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ABSTRACT
Wearable electronic textiles (e-textiles) present a transformative platform for integrating real-time health monitoring devices into 
everyday garments. Despite their promise, the development of flexible, efficient, and reliable on-body energy storage remains a 
major bottleneck. Inkjet printing, known for its precision and compatibility with various substrates, emerges as a viable method 
for fabricating energy devices on textiles. Metal–organic frameworks (MOFs) have shown great promise in prior studies for en-
abling flexible and high-performance energy storage in wearable electronics. Here, we present a novel strategy for engineering 
metal–organic framework (MOF)-based e-textiles as electrodes for a solid-state textile supercapacitor, utilizing inkjet printing 
technology. For the first time, standalone MOF inks were successfully deposited on textile substrates, producing highly flexible 
and washable conductive fabrics. These MOF-integrated textiles functioned as supercapacitor electrodes, achieving outstanding 
electrochemical performance with areal and gravimetric capacitances reaching ~354 mF cm−2 and ~87 F g−1, at a 1 mV s−1 scan 
rate respectively. The devices also demonstrated a high energy density of approximately 196 μW h cm−2 with a remarkable power 
density of ~54 385 μW cm−2, with nearly 99% retention after 1000 charge–discharge cycles. These results establish MOF-based 
e-textiles as a promising avenue for the next-generation of wearable energy storage systems.

1   |   Introduction

Smart electronic textiles (e-textiles) are revolutionizing wear-
able technologies by enabling continuous tracking of vital 
signs and facilitating real-time therapeutic interventions for 

individuals [1–3] in healthcare, sports, and safety-critical envi-
ronments [4–7]. Despite significant advances, one of the most 
pressing challenges in the commercialization of e-textiles is 
the integration of robust and adaptable energy storage systems 
[8, 9]. Conventional power sources are often bulky, rigid, or 
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insufficiently durable, making them unsuitable for flexible tex-
tile integration. In contrast, textile-based supercapacitors offer 
notable benefits, including high power density, excellent cycle 
life, and inherent flexibility and low thickness [10, 11]. However, 
their relatively low energy density remains a major limitation 
[12]. The performance of textile supercapacitors is highly depen-
dent on the choice of active electrode materials. Although many 
materials have been explored for this purpose, the development 
of novel materials that combine high conductivity, large surface 
area, pseudocapacitive characteristics, and long-term stability 
continues to be a critical area of research [13–15]. Conventional 
materials still fall short in delivering these requirements com-
prehensively [16–18].

In response to growing concerns over sustainability and clean 
energy demands [19–24], metal–organic frameworks (MOFs) 
have garnered increasing interest as the next-generation of en-
ergy materials [25, 26]. MOFs are crystalline, porous compounds 
composed of metal nodes coordinated with organic linkers, ca-
pable of achieving exceptionally high surface areas (typically in 
the range of 1000–10 000 m2 g−1) [27] with all imaginable func-
tionalities [28]. Their tunable structures, functional porosity, 
and redox-active metal centers [29] make them attractive can-
didates for energy storage [15, 30]. Notably, the redox behavior 
of MOF components enables energy storage through interaction 
with electrolyte ions [31]. However, poor electrical conductivity 
has historically restricted their widespread application in super-
capacitors [32].

To date, over 20 000 unique MOFs with diverse morphologies, 
chemical compositions, and crystallographic structures have 
been documented [10]. By tailoring the selection of organic 
linkers and metal precursors, researchers can fine-tune MOF 
structures to achieve desired properties, including high po-
rosity, large surface area, and a dense distribution of electro-
chemically active sites [10]. The tunability of these framework 
materials allows control over pore size, and the distribution 
thereof, through adjustments in the ratios of metal salts, li-
gands, solvents, and functional additives. Owing to these 
advantages, MOFs and their composites have drawn consid-
erable attention in energy storage applications [10, 15, 16, 32]. 
Nonetheless, the majority of MOF-based supercapacitor (SC) 
research to date has focused on hybrid systems where MOFs 
are integrated with polymeric or carbon-based substrates 
[33]. The utilization of pristine MOFs as an active electrode 
material is constrained by their inherently low electrical con-
ductivity [34]. Currently, the deployment of MOFs in practi-
cal supercapacitor devices is still in its infancy and largely 
restricted to lab-scale demonstrations. However, ongoing ad-
vancements in material engineering, structural optimization, 
and performance enhancement are expected to pave the way 
towards scalable, cheap, and environmentally friendly MOF-
based energy systems in the near future [32].

Despite the growing interest in MOF-based materials for en-
ergy storage, their integration into textile-based supercapac-
itors remains relatively underexplored. For instance, Liang 
et al. [10] fabricated a CoNi-MOF nanorod structure anchored 
on carbon cloth, which served as a CoNiOOH-2 electrode and 
delivered an exceptionally high area-specific capacitance of 

11.6 F cm−2 at 2 mA cm−2. In a separate study, Qi et  al. [15] 
developed a textile supercapacitor by synthesizing a hybrid 
material comprising MOF and polypyrrole through a one-step 
electrodeposition process. This exhibited a linear capacitance 
of 10 mF cm−1 (equivalent to 206 mF cm−2), alongside power 
and energy densities of 132 μW cm−1 (2102 μW cm−2) and 0.8 
μW h cm−1 (12.8 μW h cm−2) respectively. Cheng et  al. [16] 
introduced a flexible electrode composed of a sphere-flake-
sphere structured Ni-MOF combined with reduced graphene 
oxide (RGO), integrated into a PPy-based asymmetric fabric 
supercapacitor. Their device demonstrated an areal capaci-
tance of 95 mF cm−2 with a power density of 3.07 mW cm−2 and 
an energy density of 7.72 μW h cm−2. Despite these promising 
advancements, there remains a critical need for standardized 
methodologies and systematic protocols to facilitate the prac-
tical integration of MOF materials into the next-generation of 
wearable e-textiles.

Among the various methods [35, 36], inkjet printing has 
emerged as a scalable and precise technique for depositing 
functional materials onto flexible substrates, including tex-
tiles [21, 37]. It offers advantages such as digital patterning, 
additive processing, and minimal material waste [38, 39]. 
Novel inkjet printing, thus, presents a sustainable approach 
for manufacturing fully printed, high-resolution, and smart 
supercapacitors suitable for flexible wearable electronics ap-
plications [40, 41]. In this work, we present the first-ever fab-
rication of a textile-based supercapacitor using a standalone 
MOF deposited via inkjet printing. A water-soluble bi-metallic 
MOF ink was formulated and printed onto pretreated cotton 
textiles. The resulting printed e-textiles were characterized 
for flexibility, washability, and electrochemical performance, 
highlighting their potential as energy-storage components in 
next-generation wearable systems.

2   |   Results and Discussion

2.1   |   Characterization of Material

A bimetallic water-soluble metal–organic framework (MOF) 
[28], UTSA-16 (Co/Zn), was utilized in this study. The ma-
terial, commercially available as ProMOF 9100_Dev MOF 
Powder, was sourced from Promethean Particles (Nottingham, 
UK). The crystalline phase of the powder was assessed using 
X-ray diffraction (XRD), revealing sharp and intense peaks 
indicative of high crystallinity (see Supporting Information 1, 
Figure S1).

The chemical state, as well as the elemental composition, were 
further investigated by X-ray photoelectron spectroscopy (XPS). 
As exhibited in Figure 1a, the survey spectrum confirmed the 
presence of characteristic peaks for C1s, Co2p, N1s, and Cu2p. 
Deconvolution of the C1s spectrum (Figure 1b) showed distinct 
peaks attributed to C  C (285.1 eV) and C  O (289.3 eV) bonds 
[42, 43]. High-resolution Co 2p spectra (Figure  1c) revealed 
peaks located at 778.5 and ~793.4 eV, corresponding to Co3+ 
(2p3/2 and 2p1/2), while additional peaks located at 780.3 and 
796.1 eV were ascribed to Co2+. Satellite peaks located at 784.8 
and 802.5 eV further confirmed the complex oxidation states 
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of cobalt [42, 44, 45]. The N1s spectrum (Figure 1d) exhibited 
a peak located at 399.7 eV, typical of pyrrolic-N functionalities 
[42, 46]. Figures  S2 and S3 provide Cu 2p and Bi 4f spectra, 
demonstrating additional peaks located at 928.72 and 161.84 eV, 
respectively.

The thermal properties of the Co/Zn MOF were analyzed via 
thermogravimetric analysis (TGA), as reported in Figure 1e. 
The material exhibited a three-stage weight loss profile. The 
initial drop (~14 wt%) between temperatures of 30°C to 150°C 
corresponds to moisture loss. A major degradation step oc-
curred at around 334°C, associated with framework collapse 
and a weight loss of approximately 66 wt%. These results con-
firm the thermal stability of the MOF up to 330°C, supporting 
its suitability for textile-based applications. The morphology of 
the MOF particles was evaluated using transmission electron 
microscopy (TEM). Figure 1f shows that the particles were in 
the sub-micron size range, with well-defined structural fea-
tures. A high-resolution TEM inset provides further insight 
into the lattice fringes. Additionally, atomic force microscopy 
(AFM) measurements (Supporting Information 1, Figures S4 
and S5) revealed an average particle height of approximately 
600 nm.

2.2   |   Inkjet-Printing of MOFs on Textile Fibers

Among various textile functionalization techniques, inkjet print-
ing has emerged as a non-contact, programmable deposition 
method, enabling the controlled placement of functional materi-
als onto flexible and uneven substrates such as textiles [47]. This 
technique allows for high-resolution patterning without masks 
or complex processing steps, making it ideal for textile-based 
electronics [48]. However, printing low-viscosity inks on porous 
and deformable textile substrates presents challenges, including 
uneven absorption, fiber reorientation, and moisture-induced 
dimensional changes [49]. To mitigate these issues, a commer-
cial interface paste, namely DM-INS-2510 from Dycotec, UK, 
was applied as a pretreatment layer via screen printing, smooth-
ing the textile surface and improving ink adhesion.

For ink preparation, 0.5 g of the Co/Zn-based MOF powder was 
dispersed in 50 mL of deionized water. A printing solvent was 
formulated separately by combining 6 mg of Triton X-100, 10 mL 
of xanthan gum, and 10 mL of propylene glycol in 100 mL of DI 
water. This mixture was added to the MOF dispersion to pro-
duce the final inkjet-compatible formulation (Figure  2a). The 
ink demonstrated shear-thinning behavior, with a viscosity of 

FIGURE 1    |    Structural and compositional analysis of UTSA-16 (Co/Zn) MOF: (a) Broad XPS scan displaying elemental composition; (b) Detailed 
XPS spectrum of C1s; (c) High-resolution Co 2p spectrum; (d) N1s spectrum showing nitrogen bonding states; (e) Thermogravimetric profile illus-
trating thermal decomposition behavior; and (f) TEM micrograph showing particle morphology, with inset highlighting lattice-level resolution of 
the MOF.
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2.0 cP (Figure  2b), and a surface tension of 28.6 mN m−1 (see 
Supporting Information 4, Figure S7).

The Ohnesorge number (Oh), used to evaluate inkjet printabil-
ity, was calculated as 0.08 using the formula Oh = η/(√(γρa)) 
where η is the dynamic viscosity, γ is the surface tension, 
ρ is density, and a is the characteristic length, that is, the di-
ameter of the print head's nozzle. It yields a printability index 
Z = 1/Oh ≈ 12.5, which falls within the optimal printable range 
(1 < Z < 14) [50–52] (Supporting Information 5, Figure S8).

The printing was performed using a Fujifilm Dimatix DMP-2800 
inkjet printer equipped with a disposable piezoelectric cartridge 
(Supporting Information 2, Figure S6). The cartridge produces 
droplets of ~27 μm in diameter and has a nominal drop volume 
of 10 pL [53] (Figure 2c). The nozzle-substrate distance was set 
to 1.5 mm, and stable jetting was achieved at a drive voltage 
of 30 V under ambient conditions (Supporting Information  5, 
Figure S9). The textile substrate was maintained at 35°C to pro-
mote rapid drying between successive print passes.

To determine the optimal number of print layers for achieving 
improved conductivity, a series of square patches (1 cm × 1 cm) 
were printed in layer increments ranging from 1 to 160 (with 

10-layer intervals). Electrical resistance was recorded after each 
step (Figure 2d). The initial 10-layer print exhibited a resistance 
of approximately 400 MΩ, which progressively decreased with 
an increasing number of layers. At 100 layers, the resistance 
dropped to ~50 MΩ cm−1—an 88% reduction. Beyond 100 layers, 
additional printing led to only marginal improvements, with 
resistance values stabilizing around 43 MΩ cm−1 at 160 layers. 
This plateau suggests a saturation point in the formation of a 
continuous conductive network, thereby establishing 100 layers 
as the optimal configuration for subsequent device fabrication.

The enhancement of conductivity in the MOF-based printed elec-
trodes can be attributed to several synergistic effects of both the 
printing and post-treatment processes. Inkjet printing enables 
the precise, uniform deposition of MOF inks, promoting close in-
terparticle contact and continuous film formation across the tex-
tile substrate. This uniformity is critical for facilitating effective 
electron transport pathways. Following printing, post-treatment 
was optimized by evaluating resistance as a function of curing 
temperature (110°C–150°C, in 10°C intervals) and curing time 
(5–15 min, in 5-min intervals) (Figure 2e). A slight decrease in 
resistance was observed up to 120°C, likely due to enhanced 
particle packing, solvent evaporation, and film densification. 
Beyond 120°C, resistance increased—potentially as a result of 

FIGURE 2    |    Inkjet deposition of the MOF ink on textile substrates: (a) Illustration showing the formulation steps of the MOF-based printable ink; 
(b) Viscosity profile of the MOF ink as a function of applied shear rate; (c) Schematic representation of the drop-on-demand (DOD) inkjet printing 
mechanism; (d) Variation in electrical resistance with increasing number of printed layers; (e) Effect of curing temperature and duration on the 
electrical resistance of printed textiles (solids lines are guides for the eye only); (f) SEM micrographs comparing untreated textile surfaces and fabric 
printed with a 100 layers of the MOF ink (magnification ×2000).
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thermal degradation of either the MOF structure or the textile 
substrate. Importantly, thermal curing is believed to not only 
improve film morphology but may also lead to partial structural 
rearrangement within the MOF or elimination of insulating or-
ganic residues. These changes can reduce grain boundaries and 
energy barriers, thereby enhancing electron mobility. Although a 
direct investigation of the microscopic conduction mechanism is 
beyond the scope of this study, the observed increases in conduc-
tivity strongly suggest a combined influence of morphological op-
timization and possible phase or compositional changes induced 
by post-processing. Based on these observations, a curing condi-
tion of 120°C for 5 min was selected as optimal.

Surface morphology analysis using scanning electron micros-
copy (SEM) (Figure  2f) further confirmed uniform MOF cov-
erage across the surface-treated textile substrate. Compared to 
the unprinted control, the printed textile displayed a dense and 
continuous layer of MOF particles distributed along the fiber 
contours, validating the effectiveness of the printing and curing 
strategies in achieving a uniform, conductive film suitable for 
wearable energy storage applications.

Mechanical performance [54, 55] of the printed textiles was 
assessed through bending and compression tests. The normal-
ized resistance change (ΔR/R₀) remained minimal under de-
formation (Supporting Information  6, Figure  S10), indicating 
excellent flexibility. Washability tests (Supporting Information 7, 
Figure S11) showed an increase in resistance from ~57 MΩ cm−1 
to ~124 MΩ cm−1 after 10 washing cycles. This ~2.5× increase 
is attributed to partial delamination of the printed MOF layer 
under mechanical agitation during washing, which can impact 
electrical continuity.

2.3   |   Inkjet-Printed MOF-Based Textile 
Supercapacitor

The MOF-functionalized textiles were subsequently employed as 
active electrodes in the fabrication of symmetric, inkjet-printed 
supercapacitors (see Supporting Information 8, Figure S12). A 
conventional two-electrode configuration was used to evaluate 
the electrochemical behavior of the assembled device, where the 
printed MOF layers served as both positive and negative elec-
trodes in a sandwiched architecture.

Cyclic voltammetry (CV) tests were conducted at varying scan 
rates to assess the capacitive behavior (Figure 3a). The resulting 
CV curves displayed a quasi-rectangular shape with subtle redox 
features, indicating a mixed electric double-layer and pseudoca-
pacitive storage mechanism typical of MOF-based materials. The 
areal and gravimetric capacitances (calculated at 1 mV s−1 scan 
rate) were approximately 353.5 mF cm−2 and 86.64 F g−1, respec-
tively. Notably, the ink formulation—primarily water-based—
leaves behind only the MOF solids post-curing, contributing to 
the high gravimetric performance observed. Figure 3b,c illustrates 
the variation of areal and gravimetric capacitances across a range 
of scan rates. The capacitance values decreased with increasing 
scan rates due to reduced electrolyte ion diffusion at higher scan-
ning speeds. Galvanostatic charge–discharge (GCD) profiles of the 
supercapacitor were also recorded at different current densities 
(Figure  3d). The charge–discharge curves maintained a nearly 

symmetric triangular shape, signifying excellent capacitive revers-
ibility and Coulombic efficiency. The device exhibited a discharge 
time of approximately 33 s at a current density of 0.1 mA cm−2.

Electrochemical impedance spectroscopy (EIS) was used to 
further investigate the resistive and capacitive behavior of the 
device (Figure 3e,f). The Nyquist plot in the high-frequency re-
gion revealed a series resistance (ESR) of ~7 Ω at 1 kHz, which 
decreased to ~2 Ω at 50 kHz. A nearly vertical line in the low-
frequency region confirmed capacitive dominance and efficient 
ion transport within the electrodes. The total device footprint 
for these tests was 1 cm2. These electrochemical measurements 
validate the excellent charge storage characteristics of the inkjet-
printed MOF-based e-textile supercapacitor and confirm the 
suitability of MOFs as promising electrode materials in flexible 
energy storage applications.

The electrochemical behavior of the inkjet-printed MOF-based 
supercapacitors indicates a hybrid energy storage mechanism. 
The quasi-rectangular CV curves, with mild redox 'humps', 
suggest that both electric double-layer capacitance (EDLC) and 
Faradaic pseudocapacitance contribute to charge storage. This 
interpretation is supported by the obtained XPS results, which re-
veal the presence of Co in mixed oxidation states (Co2+/Co3+) and 
Cu2+. These transition metals are known to undergo reversible 
redox reactions under acidic conditions (PVA–H2SO4 electrolyte), 
such as Co2+ ⇌ Co3+ + e− and Cu2+ ⇌ Cu+ + e−, contributing 
to pseudocapacitance via proton-coupled electron transfer pro-
cesses. Furthermore, the nanoscale morphology and uniform 
distribution of MOF particles (as observed by SEM and TEM) 
promote efficient ion transport and enhance electrochemical 
accessibility. The solid-state PVA–H2SO4 electrolyte maintains 
ionic conductivity and mechanical integrity, supporting stable 
operation. These combined effects are reflected in the symmet-
ric GCD profiles and the near vertical low-frequency region of 
the Nyquist plots, affirming a capacitive reversibility, low series 
resistance, and rapid ion diffusion. Together, these findings con-
firm that the inkjet-printed MOF electrodes store charge through 
a synergistic EDLC–pseudocapacitive mechanism tailored by 
both a material chemistry and a processing strategy.

2.4   |   Performance of Inkjet-Printed MOF-Based 
Textile Supercapacitor

To assess the durability and electrochemical reliability of the 
MOF-based textile supercapacitor, cyclic stability (long-term) 
tests were performed. Galvanostatic charge–discharge (GCD) 
measurements were conducted over 1000 consecutive cycles at a 
current density of 1 mA cm−2. As shown in Figure 4a, the device 
retained approximately 98% of its initial capacitance, confirming 
remarkable cycling stability. The inset in Figure  4a displays a 
photograph of the fabricated supercapacitor, illustrating the scale 
and form factor of the final device. The corresponding cyclic vol-
tammetry (CV) curves at selected intervals (1st, 100th, 500th, and 
1000th cycles)—are shown in Figure 4b. These curves remained 
consistent in shape and area, reinforcing the excellent electro-
chemical reversibility of the electrodes over prolonged operation. 
Figure 4c presents a zoomed-in view of the GCD profiles from the 
990th to 1000th cycles, further demonstrating a sustained perfor-
mance without significant degradation.
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To benchmark our results, a comparative analysis was per-
formed against existing MOF-based textile supercapacitors 
reported in the literature (Figure  4d). The areal capacitance 
of ~354 mF cm−2 achieved in this study surpasses or closely 
matches previously reported values. It is important to note that 
prior works predominantly relied on carbon cloth or metal-
lized synthetic fibers, whereas our approach uniquely employs 
pure MOFs deposited onto commercially available, ready-to-
dye cotton textiles—eliminating the need for hybridization or 
metal coatings.

The energy and power delivery capabilities of the supercapaci-
tors were also evaluated. As depicted in Figure 4e, the device ex-
hibited an areal energy density of approximately 196 μW h cm−2 
and a power density of ~54 385 μW cm−2. The corresponding 
specific energy and power densities were calculated to be 
~48 W h kg−1 and ~13 330 W kg−1, respectively. These values not 
only demonstrate high energy output but also rapid charge–
discharge capability, which are both desirable attributes for 
wearable energy storage systems. Altogether, the performance 
metrics recorded—particularly the outstanding cycling stabil-
ity, high capacitance, and energy-power synergy—underscore 
the strong potential of standalone MOF-based e-textiles as vi-
able candidates for future wearable and flexible energy storage 
technologies.

While several recent studies have demonstrated the potential of 
MOF-based textile supercapacitors, most of them rely on com-
plex fabrication techniques such as hydrothermal synthesis, elec-
trodeposition, or in  situ polymerization. These methods often 
require conductive substrates, high-temperature conditions, or 
electrochemical cells—posing challenges for large-scale adop-
tion, cost-efficiency, and compatibility with conventional textile 
manufacturing. In contrast, our work utilizes inkjet printing, a 
digitally controlled, non-contact, and an ambient-condition pro-
cess widely used in the textile industry for coloration. This ap-
proach enables precise, patternable deposition of MOFs directly 
onto untreated or pre-treated fabrics, without the need for spe-
cialized lab facilities or environmental controls. Importantly, it 
leverages existing infrastructure and textile formats, thus offer-
ing exceptional scalability and ease of integration into wearable 
products. From a device standpoint, our printed supercapacitor 
achieves competitive electrochemical performance, while si-
multaneously preserving the fabric's flexibility, breathability, 
and conformity. Taken together, this study advances the practi-
cal application of MOF-based energy storage by addressing not 
only materials innovation but also manufacturability, device 
design simplicity, and the broader potential for real-world im-
plementation in wearable electronics. The development of flexi-
ble and wearable energy storage devices is crucial for powering 
next-generation smart textiles and portable electronics. The 

FIGURE 3    |    Electrochemical evaluation of the inkjet-printed MOF-based textile supercapacitors: (a) CV plots recorded at different scan rates, 
highlighting pseudocapacitive behavior; (b) Variation in areal capacitance with scan rate; (c) Dependence of gravimetric capacitance on scan rate; (d) 
Galvanostatic charge–discharge curves at multiple current densities; (e) Nyquist plot representing impedance characteristics in the high-frequency 
domain; (f) Impedance response in the low-frequency region, indicating capacitive performance.
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inkjet-printed MOF architectures demonstrated in this study 
present a viable route toward scalable, patternable, and confor-
mal energy storage components on textile substrates.

3   |   Conclusions

This study presents a novel and scalable approach for developing 
wearable energy storage textiles using inkjet-printed metal–or-
ganic frameworks (MOFs). By formulating a printable ink from 
a standalone, water-soluble bimetallic MOF and directly depos-
iting it onto pretreated cotton fabrics, we successfully fabricated 
highly flexible and conductive e-textiles with excellent mechani-
cal durability, flexibility, and washability. When assembled into a 
symmetric solid-state supercapacitor, the MOF-based electrodes 
demonstrated high areal capacitance (~354 mF cm−2), substantial 
energy density (~197 μW h cm−2), and rapid charge–discharge ca-
pability with power densities reaching ~54 385 μW cm−2. Notably, 
the device retained over 98% of its initial capacitance after 1000 
continuous cycles, indicating exceptional long-term electro-
chemical stability. Compared to previously reported MOF-based 
textile supercapacitors—many of which rely on carbon-rich sub-
strates or metallic integration—our approach leverages pristine 
MOF materials applied directly onto conventional cotton, offer-
ing a 'greener' and more accessible manufacturing route. These 

promising results position standalone MOF-based e-textiles as a 
powerful platform for advancing the field of wearable electron-
ics, particularly in the domain of integrated energy storage. The 
demonstrated method paves the way for future exploration of 
MOF compositions and scalable printing processes tailored to 
flexible, sustainable, and high-performance smart textile sys-
tems. While the present study demonstrates the feasibility and 
electrochemical performance of inkjet-printed MOF-based tex-
tile supercapacitors, further investigation is required to assess 
their long-term durability under real-world wearable conditions. 
Future work will focus on evaluating device stability under me-
chanical abrasion, repeated bending, and exposure to sweat or 
moisture to ensure reliability in practical applications.

4   |   Experimental

4.1   |   Materials

The MOF powder used in this work, ProMOF 9100_Dev (Co/
Zn bimetallic type), was obtained from Promethean Particles 
(Nottingham, UK) and used without further treatment. 
Supporting chemicals—including xanthan gum (XG), car-
boxymethyl cellulose (CMC), propylene glycol (PG), Triton 
X-100, polyvinyl alcohol (PVA with Mw 89 000–98 000), and 

FIGURE 4    |    Comparative analysis of the performance of the MOF-based textile supercapacitor: (a) Retention of capacitance over 1000 charge–dis-
charge cycles; inset displays the fabricated device; (b) CV profiles recorded at selected intervals: 1st, 100th, 500th, and 1000th cycles; (c) Charge–dis-
charge behavior between the 990th and 1000th cycles; (d) Areal capacitance benchmarking against previously published MOF-textile supercapacitor 
studies; (e) Comparative plot of energy and power densities with other reported MOF-integrated textile devices.
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sulfuric acid (H2SO4; 95%–97%)—were purchased from Sigma-
Aldrich (UK). All chemicals used were analytical grade. For the 
textile substrate, desized, scoured, and bleached 100% ready-
to-dye cotton fabric was supplied by Square Fashions Limited, 
Bangladesh. Disposable 10 pL Dimatix cartridges for inkjet 
printing were sourced from Printed Electronics Ltd.

4.2   |   Characterization of Co/Zn MOF Particles

Crystalline properties of the Co/Zn MOF were investigated using 
a Bruker D8 Advance x-ray diffractometer (XRD, Germany). 
Oxidation states and the elemental compositions were analyzed 
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha, USA). Thermal stability was assessed using a Netzsch 
STA2500 Regulus thermogravimetric analyzer (Germany). 
Particle morphology was investigated with an FEI Talos F200X 
transmission electron microscope (TEM, USA), while surface 
topography was captured using atomic force microscopy (AFM) 
on a Bruker Dimension Icon (Germany).

4.3   |   Inkjet-Printable Ink Formulation

To formulate the inkjet ink, 0.5 g of the MOF powder was dis-
persed into 50 mL of deionized water. Separately, a co-solvent 
system was prepared by dissolving 10 mL of propylene glycol, 
10 mL of xanthan gum, and 6 mg of Triton X-100 into 100 mL of 
DI water. This mixture was then added to the MOF solution and 
stirred thoroughly to obtain a stable, homogeneous ink. The re-
sulting ink was filtered through a 0.2 μm syringe filter to remove 
aggregates that might block the printhead. Viscosity and surface 
tension were measured to calculate the Ohnesorge number and 
determine inkjet printability.

4.4   |   Inkjet Printing of MOF-Based Ink on Textiles

Inkjet deposition was carried out using a Dimatix DMP-2800 
printer (Fujifilm Dimatix Inc., USA), capable of printing on sub-
strates up to 25 mm thick over an area of 200 × 300 mm2 [56]. The 
cartridge consisted of 16 nozzles (∼21.5 μm diameter), spaced at 
254 μm intervals, producing droplets of approximately 27 μm di-
ameter with a nominal volume of 10 pL [53, 57]. Printing was 
performed at 30 V with a nozzle-substrate gap of 1.5 mm, under 
ambient conditions. The platen was heated to 35°C to accelerate 
drying. Fabric surface pretreatment with an interface paste (DM-
INS-2510, Dycotec UK) was used to enhance ink adhesion and 
uniformity. Several 1 cm × 1 cm test patches were printed with 
varying layer numbers (1–160) to determine the optimal conduc-
tivity and layer thickness. Electrical resistance was measured 
using a digital multimeter. Post-print curing was optimized by 
varying time (5–15 min) and temperature (110°C–150°C), with 
120°C for 5 min selected as the optimal condition.

4.5   |   Fabrication of Textile Supercapacitor

Textile supercapacitors were assembled using two printed 
MOF electrodes connected with copper wires for external con-
tact [58]. The electrolyte was a PVA–H2SO4 hydrogel, prepared 

by dissolving 1 g of H2SO4 into 10 mL of DI water, followed 
by 1 g of PVA. The mixture was then heated to 85°C under 
constant stirring until clear and homogeneous. The electro-
lyte was drop-casted onto the electrodes and allowed to dry 
overnight under ambient conditions to ensure full penetration 
and adhesion.

4.6   |   Characterization of Textile Supercapacitor

Electrochemical testing was conducted using an Iviumstat work-
station in a two-electrode setup. CV tests were performed at scan 
rates between 1 and 100 mV s−1 over a potential range from −1.0 
to +1.0 V. GCD profiles were recorded in the 0 to 1.0 V window at 
varying current densities. Impedance spectroscopy was conducted 
from 1 Hz to 50 kHz. Areal capacitance (CA in F cm−2) was calcu-
lated from CV curves as: CA = A/(2 s a V), where A is the CV curve 
area, s is scan rate, a is electrode area, and V is voltage window. 
Energy (E) and power (P) densities were determined as: E = 1/2 
CV2 and P = E/t where C denotes the capacitance, V is operating 
voltage, and t denotes the discharge time from GCD tests.
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