi level equilibration. The work 

830 function difference induces interfacial charge transfer and band bending.

831 7. Humidity Sensor Characterization 

832 Flexible micro humidity sensors based on SnTe unwrapped multi-walled carbon nanotube 

833 (SUMs) nanocomposites have shown great promise due to their fast and sensitive response to 

834 changes in ambient humidity [81][33]. The presence of oxygen-rich functional groups in 

835 functionalized ( ―𝐶𝑂𝑂𝐻) MWCNT [82], along with the high aspect ratio and conductive 

836 network of SnTe nanoparticles and conductive tubular structure MWCNTs, facilitates 

837 efficient adsorption and desorption of water molecules. These hydrophilic characteristics 

838 enhance surface interaction with moisture, making the composite highly suitable for humidity 

839 sensing. To evaluate the sensor’s performance, the devices were exposed to controlled relative 

840 humidity (RH) environments ranging from 11% to 97% 𝑅𝐻 at a constant temperature of 

841 25°𝐶. The humidity levels were regulated using saturated aqueous solutions of specific salts 

842 inside a sealed chamber, as detailed in Scheme S4 and Table S4. The sensor’s resistance was 

843 recorded using a calibrated digital multimeter (Fluke-179), and the sensitivity was calculated 

844 using Equation (11). To investigate the humidity sensing performance, a flexible 

845 miniaturized humidity sensor was fabricated using a screen-printing technique on a 

846 polyethylene terephthalate (PET) substrate as shown in Scheme S4. The sensor featured an 

847 overprinted interdigitated electrode structure with a defined single sensing layer. To evaluate 

848 the sensor’s response to different humidity concentrations, a series of saturated salt solutions 
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849 were used to create controlled relative humidity (%𝑅𝐻) environments ranging from 11% to 

850 97% inside sealed Teflon chambers. These saturated solutions included salts such as 𝐿𝑖𝐶𝑙, 

851 𝑀𝑔𝐶𝑙₂, 𝑀𝑔(𝑁𝑂₃)₂, 𝑁𝑎𝐶𝑙, 𝐾𝐶𝑙, 𝐾𝑁𝑂₃, and others, each providing a stable (%𝑅𝐻)level at 

852 room temperature. Additionally, the results were also cross-checked using a commercially 

853 available humidity probe sensor (Electronic Spices®). The sensor was suspended above the 

854 solution (approx 1.5 ―  2 𝑐𝑚) inside each chamber to ensure exposure to water vapor without 

855 direct contact with the liquid phase. The sensor’s electrical response was monitored using a 

856 precision source meter (multimeter (Fluke®)) connected to a data acquisition system, 

857 allowing real-time measurement of resistance variations. The active sensing area 

858 (approximately 3.8 𝑚𝑚 𝑥 4.3 𝑚𝑚) and electrode spacing (0.5 𝑚𝑚) were optimized for high 

859 sensitivity and reproducibility. This setup enabled systematic characterization of the sensor’s 

860 performance across a wide humidity range.

861

862 𝑆𝑅 =  
𝑅𝑖 ―  𝑅𝑅𝐻

𝑅𝑖
× 100……………………..(11)

863 Where the “𝑅𝑖” denotes the initial resistance at 11% 𝑅𝐻, while “𝑅𝑅𝐻” represents the resistance 

864 at a specific %𝑅𝐻 levels. The minimum and maximum responses were calculated using 

865 Equation (11) across the “11% 𝑡𝑜 97% 𝑅𝐻” range. 

866 As shown in Fig. 9a and 9b, a consistent increase in resistance was observed with rising RH 

867 levels, indicating a typical p-type semiconducting response driven by water molecule 

868 adsorption. This resistance modulation is attributed to the physisorption and subsequent 

869 chemisorption of water, leading to the formation of H3O⁺ ions through proton hopping, which 

870 alters charge transport pathways in the sensing layer [82]. The enhanced sensitivity in single-

871 layer sensors can be attributed to their thinner active films, which offer minimal diffusion 

872 barriers and faster response kinetics. In contrast, triple-printed sensors with thicker films 

873 exhibit reduced sensitivity, primarily due to restricted vapour diffusion and delayed 

874 interaction with the embedded sensing sites. These findings emphasize the crucial influence 

875 of film thickness and nanoscale material synergy in optimizing the humidity sensing 

876 performance of SnTe-MWCNT nanocomposites. The humidity sensing performance of the 

877 pristine materials, SnTe and MWCNTs, was first evaluated over the RH range of 

878 11% 𝑡𝑜 97%. SnTe showed a decrease in resistance from 10.87 𝑘𝛺 to 3.67 𝑘𝛺, resulting in a 

879 change (∆𝑅) of 7.20 𝑘𝛺. In contrast, MWCNTs exhibited a larger absolute change, from 31.45 
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880 𝑘𝛺 to 20.65 𝑘𝛺, corresponding to a ∆𝑅 of 10.80 𝑘𝛺. Although MWCNTs showed a higher 

881 ∆𝑅, SnTe demonstrated a greater relative change in resistance, as evident in Fig. 9(a). To 

882 further enhance sensing performance, nanocomposites (SUM-3 to SUM-15) incorporating 

883 different proportions of the pristine materials were fabricated and tested. The SUM-3 sensor 

884 displayed a resistance drop from 20.67 kΩ to 5.39 kΩ (∆𝑅= 15.28 𝑘𝛺), For SUM-5, the 

885 resistance changed from 40.89 𝑘𝛺 to 27.61 kΩ (∆𝑅= 13.28 kΩ), while SUM-10 exhibited the 

886 highest response, with resistance decreasing from 56.38 kΩ to 3.93 kΩ (∆𝑅= 52.45 kΩ). 

887 Whereas SUM-15 showed a relatively modest change from 64.67 kΩ to 57.63 kΩ (∆𝑅= 7.04 

888 kΩ) as shown in the Fig. 9(b). These results confirm that SUM-10 offers the most significant 

889 resistance variation, indicating optimal synergy between SnTe and MWCNTs, and thus 

890 superior sensitivity among the tested nanocomposites. This superior response is attributed to 

891 the optimized composition of SUM-10, where the balance between the semiconducting 

892 properties of SnTe and the high surface area and conductivity of MWCNTs provides an ideal 

893 network for moisture adsorption and charge transport. The synergy between the two 

894 components enhances the interaction with water molecules, facilitating efficient electron 

895 transfer and significant resistance modulation. Furthermore, the hysteresis, “𝐻” represents the 

896 maximum hysteresis, “𝑆” denotes sensitivity, and “∆𝐻𝑚𝑎𝑥” is the maximum absolute 

897 difference in resistance during adsorption and desorption, measured at 97% 𝑅𝐻, as elucidated 

898 in Equation 12.

899 𝐻 =
∆𝐻𝑚𝑎𝑥

𝑆 …………………(12)

900 The hysteresis behaviour of the humidity sensor was systematically evaluated by cycling the 

901 RH from 11% 𝑡𝑜 97% (adsorption) and subsequently from 97% 𝑡𝑜 11% (desorption). The 

902 hysteresis curve illustrates the discrepancy between the resistance responses during 

903 adsorption and desorption at identical RH levels, indicating the degree of variation in sensor 

904 response towards the RHs. This phenomenon is primarily attributed to the delayed desorption 

905 of water molecules from the active sensing sites, resulting in a looped curve. The extent of 

906 hysteresis, quantified as the maximum absolute difference in resistance values at a given RH 

907 (typically at 97%), reflects the sensor's reversibility and reliability for repeated use in 

908 dynamic humidity conditions. Figure. Figure 9(c-f) shows the hysteresis curve for the 

909 prepared nanocomposites (SUMs). The hysteresis behaviour of fabricated sensors SUM-3(c), 

910 SUM-5(d), SUM-10(e), and SUM-15(f) was analysed to evaluate their reversibility and 

911 stability. The hysteresis values were determined by calculating the maximum resistance 
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912 difference ∆𝐻𝑚𝑎𝑥 between adsorption and desorption at a fixed RH level and normalizing it 

913 by the sensitivity (S) across the RH range of 11 ― 97%. Among these, SUM-10 exhibited the 

914 lowest hysteresis of 0.35%, followed by SUM-15 at 0.86%, while SUM-5 and SUM-3 

915 recorded significantly higher hysteresis values of 3.78% and 5.07%, respectively. The 

916 superior hysteresis performance of SUM-10 and SUM-15 highlights their excellent 

917 reversibility, minimal signal drift, and efficient desorption kinetics, which are essential for 

918 reliable long-term sensing applications. These sensors likely benefit from optimized surface 

919 morphology, homogeneous nanocomposite dispersion, and controlled porosity, which 

920 facilitate rapid and reversible interactions with water molecules. In contrast, the larger 

921 hysteresis observed in SUM-3 and SUM-5 suggests incomplete desorption and possible 

922 moisture trapping within the sensing layer, likely due to less favourable surface energetics or 

923 aggregation effects. The low hysteresis exhibited by SUM-10 at 62%𝑅𝐻 confirms their 

924 potential as promising candidates for high-performance, stable, and reusable humidity sensors 

925 suitable for integration into flexible and wearable electronic systems. Furthermore, the SUM-

926 10 based nanocomposite exhibits a distinct response and recovery behaviour at a specific 

927 relative humidity of 85% 𝑅𝐻. Over the course of time-resolved analysis, the material 

928 demonstrates a rapid and stable change in resistance, clearly highlighting its sensitivity to 

929 moisture adsorption during the response (7s) phase and efficient desorption during the 

930 recovery (9s) phase, as shown in Fig. 9(g). This consistent performance under controlled 

931 humidity conditions confirms the reliability and reproducibility of SUM-10 as a potential 

932 candidate for high-performance humidity sensing applications.
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933
934 Figure 9(a). Resistance variation of pristine p-MWCNT and p-SnTe with increasing RH 

935 (11 ― 97%); (b) Comparative humidity sensing response of nanocomposites (SUM-3 to 

936 SUM-15), highlighting the highest 𝛥𝑅 in SUM-10, Hysteresis curves of resistance response 

937 versus relative humidity for (c) SUM-3, (d) SUM-5, (e) SUM-10, and (f) SUM-15, showing 

938 adsorption and desorption behaviour with corresponding ∆𝐻𝑚𝑎𝑥 values, (g) Dynamic 

939 response-recovery behaviour of SUM-10 at varying relative humidity, indicating a response 

940 time of 7 s and a recovery time of 9 s.

941 7.1. Humidity sensing mechanism 

942 The humidity sensing mechanism is primarily governed by the interaction between water 

943 vapour molecules and the surface of the sensing material, as shown in Scheme 4. When the 

944 sensor is exposed to varying levels of relative humidity (%𝑅𝐻), the adsorption of water 

945 molecules causes measurable changes in its electrical properties, particularly resistance or 
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946 capacitance [83]. At low humidity levels, water molecules initially undergo physisorption, 

947 forming a monolayer on the sensor surface through weak van der Waals forces. This thin layer 

948 does not significantly contribute to proton conduction, and hence, the resistance remains 

949 relatively high. As humidity increases, multilayer adsorption takes place, and water molecules 

950 start forming a continuous network [84]. This allows for the Grotthuss chain reaction 

951 mechanism [82], where protons (𝐻⁺) hop between adjacent water molecules. This enhances 

952 ionic conductivity and decreases the resistance of the material. In nanocomposite systems 

953 such as SnTe/MWCNT, the mechanism is further enhanced due to the high surface area and 

954 porous structure provided by the carbon nanotubes. These features allow for better water 

955 molecule trapping and faster diffusion paths. The semiconducting nature of SnTe facilitates 

956 charge transport, and the composite structure ensures a synergistic effect, improving both the 

957 sensitivity and response time of the sensor. Moreover, the presence of defect sites, oxygen-

958 containing functional groups, and interfaces between different phases (such as SnTe and 

959 MWCNT) contributes to polar interactions with water molecules, further aiding adsorption 

960 and enhancing sensor performance. The sensor exhibits a decrease in resistance with rising 

961 humidity, which is reversible upon desorption, enabling real-time humidity monitoring 

962 [85,86]. The synergistic behaviour of SnTe and MWCNTs in the humidity sensing application 

963 is primarily governed by the 𝑇𝑒 ― 𝑆𝑛 bonds, which act as hydrophilic adsorption centres for 

964 𝐻2𝑂 molecules. The proton hopping mechanism, as discussed earlier, facilitates rapid 

965 conductivity modulation, which is essential for high-performance sensing. In the optimized 

966 nanocomposite, the synergy between Sn and Te ensures high sensitivity through strong 

967 interactions with water molecules, while the MWCNTs provide a stable conductive network, 

968 maintaining a wide dynamic range and minimizing hysteresis during adsorption/desorption 

969 cycles. This unified mechanism, where SnTe nodes function as the active sensing sites and 

970 MWCNTs serve as conductive highways, establishes a cooperative framework in which ion-

971 electron coupling underlies both charge storage (electrochemical) and signal modulation 

972 (humidity sensing).
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973

974 Scheme 4. Schematic representation of the sensing mechanism in the fabricated humidity 

975 sensor, where water molecules interact with the sensing layer, leading to changes in 

976 resistance. The integrated real-time 3D enclosure setup for device testing is shown along with 

977 the transient response curve.

978 8. Real-Time Monitoring Using the Fabricated Environmental Monitoring Assembly

979 For real-time monitoring, prototypes were fabricated to demonstrate the integration of a 

980 humidity sensing device with a microcontroller-based system for environmental applications. 

981 The device housing was fabricated using fused deposition modeling (FDM) 3D printing with 

982 polylactic acid (PLA) filament [87], and the complete design and printing details are provided 

983 in the Supplementary Information scheme S5(a-c). As shown in Figure 10(a), the setup 

984 features a commercial humidity sensor positioned within a custom 3D-printed chamber 

985 housing fresh green leaves, thereby simulating a natural humidity source generated by crops. 

986 The commercial sensor was connected to a microcontroller for real-time monitoring, with the 

987 measured humidity displayed on a small screen. In parallel, the fabricated SnTe/MWCNT-

988 based humidity sensor, optimized for high sensitivity, was mounted on the chamber lid at a 

989 fixed distance of 4 cm above the leaves. This sensor was connected to an ESP32 

990 microcontroller and interfaced with Arduino® software, enabling continuous resistance 

991 measurements as a function of time. The fabricated sensor exhibited a fast response time of 
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992 68 s and a recovery time of 162 s, attributed to the high conductivity of MWCNTs, which 

993 promotes rapid adsorption and desorption of water molecules. In Figure 10(b), the compact 

994 assembly of the microcontroller and associated circuitry is shown, affixed to the side of the 

995 enclosure for portability and easy deployment. The sensor–microcontroller unit was 

996 connected through a breadboard-based interface for signal processing. Figure 10(c) presents 

997 the wireless data acquisition setup, where real-time sensor output was transmitted to a laptop 

998 and visualized using a custom dashboard. Figure 10(d) shows the microcontroller assembly 

999 and supporting electronic components, while Figure 10(e) displays the dynamic resistance 

1000 response curve of the fabricated device using the SUM-10 sensor, confirming stable and 

1001 reproducible performance during repeated humidification cycles. Comparative summary of 

1002 previously reported sensing materials for flexible humidity sensors, arranged according to 

1003 response time. The table highlights the influence of material structure, synthesis method, and 

1004 sensing principle on device performance, as shown in Table S5. Overall, the prototype 

1005 demonstrates a low-cost, non-invasive, and portable real-time humidity sensing system, 

1006 highlighting its potential for environmental monitoring and agricultural applications.

1007

1008 Figure 10(a-d). Real-time humidity sensing setup with microcontroller integration, (a) 

1009 Sensor enclosed in a 3D-printed chamber with natural leaf samples, (b) Portable sensor 

1010 microcontroller assembly, (c) Wireless data acquisition and visualization on a laptop, (d) 
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1011 Microcontroller assembly with supporting components, (e) Response curve showing dynamic 

1012 resistance change during humidity exposure and recovery.

1013 8.1. Device Integration and Applications

1014 The fabricated flexible interdigitated microsupercapacitors (MSCs) and humidity sensors 

1015 demonstrate significant potential for next-generation wearable and portable electronics. Both 

1016 devices benefit from screen-printing fabrication, a scalable and cost-effective technique that 

1017 supports large-area, high-throughput production while maintaining device performance. The 

1018 use of flexible substrates (e.g., PET) enables integration into bendable and lightweight 

1019 platforms, essential for wearable and IoT-based systems [88,89].

1020 For MSCs, the high areal capacitance, rapid charge/discharge capability, and long-term 

1021 cycling stability allow efficient powering of low-energy IoT nodes, sensors, and 

1022 microelectronics, reducing reliance on bulky or non-sustainable batteries. Their ability to be 

1023 configured in series or parallel further enhances design flexibility to meet specific voltage and 

1024 energy requirements. For humidity sensors, the rapid response/recovery behaviour and high 

1025 sensitivity make them ideal for real-time environmental monitoring. They are inherently IoT-

1026 compatible, with potential applications in healthcare (e.g., respiratory tracking, wound 

1027 healing assessment), agriculture, and industrial process monitoring [90][33]. Their flexible 

1028 and miniaturized design enables seamless embedding into textiles, packaging, and wearable 

1029 devices. From a market standpoint, both MSCs and humidity sensors are aligned with the 

1030 growing demand for sustainable, eco-friendly technologies. The use of green conductive inks 

1031 and binder systems not only supports environmental goals but also strengthens their relevance 

1032 for consumer electronics and smart sensing markets. Collectively, these devices offer 

1033 scalable, IoT-ready, and market-relevant solutions for future intelligent and connected 

1034 systems.

1035  Conclusion 

1036 A polycrystalline SnTe/MWCNT (SUM) nanocomposite was synthesized via a Bridgman-

1037 type method and used to fabricate flexible microsupercapacitors and humidity sensors by 

1038 screen printing. The SUM nanocomposite synergistically combines SnTe’s high 

1039 pseudocapacitance with the conductivity, flexibility, and porous architecture of MWCNTs, 

1040 overcoming the limitations of pristine SnTe. The asymmetric SUM-10 device delivered a high 

1041 areal capacitance of 468.6 𝑚𝐹𝑐𝑚―2 at 5 𝑚𝑉 𝑠⁻¹, excellent rate capability with capacitance 

1042 retention of 90.7% (FAM) and 84.7% (FSM), and superior cycling stability with a Coulombic 
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1043 efficiency of 95.3% over 10000 cycles under repeated bending. As a humidity sensor, SUM-

1044 10 exhibited rapid response (68 𝑠) and recovery (162 𝑠) times, high sensitivity, and reliable 

1045 performance during deformation. Furthermore, a real-time monitoring prototype was 

1046 demonstrated using FDM 3D printing integrated with a microcontroller for continuous 

1047 humidity tracking. These results establish SUM-10 as a promising dual-functional platform 

1048 that unites high-performance energy storage with real-time environmental monitoring, 

1049 opening pathways for its application in wearable electronics, IoT, and precision agriculture.
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