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Abstract 12 

The interest in wearable supercapacitors has been flourishing in both the scientific 13 

and industrial fields. Here, daily-used polyester fabric (PET) is modified by using 14 

an Al-based MOF, namely MIL-53(Al), via a layer-by-layer assembly method at 15 

room temperature. Then, reduced graphene oxide is deposited on the PET/MOF 16 

surface through dip coating in a graphene oxide suspension, followed by chemical 17 

reduction. Ultimately, pyrrole is polymerized on the surface of the PET/MOF/rGO 18 

surface by an in situ chemical polymerization process. The obtained composite is 19 

used as electrode achieving an areal capacitance of 510 mF cm-2 at a scanning rate 20 

of 1 mV s-1 in an aqueous H2SO4 electrolyte. The optimized electrode is employed 21 

in a symmetrical solid-state-supercapacitor device, which delivers a volumetric 22 

capacitance of 3.5 F cm-3, energy density of 64 μW h cm-3 and power density of 0.6 23 

mW cm-3. The symmetrical device shows a good cycling stability even after 12 24 

months storage in ambient conditions retained 85% of the initial capacitance after 25 

1000 voltammetric cycles.   26 

Keywords: wearable supercapacitor, metal-organic framework, polyester fabric, 27 

reduced graphene oxide/polypyrrole composite. 28 
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1. Introduction 31 

Supercapacitors can be integrated with textiles of smart garments in order to power 32 

electronic devices [1,2]. In this, one takes advantage of the textiles in terms of their 33 

mechanical strength, flexibility, low cost, light weight, safety, easy handling and 34 

breathability together with the general advantages of supercapacitors, such as high 35 

power density, long-term cycling lifetime and fast charge-discharge rates [3-6].  36 

Lately, Metal Organic Frameworks (MOFs) have drawn extensive attention as 37 

potential materials in energy storage applications due to their ultra-high surface 38 

area, versatility, tailored properties, and their ability to combine pseudocapacitive 39 

redox metal centers [7-9]. Moreover, MOFs’ organic linkers can contribute to the 40 

Electrical Double Layer Capacitance (EDLC). Generally, in supercapacitor 41 

applications, three categories of MOFs are exploited, namely the pristine MOFs 42 

and the MOFs pyrolyzed under inert and ambient atmospheres [10,11].  43 

The pristine MOFs usually suffer from low conductivity due to the presence of 44 

insulating ligands in their structures. In addition, the participation of the d-orbitals 45 

of the metal ions in the coordination bonds does not allow the electron 46 

delocalization across the framework [12-14]. Therefore, electronically conductive 47 

materials must be incorporated with the MOF in order to increase their 48 

conductivity. Intercalation of conjugated polymers such as polypyrrole (PPy), 49 
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polyaniline (PANI) and poly(3,4-ethylenedioxythiophene) (PEDOT) is frequently 50 

reported as an effective method to enhance the electrical conductivity of the 51 

pristine MOFs. The intercalation of the conducting polymers (CPs) not only boosts 52 

the charge conduction properties, but also improves the faradaic processes at the 53 

interface of electrode/electrolyte [13,15-18]. Wang et al. proposed a strategy to 54 

interweave PANI into MOF crystals in order to synthesize a conductive porous 55 

electrode. Firstly, ZIF-67 was deposited on a carbon cloth with the aid of a binder 56 

and then PANI was electrodeposited. Such an electrode and the resulting 57 

supercapacitor device yielded areal capacitances reported to be 2146 mF cm-2 at 10 58 

mV s-1 and 35 mF cm-2 at 0.05 mA cm-2 [15]. 59 

However, CPs tend to swell during the doping/de-doping process, a fact that limits 60 

the cycleability of the supercapacitor devices. Hence, CPs are combined with 61 

carbonaceous materials such as reduced graphene oxide (rGO) to improve their 62 

stability. In fact, graphene sheets with high surface area result in high interfacial 63 

EDLC and they can provide a stable framework for the polymer deposition, which 64 

is able to buffer the volume change of the polymer [19]. We have recently 65 

developed an rGO/PPy composite coated on polyester (PET) fabric obtaining an 66 

electronic conductivity of 0.81 S m-1, and the all-solid-state supercapacitor delivers 67 

an areal capacitance of 0.23 F cm-2 at 1 mV s-1. It also retains about 76% of the 68 

initial capacitance after 6000 voltammetric cycles (VCs) [20]. Fu et al. prepared a 69 
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flexible supercapacitor based on MOF/graphene oxide onto a carbon nanotube film 70 

in which PEDOT was further electrochemically deposited. Such a device offered 71 

an areal capacitance of 38 mF cm-2 at 5 mV s-1 and a capacitive retention of 89% 72 

after 2000 VCs [21]. 73 

MIL-53(Al) (MIL, Matérial Institut Lavoisier) is one of the most stable MOFs in 74 

acidic conditions and elevated temperatures, comprised of interconnected chains of 75 

corner sharing AlO4(OH)2 octahedra linked by terephthalic acid (TPA) [22]. It is 76 

conventionally synthesized under hydrothermal conditions (220 °C for 3 days) and 77 

a further thermal activation step (330 °C for 3 days) is required in order to remove 78 

protonated TPA molecules trapped within the structural pores.  79 

Here, we aim to prepare MIL-53(Al) particles directly on the PET fabric without 80 

the assistance of any binder. Although the high thermal stability of the MOFs 81 

allows the thermal treatment of the material, the underlying thermoplastic PET 82 

substrate does not tolerate such temperatures. PET begins to soften beyond its glass 83 

transition temperature (Tg) at 70 °C until its complete melting at around 260 °C. 84 

Sánchez-Sánchez et al. reported an innovative way to synthesize MIL-53(Al) at 85 

room temperature (RT) by using organic salts instead of the analogous protonated 86 

ligand. Since the alkaline-based salts of the TPA ligand are perfectly soluble in 87 

water in RT, the severe conditions of the conventional procedure for the PET 88 
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substrate can be avoided. Furthermore, the synthesized MIL-53 has some 89 

additional advantages such as the nano-crystalline nature and the reduced amount 90 

of protonated ligand filling of the MOF pores [23]. In addition, Haque et al. 91 

proposed a MOF purification method based on ultrasonic treatment in the presence 92 

of N,N-dimethylformamide (DMF) at mild temperatures (70 °C) which can 93 

effectively remove the uncoordinated and free carboxylic acids from the pores 94 

[24]. 95 

In this work, we describe a facile method for the synthesis of flexible, binder-free 96 

electrodes and the subsequent supercapacitor device by designing a novel ternary 97 

composite coating on the polyester fabric. Firstly, and in order to introduce more 98 

porosity to the fabric surface and benefit from the MOF’s contribution to the total 99 

capacitance, aluminum terephthalate (Al2(BDC)3) MOF particles are grown on the 100 

PET surface by one or six cycles of layer-by-layer deposition. Secondly, GO is 101 

embedded on the PET/MOF-x and is further chemically reduced to rGO. Finally, 102 

pyrrole is polymerized in situ on the PET/MOF-x/rGO composite. The chemical 103 

and morphological properties of the PET/MOF-x/rGO/PPy (x=1 or 6) electrodes 104 

are investigated, along with their electrochemical performances as stand-alone 105 

electrodes or as symmetrical all-solid-state supercapacitor devices. 106 

 107 
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2. Experimental work 108 

2.1. Materials and reagents 109 

Aluminum nitrate nonahydrate (Al(NO3)3.9 H2O, 98%), terephthalic acid (TPA, 110 

1,4-benzene dicarboxylic acid, 98%), sodium hydroxide (NaOH, 98%), graphite 111 

flakes (<20 μm), sulfuric acid (H2SO4), sodium nitrate (NaNO3, 99%), potassium 112 

persulfate (K2S2O8, 99%) , phosphorus pentoxide (P2O5, 99%), hydrochloric acid 113 

(HCl, 37%) , hydrogen peroxide (H2O2, 35%), pyrrole (C4H4NH, 99%), polyvinyl 114 

alcohol (PVA, Mw= 89,000-98,000, 99% hydrolyzed) and ferric chloride (FeCl3, 115 

98%), L-ascorbic acid (C6H8O6, 99%) were all of analytical grade from Sigma-116 

Aldrich Co. Potassium permanganate (KMnO4, 99%) was purchased from ACS 117 

Merck Co. All chemicals were used without further purification. Polyethylene 118 

terephthalate (PET) woven fabric with plain weave and 15 μm of average fiber 119 

diameter, 107 g m-2 of weight and 31.5/21.5 cm-1 of wrap/weft density, was 120 

provided by the Yazdbaf Co. Prior to use, the fabric samples were washed in 121 

nonionic detergent solution at 60 °C to remove impurities.  122 

 123 

2.2. Procedures 124 

2.2.1. Synthesis of Al2(BDC)3 125 
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An aqueous solution of H2BDC (8 mmol) and sodium hydroxide (16 mmol) in 12 126 

mL deionized water (DI) was added dropwise over an aqueous solution (12 mL) of 127 

aluminum nitrate nonahydrate (16 mmol) under stirring at room temperature. The 128 

stirring was continued for 4 days and then the product was centrifuged, washed and 129 

dried in air overnight. Afterwards, the product was activated by DMF as solvent 130 

under ultrasonic radiation in 70 °C for 1 h. The purified powder was collected after 131 

filtration and dried at 150 °C [24].  132 

 133 

2.2.2. Deposition of Al2(BDC)3 on the PET fabric 134 

The PET fabric was immersed in aqueous solutions of aluminum nitrate 135 

nonahydrate, which served as the metal source, for 30 min at room temperature and 136 

then washed thoroughly with DI water. After drying at 70 °C, the treated fabric 137 

was immersed in sodium terephthalate (Na2BDC) as the linker salt for 30 min at 138 

room temperature and then washed and dried. The same molar ratio was kept 139 

during these synthesis steps as those mentioned in section 2.2.1. An excess of 140 

sodium hydroxide was used to partially modify the PET surface [25]. It should be 141 

noted that the sodium salt of H2BDC was obtained by the reaction of H2BDC and 142 

NaOH according to the reaction 1 given in [23]. The samples prepared in this way 143 

are noted as PET/MOF-1.  144 
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 145 

Reaction 1. Reaction of H2BDC and sodium hydroxide to produce Na2BDC 146 

The mentioned cycle was repeated 6 times and the obtained samples were named 147 

PET/MOF-6.  148 

 149 

2.2.3. GO preparation 150 

Prior to GO powder preparation, a pre-oxidation step was carried out according to 151 

[20]. Briefly, graphite flakes were added to the hot solution of H2SO4, K2S2O8 and 152 

P2O5 and stirred for 4.5 h. The obtained suspensions were diluted with DI water 153 

and filtered. Then, the obtained solid was dried in air overnight. GO oxidation was 154 

performed via the modified Hummers method [26,27]. The GO dispersion was 155 

purified with dialysis for 2 weeks and then it was placed in a vacuum desiccator 156 

over phosphorous pentoxide for a week. A solution of 5 mg ml-1 of GO was ultra-157 

sonicated for 1 h in order to exfoliate the GO sheets. 158 

 159 
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2.2.4. Preparation of PET/MOF/rGO 160 

The PET/MOF-x samples were soaked in the GO solution at 70 °C for 1 h 161 

followed by a thermal treatment at 80 °C. This procedure was repeated 5 times in 162 

order to increase the GO loading. The reduction of GO to rGO was carried out in 163 

an ascorbic acid solution (100 mM) at 95 °C for 15 min. A few drops of ammonia 164 

were added to the solution to maintain the pH around 9-10. After washing and 165 

drying at 80 °C for 30 min, the PET/MOF-x/rGO, x=1 or 6, electrodes were 166 

prepared. 167 

 168 

2.2.5. In situ polymerization of pyrrole on PET/MOF/rGO  169 

The PET/MOF-x/rGO samples were immersed in a pyrrole solution (1 M) in an ice 170 

bath for 30 min, and then ferric chloride (0.5 M) was poured in the solution. The 171 

polymerization time was 2.5 h, and after that, the sample was taken out, washed 172 

and dried in ambient conditions. These samples were named PET/MOF-1/rGO/PPy 173 

and PET/MOF-6/rGO/PPy. 174 

2.2.6. Fabrication of flexible, symmetric supercapacitor devices 175 

The PET/MOF-x/rGO/PPy strips (1 cm2) were used directly as electrodes of the 176 

supercapacitor device. The gel electrolyte (PVA+H2SO4) was prepared according 177 
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to [20] and coated on the one side of the electrodes. A cellulosic membrane 178 

separator was placed between the electrodes, and the device was pressed overnight 179 

under a stainless steel weight (30 g). Finally, the prepared device was dried at room 180 

temperature. 181 

 182 

2.3. Characterization  183 

The morphologies and composition of the modified PET, the various composites, 184 

as well as that of the Al2(BDC)3 particles were determined by scanning electron 185 

microscopy (SEM, Philips XL30) equipped with wavelength dispersive 186 

spectroscopy (WDS). Nitrogen sorption measurements were carried out in a 187 

BelSorp mini II instrument at 77 K. Prior to measurement, H2O was removed from 188 

the MOF pores by a degasification process [28]. BET areas were extracted by 189 

applying the linearized BET equation on the nitrogen adsorption isotherms. The 190 

pore size distribution was analyzed by the Barrett-Joyner-Halenda (BJH) method 191 

[28]. Fourier Transform Infrared Spectroscopy (FT-IR, Thermo Nicolet Nexus 192 

670) was applied to characterize the functional groups of PET/MOF/rGO/PPy. An 193 

X-ray diffractometer (Inel, EQUINOX 3000) was used to collect powder x-ray 194 

diffraction (XRD) patterns. The air permeability of the samples was investigated 195 

by an SDL Atlas air permeability tester. Thermogravimetric analysis (TGA) was 196 

performed in a Netzsch STA 449 F1 thermobalance equipped with a SiC furnace 197 
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up to 900 °C by employing a ramp rate of 10 °C min-1 under N2 gas. The weight of 198 

the fabric was recorded before and after each coating. The thicknesses of the 199 

composites were also measured by a micrometer in three areas and the mean value 200 

was considered as the thickness of each composite. The electrical conductivity of 201 

the composites was measured by using a four-point probe method in a BT-112 202 

membrane conductivity cell (Scribner Associates, Inc.) and determined according 203 

to Eq. (1). 204 

s I

E w t





   

Eq. (1) 

where σ is electrical conductivity (S cm-1), I the applied current (mA), E the 205 

measured voltage (mV), w the width of the sample (1.5 cm), t the thickness (cm), 206 

and s the distance between the voltage probes (0.425 cm).  207 

In order to characterize the electrochemical performance of the electrodes and 208 

devices, cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 209 

electrochemical impedance spectroscopy (EIS) measurements were conducted in 210 

both two- and three-electrode arrangements with a Gamry Reference 3000 211 

Potentiostat / Galvanostat / ZRA in which a platinum sheet and a saturated calomel 212 

electrode served as counter and reference electrodes, respectively. EIS was 213 

recorded at open circuit potential (OCP) in a frequency range from 100 kHz to 0.1 214 

Hz and the amplitude of the imposed sinusoidal voltage was 10 mV RMS. The 215 
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calculated χ-square fitting parameter was of the order of 10-4 over the experimental 216 

frequency range in all systems. 217 

On the subject of the wearable supercapacitors, since only 2 m2 of a human body is 218 

available, attention should be drawn in designing devices offering high areal and 219 

volumetric capacitance [29]. The areal capacitance, volumetric capacitance, energy 220 

density and power density of the supercapacitor device were calculated according 221 

to Eq. (2)-(5).  222 
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 Eq. (5) 

Here Careal is the areal capacitance (F cm-2), ∫IdE the total charge integrated from 223 

CV curves (C V s-1),  the scan rate (V s-1), ∆E the potential window (V), A the 224 

area of the device (cm2), Cvol the volumetric capacitance (F cm-3), I the discharge 225 

current (A), ∆t the discharge time (s), IRdrop the IR voltage drop of the discharge 226 
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curve (V), V the volume of electrodes (cm-3), ED the energy density (W h cm-2), 227 

and PD the power density (W cm-2). 228 

 229 

3. Results and discussion 230 

Table 1 provides information regarding the mass loading and thickness of the 231 

different fabric-composites.  232 

 233 

It may be noticed that by increasing the layer-by-layer assembly cycles from 1 to 6, 234 

a substantial increase in the MOF loading onto the PET from 3.3 to 16.4 is 235 

observed. Nevertheless, the large MOF loading reduces the amount of rGO and 236 

PPy uptake, showing approximately a 3-fold decrease. With respect to the 237 

thickness, it can be seen that the thicker electrodes were obtained by the composite 238 

prepared from six cycles of MOF deposition. However, the increase in the 239 

thickness of the electrodes after PPy loading is proportionally higher in the case of 240 

the PET/MOF-1/rGO composites.  241 

PET in the MOF precursor solutions containing NaOH is expected to hydrolyze, 242 

cleaving a number of ester groups. It occurs according to a nucleophilic attack of 243 

the hydroxyl ions to the carbonyl groups of PET [25]. Such surface modification 244 

improves the contact between the MOF layer and the PET surface [30]. As stated 245 

in Reaction 2, this process introduces reactive carboxylate anions on the surface of 246 
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PET that are able to bind with Al3+ ions via coordination and electrostatic 247 

interactions, as shown in Fig.1a [25]. 248 

 249 

 250 

Reaction 2. Hydrolysis of PET with NaOH 251 

 252 

The Al3+ chelation with the PET functional groups is followed by the coordination 253 

of benzene dicarboxylate ions (BDC2-) and the aluminum ions and the growth of 254 

Al2(BDC)3 on the surface and inside the fabric cavities. It is also possible to form a 255 

linkage between H2BDC and carbonyl groups of PET through hydrogen bonding as 256 

illustrated in Fig. 1b. 257 

Subsequently, upon immersing the PET/MOF in the GO solution, several types of 258 

interactions are likely to take place: 1) electrostatic attraction between the metal 259 

centers of MOF and the oxygenated functionalities of GO; 2) covalent interaction 260 

between the organic molecules of the linker with the sp2 carbon or oxygenated 261 

functional groups of GO [31]; 3) the π-π stacking among the abundant aromatic 262 

rings in the MOF (or PET) and the GO [32]. The adhesion of PPy to rGO is also 263 

ascribed to π-π stacking as illustrated in Fig. 2. 264 

 265 

3.1. Chemical structure 266 
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3.1.1. XRD 267 

Fig. 3 shows the XRD patterns of the PET, Al2(BDC)3, PET/MOF, PET/MOF/GO 268 

and PET/MOF/rGO/PPy. The X-ray diffraction of Al2(BDC)3, i.e. the MOF, shows 269 

the main peaks at 2θ = 9.6, 10.4, 15.1, 17.5, 20, 23.2, 28.5, 31.9° which are 270 

consistent with the pattern of MIL-53(Al) reported previously [22,23]. The 271 

untreated PET fabric exhibits three broad diffraction peaks at 2θ=17.5, 22.5 and 272 

26° assigned to (010), (110) and (100) lattice plane of polyethylene terephthalate, 273 

respectively (PDF Card # 00-050-2275). The PET/MOF composite displays both 274 

the Al2(BDC)3 and the PET diffraction peaks. This indicates the successful 275 

formation of MOF crystals in the composite at room temperature without 276 

noticeable change in the PET crystalline structure. For the prepared GO powder, a 277 

crystalline phase was detected at 2θ=10.96° corresponding to a d-spacing of 0.8 278 

nm, Fig. S1. This peak is obviously introduced to the PET/MOF/GO at 2θ=11.14° 279 

as demonstrated in Fig. 3. In the XRD pattern of the PET/MOF/rGO/PPy, upon 280 

reduction and partial removal of the oxygenated functional groups, the GO peak 281 

vanishes due to a decrease in the interplanar spacing between the graphitic sheets, 282 

therefore the XRD peak shifts towards higher angles. In addition, the XRD peak of 283 

PPy overlaps with the broad PET peaks and some weak diffraction peaks of MOF 284 

are still detected in the quaternary composite.  285 
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 286 

3.1.2. Infrared Spectroscopy 287 

The IR spectra of the quaternary composite and the PET substrate are compared in 288 

Fig. 4 where the characteristic PPy peaks can be seen. The peaks at 788, 1039 and 289 

1176 are assigned to the bending vibration of pyrrole [33]. The peak at 962 cm-1 is 290 

ascribed to C-C out-of-plane ring deformation mode. The FT-IR peak observed at 291 

1093 cm-1 can be related to in-plane deformation of N+-H formed during 292 

protonation. The vibrations at 1126 cm-1 are ascribed to the C-N stretching. The 293 

stretching vibration of the pyrrole ring is also observed at 1542 cm-1 [33-35]. It is 294 

worth highlighting that the IR spectra of the PET/MOF/rGO/PPy still maintain 295 

some weak peaks of the MOF. The absorption band appearing at 1506 cm-1 is 296 

attributed to stretching vibrations of the carbonyl groups that are coordinated to 297 

aluminum [22,36]. A very small peak is also detectable at 1635 cm-1 which can 298 

possibly be attributed to the free carboxylic groups of unreacted/uncoordinated 299 

TPA molecules in the composite, as well as to sp2 carbon atoms of graphene 300 

[22,31]. All these spectroscopic evidence match well with the literature, indicating 301 

the successful coating of MOF and PPy on the surface of the PET. 302 

 303 

3.1.3. BET 304 
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A crucial property of MOFs is their high specific surface area. The specific surface 305 

area of MOF powder prepared at room temperature and purified via ultrasonic 306 

radiation was assessed by BET analysis, as shown in Fig. 3a. The N2 adsorption–307 

desorption isotherm of the RT-prepared Al2(BDC)3 is typical of a type IV 308 

mesoporous materials, according to the IUPAC classification [37]. Moreover, the 309 

mesoporous Al2(BDC)3 provides a specific surface area of 214 m2 g-1 and pores 310 

with mean diameter of nearly 10 nm.  311 

 312 

3.1.4. Air permeability test 313 

Air permeability is defined as the rate of air flow passing perpendicular through a 314 

circular area of 5 cm2, under a specified air pressure differential between the two 315 

surfaces of a material. These measurements were conducted three times in random 316 

circular areas of the samples and the mean value is reported here. Fig. 3b depicts 317 

the air permeability of the untreated, MOF coated and MOF/rGO/PPy coated 318 

fabrics. The air permeability of the raw fabric is almost 15 ml cm-2 s-1 and reaches 319 

31 and 38 after one and six deposition cycles of MOF. This increase suggests the 320 

introduction of a new porous material into the primary structure. It should be noted 321 

that the slight surface modification of PET has also an influence on its air 322 

permeability. The air permeability of the control sample, which was prepared by 323 
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the use of only NaOH, is 28 ml cm-2 s-1. However, the thorough coverage of the 324 

PET/MOF surface after the rGO/PPy coating decreases the air permeability to 20 325 

and 25 ml cm-2 s-1 for PET/MOF-1/rGO/PPy and PET/MOF-6/rGO/PPy, 326 

respectively, which still satisfies the wearing requirements as the air permeability 327 

remains higher than that of the untreated fabric. 328 

 329 

3.1.5. TGA 330 

The thermal behavior of the untreated PET, PET/MOF and PET/MOF/rGO/PPy is 331 

shown in Fig. 5c. The decomposition of PET is initiated by free radical formation 332 

and is further continued by a chain fragmentation process [38]. The thermal 333 

stability of PET is improved while is coated with MOF particles. The difference in 334 

the final amount of weight loss between PET and PET/MOF is ascribed to the fact 335 

that the MOF residue is Al2O3. The TG curve of the PET/MOF/rGO/PPy 336 

composite is slightly different in the onset of weight loss, below 400 °C. It is likely 337 

to be related to the decomposition of epoxy and carboxylic groups remaining even 338 

after GO reduction, as well as the degradation of PPy [39,40]. Lastly, the higher 339 

proportion of weight remaining at 900 °C for the PET/MOF/rGO/PPy composite is 340 

due to the carbon residues of rGO and PPy [39,40]. 341 

 342 
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3.2. Morphological study 343 

The images of Al2(BDC)3 particles are displayed in Fig. S2. It can be seen that 344 

Al2(BDC)3 is formed in a particle-like structure with nanometer-scale width. 345 

The SEM micrographs of PET/MOF-x and PET/MOF-x/rGO/PPy (x is 1 or 6) are 346 

demonstrated in Fig. 6. Fig. 6(a,b) show the PET surface after one cycle of 347 

Al2(BDC)3 deposition. The size of Al2(BDC)3 is altered upon the synthesis on the 348 

fabric surface. Aggregated particles of Al2(BDC)3 on the PET surface have 349 

exhibited varied size ranging from 2.4 to 4.6 μm in PET/MOF-1, whereas in the 350 

case of Al2(BDC)3 powder the mean width of particles reaches up to 75 nm. This is 351 

possibly due to the more prolonged reaction time devoted to the synthesis of 352 

Al2(BDC)3 [41] . On the other hand, the sequential deposition cycles in PET/MOF-353 

6 leads to a dense coating according to Fig. 6(c,d). The higher magnification image 354 

of PET/MOF-6 reveals that the MOF structures have grown as the smooth facets 355 

with the mean width of 112 nm, according to Fig. S3. Multi-point EDX was also 356 

employed and showed a strong peak at 1.5 keV corresponding to the Al element, as 357 

can be seen in Fig. S4. 358 

A glance at the optical images in Fig. S5 shows the difference in MOF-x 359 

composites after GO coating and its reduction to rGO. It can be clearly seen that 360 

the dark brown color of PET/MOF-1/GO and the black color of PET/MOF-1/rGO 361 
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turns to yellowish-brown and grey for PET/MOF-6/GO and PET/MOF-6/rGO, 362 

respectively. The color changes are assigned to the more uptake of GO in the case 363 

of the MOF-1 composites. 364 

 After the loading of active materials of rGO/PPy, a marked contrast is observed 365 

for two composites in terms of the amount of coating as well as the uniformity, 366 

according Fig. 6(e-h). The higher magnification images of PET/MOF-x/rGO/PPy 367 

composites, Fig. 6(f,h) and the corresponding WDX maps, Fig. S6(a,b), reveals 368 

that the much higher amount of MOF uptake in PET/MOF-6/rGO/PPy hinders the 369 

formation of a uniform and effective coating of active materials. Hence, although 370 

in the case of PET/MOF-1/rGO/PPy, a dense and uniform loading is achieved, 371 

PET/MOF-6/rGO/PPy experiences the agglomeration of the synthesized particles 372 

and consequently the discontinuity of the electro-active species coating.  373 

 374 

3.3. Electrochemical performance 375 

3.3.1. Conductivity Measurements 376 

The PET fabric is an electronic insulator. After treatment with MOF, it still 377 

remains an insulator since Al2(BDC)3 is also intrinsically insulating due to the 378 

presence of the terephthalate ligands [15]. As indicated in Table 2, introduction of 379 

rGO on the PET/MOF-x remarkably increases the electrical conductivity of the 380 



22 

 

non-conductive composite. This is the result of a delocalized flow of electrons 381 

within the carbon layers. During the polymerization of the pyrrole, the Fe3+ ions 382 

are responsible for oxidizing the pyrrole rings, while the Cl- ions act as counter 383 

ions for doping of the polymeric backbone. As a consequence, charge carriers are 384 

formed as shown in Reaction 3 [19]. 385 

386 
Reaction 3. Doping/de-doping of PPy 387 

According to the Reaction 3, the formed bipolarons accompanied by the π 388 

electrons from the pyrrole rings boost the conductivity of the PET/MOF/rGO/PPy 389 

composite. 390 

Meanwhile the conjugated bonds of PPy and rGO approach each other and a π-π 391 

stacking is constructed at their interface [20]. This leads to a tight attachment of the 392 

PPy particles to the rGO matrix and thus a conductive network can be established 393 

throughout the composite [20]. After the PPy deposition, the conductivity values 394 

are greatly enhanced almost four orders of magnitudes for both composites. 395 

However, the values for PET/MOF-1/rGO/PPy are almost two times higher than 396 

the ones for PET/MOF-6/rGO/PPy. In agreement with the morphological 397 
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observations, the lower conductivity of the MOF-6 composites is possibly due to 398 

the lower mass loading of active materials as well as the blockage of the 399 

conduction routes by numerous insulating MOF aggregates. In addition, as a result 400 

of the covalent interaction between the MOF and the rGO, the rGO hybridization 401 

state alters from sp2 to sp3 and consequently the conductivity drops because of the 402 

decrease in the mobility of the charge carriers [31]. 403 

3.3.2. Electrochemical measurements 404 

In order to investigate the kinetics of the fabric-based electrodes, the CV response 405 

in an aqueous 1 M H2SO4 solution at different scan rates was collected for the 406 

PET/MOF-x/rGO/PPy composites in a three-electrode cell configuration (Fig. 407 

7(a,b)). Evidently, the redox peak regarding PET/MOF-1/rGO/PPy that appeared at 408 

1 and 2 mV s-1 become invisible at higher scan rates. Since this type of fabric-409 

based electrodes typically follow relatively slow kinetics, the time for ion 410 

migration from the electrolyte solution into the composite is not sufficient at fast 411 

rates. Hence, electrode polarization occurs due to the ion accumulation at the 412 

interface of the electrode/electrolyte. This is why the pseudocapacitance 413 

contribution is lost at the faster scan rates [20,42,43]. However, this fabric 414 

electrode delivers high capacitances of 510, 350, 230 mF cm-2 at scan rates of 1, 2 415 

and 5 mV s-1, respectively. Almost similarly, GCD measurements lead to areal 416 
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capacitances of 520, 410 and 300 mF cm-2 at 0.11, 0.15 and 0.28 mA cm-2. In stark 417 

contrast, the capacitive response of the PET/MOF-6/rGO/PPy composite is 418 

markedly declined, and by slightly increasing the scan rate, the CV curve is heavily 419 

distorted. A possible explanation lies in the differences in the thickness of the 420 

electrodes, as well as the mass loading of rGO and PPy. According to Table 1, the 421 

MOF-6/rGO/PPy film is thicker than the MOF-1/rGO/PPy impeding the diffusion 422 

of the electrolyte ions into the electrode. Thus, only the outer active sites of the 423 

composite may participate in the charge storage. In addition, the loading mass of 424 

the electroactive materials (rGO and PPy) is much lower in case of PET/MOF-425 

6/rGO/PPy, therefore making the capacitive energy storage less efficient.  426 

Two symmetrical supercapacitor devices were prepared from these electrodes and 427 

the electrochemical performance of the devices was investigated in a two-electrode 428 

setup. Fig. 7(c,d) show the CV curves of the PET/MOF-x/rGO/PPy supercapacitor 429 

devices at different scan rates. Although the electrode material resistance leads to a 430 

deviation from the ideal rectangular response, which is the characteristic of pure 431 

carbon electrodes [44], the quasi-rectangular shape points out that a 432 

supercapacitive behavior occurs from the electrical double layer capacitance. 433 

Furthermore, it is clear that both devices provide faster kinetics when compared to 434 

the three-electrode configuration perhaps due to better interactions of the fabric 435 
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electrodes with the gel electrolyte rather than with the electrolyte solution. The 436 

PET/MOF-1/rGO/PPy composite still performs better than the PET/MOF-437 

6/rGO/PPy as the enclosed area in the CV curve is larger for the PET/MOF-438 

1/rGO/PPy. This may be ascribed to the more uniform coverage of the PPy layer 439 

on the high surface area of the rGO sheets. The more efficient electrical contact in 440 

the PET/MOF-1/rGO/PPy composite results in a higher concentration of active 441 

sites, therefore an improved electrochemical performance. As expected, the 442 

capacitance calculated in the three-electrode configuration is bigger than the one 443 

obtained by the two-electrode arrangement [45]. Fig. 8a provides a comparison 444 

between the areal capacitance values of the PET/MOF-1/rGO/PPy and PET/MOF-445 

6/rGO/PPy symmetrical devices. The areal capacitance of the PET/MOF-446 

1/rGO/PPy supercapacitor reaches 150, 130, 90, 70, 60 mF cm-2 at 1, 2, 5, 10 and 447 

20 mV s-1, respectively. In comparison, the areal capacitances decrease by 448 

approximately 1.4 times for the PET/MOF-6/rGO/PPy device. 449 

The volumetric capacitance values of the two devices also confirm the superiority 450 

of the PET/MOF-1/rGO/PPy (Fig. 8b). The highest volumetric capacitance equals 451 

to 3.4 F cm-3, which is obtained at a scan rate of 1 mV s-1. Interestingly, the 452 

PET/MOF-6/rGO/PPy supercapacitor is able to deliver a volumetric capacitance as 453 

high as 2.4 F cm-3. 454 
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Discharge curves of the devices at 0.05 mA cm-2 indicate that the PET/MOF-455 

1/rGO/PPy composite has a lower voltage loss and a longer discharge time 456 

according to Fig. 8c. The smaller voltage drop, which is ascribed to the internal 457 

resistance of the electrode, is well matched with the conductivity measurements. 458 

As mentioned in section 3.4.1, the PET/MOF-6/rGO/PPy composite suffers from a 459 

lower conductivity caused by the high MOF loading. In addition, the possible 460 

covalent interactions between MOF aggregates and rGO may cause alterations to 461 

the graphene’s carbon hybridization. Hence, the PET/MOF-6/rGO/PPy composite 462 

fails to form an interconnected network for electron conduction. 463 

The maximum values of energy density and power density generated by the 464 

PET/MOF-1/rGO/PPy symmetrical supercapacitor are equal to 64 μW h cm-3 (2.9 465 

μW h cm-2) and 0.6 mW cm-3 (0.03 mW cm-2), respectively. These values are 466 

comparable with those obtained by MOFs coated on CNT film interconnected by 467 

PEDOT-GO [21], MOF/graphene oxide hybrid interconnected with PEDOT [46], 468 

and MOF/PPy coated on  carbon fibers [13]. Fig. 8e compares the areal energy and 469 

power densities of the PET/MOF-1/rGO/PPy symmetrical supercapacitor device 470 

with some flexible supercapacitor devices in the literature [46-51]. 471 

In order to further investigate the electrochemical performance of the 472 

supercapacitor devices, EIS was also conducted. The Nyquist plots are given in 473 
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Fig. 8d, where it can be seen that both devices exhibit a semicircle in the high 474 

frequency region followed by a linear line, which is almost parallel to the 475 

imaginary axis, in the low frequency domain. The equivalent circuit used to model 476 

these devices is composed of five components including Rs, solution resistance, 477 

Rct, charge transfer resistance in the interface of electrode/electrolyte, Wz, Warburg 478 

impedance for the ionic diffusion, CPEdl and CPEF, constant phase elements of the 479 

double layer capacitance and the faradic capacitance, respectively. The constant 480 

phase element represents non-ideal capacitors. The impedance of a CPE is defined 481 

by Eq. (6). 482 

1( ) n

CPEZ Q j   Eq. (6) 

where   is the angular frequency, Q represents a capacitive admittance, j is the 483 

imaginary operator, and the n displays the degree of ideality of the capacitor (e.g. a 484 

non-uniform surface) (0 ≤ n ≤ 1). 485 

According to Table 3, a remarkable difference in the electrochemical response of 486 

the two devices is observed. The Rs and Rct values of PET/MOF-1/rGO/PPy and 487 

PET/MOF-6/rGO/PPy are 184 and 9.5 Ω cm2, and 232 and 11.1 Ω cm2, 488 

respectively. This may probably be attributed to the difference in the conductivity 489 

values of the electrodes, as discussed previously [20,43], as well as to a decreased 490 

ionic conductivity due to the use of gel electrolytes. The latter is also related to the 491 
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increased Warburg resistances, which include the ionic diffusion in the electrolyte 492 

and the pores of the electrodes. It is also possible that the microporous structure of 493 

the electrodes may have not been efficiently covered by the gel electrolyte, a fact 494 

that will be addressed and studied in future works. Moreover, such high Rs values 495 

are not uncommon and have been previously reported in other solid-state 496 

supercapacitors [52-54]. The uniform and compact coating of rGO/PPy on the 497 

PET/MOF substrate that was achieved in the PET/MOF-1/rGO/PPy composite 498 

drastically increases the electron conduction in this composite. 499 

The superior capacitive response of PET/MOF-1/rGO/PPy can be attributed to 500 

three factors: 1) higher loading of the electrically active materials (rGO and PPy), 501 

2) effective interactions of the active materials caused by their specific 502 

morphology, and 3) partial contribution of the MOF in the EDLC. 503 

In addition, the higher amount of the mass transfer diffusion resistance observed in 504 

the case of PET/MOF-6/rGO/PPy is possibly due to the limitation of ion diffusion 505 

in the thicker electrode by the longer diffusion distances.   506 

The stability of the supercapacitor device was assessed after 12 months storage in 507 

ambient conditions. The cycling stability of the PET/MOF-1/rGO/PPy symmetrical 508 

supercapacitor device was assessed after 1000 VCs at 20 mV s-1. According to Fig. 509 

8f, even after 12 months the device possesses capacitance retention of 85%, which 510 
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is comparable with that reported for a supercapacitor of MOF-coated on CNT 511 

interconnected by PEDOT/GO [46]. 512 

It is a vitally important requirement of wearable devices to render stable 513 

performance after mechanical bending. Fig. S7 displays the CV response of 514 

PET/MOF-1/rGO/PPy device after bending motions at various angles. The CV 515 

curves at 10 mV s-1 nearly overlapped indicating almost no loss in capacitance or 516 

structure failure. This demonstrates the high flexibility as well as the ability to 517 

integrate wearable electronics for PET/MOF-1/rGO/PPy based supercapacitors. 518 

 519 

4. Conclusions 520 

Al2(BDC)3 was introduced on fabric based on PET by a layer-by-layer assembly in 521 

order to increase the porosity of the fabric. XRD, air permeability, SEM and TGA 522 

measurements confirmed the presence of MOFs on the fabric surface. An 523 

electrochemically conductive composite was further achieved by coating the 524 

PET/MOF substrate with rGO/PPy. The composite with the lower MOF loading 525 

exhibited a higher conductivity due to a higher loading of electrically active 526 

materials and thinner electrode configuration. This optimized morphology 527 

facilitated the electron transfer and ion migration from the bulk to the electrode 528 

interface achieving an energy density of 64 μW h cm-3 and a power density of 0.6 529 
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mW cm-3. The mentioned characteristics also led to the superior performance in 530 

both two- and three-electrode configurations. The symmetrical supercapacitor 531 

device made of PET/MOF-1/rGO/PPy electrodes and PVA+H2SO4 electrolyte 532 

offers a good cycling stability even after one year storage in ambient conditions, 533 

and 85% capacitive retention after 1000 VCs. These results suggest that the MOF 534 

modified PET fabric coated with rGO/PPy holds a great potential for wearable, 535 

flexible charge storage devices based on non-toxic materials. There is a lot of room 536 

for development and this work highlights the fact that optimization of the amounts 537 

and blending of the insulating (PET, MOF) with the electrically conducting 538 

components (rGO, PPy) should be pursued in future works. 539 
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Figures Captions 676 

Fig. 1. Scheme for the possible interactions to form PET/MOF: (a) interactions of Al3+ with the 677 

carboxylate groups of the modified PET and the BDC-2 anions, and/or (b) interactions of H2BDC 678 

with the modified PET and Al3+ 679 

Fig. 2. Schematic representation of the preparation of the PET/MOF/rGO/PPy composites 680 

Fig. 3. XRD patterns of MOF, PET, PET/MOF, PET/MOF/GO, and PET/MOF/rGO 681 

Fig. 4. FTIR spectra of the untreated and PET/MOF/rGO/PPy fabrics. The green, cyan and 682 

magenta stars are attributed to PPy, MOF and rGO, respectively. 683 

Fig. 5. a) N2 adsorption/desorption isotherms of Al2(BDC)3, b) The amount of air permeability of 684 

various fabric-based composites, c) TGA curves of the untreated PET, PET/MOF and 685 

PET/MOF/rGO/PPy 686 

Fig. 6. The SEM images of a,b) PET/MOF-1, c,d) PET/MOF-6 is the higher magnification 687 

image,  e,f) PET/MOF-1/rGO/PPy, g,h) PET/MOF-6/rGO/PPy 688 

Fig. 7. Cyclic voltammograms for a) PET/MOF-1/rGO/PPy electrode b) PET/MOF-6/rGO/PPy 689 

electrode in aqueous 1 M H2SO4, c) PET/MOF-1/rGO/PPy symmetrical supercapacitor device, 690 

and d) PET/MOF-6/rGO/PPy symmetrical supercapacitor device 691 

Fig. 8. a) The areal capacitance values and b) the volumetric capacitance values of PET/MOF-692 

1/rGO/PPy and PET/MOF-2/rGO/PPy supercapacitors obtained at different scan rates, c) 693 

comparison of discharge curves of PET/MOF-1/rGO/PPy and PET/MOF-6/rGO/PPy 694 

supercapacitors at a current density of 0.05 mA cm-2, d) Nyquist plots of PET/MOF-1/rGO/PPy 695 

and PET/MOF-6/rGO/PPy devices, e) the Ragone plot, f) capacitance retention of PET/MOF-696 
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1/rGO/PPy after 1500 cycles of CV at scan rate of 20 mV s-1 after one year storage at ambient 697 

conditions 698 

699 
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Tables Captions 700 

Table 1. The weight and thickness of the various composites 701 

Table 2. Conductivity of various composites 702 

Table 3. Extracted EIS parameters after deconvolution of the experimental data 703 

704 
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Table 1 731 

Composite Add-on/mg cm-2 Thickness/mm 

Untreated PET - 0.11 

PET/MOF-1 3.3 0.12 

PET/MOF-1/rGO 5.0 0.13 

PET/MOF-1/rGO/PPy 6.2 0.16 

PET/MOF-6 16.4 0.15 

PET/MOF-6/rGO 1.5 0.16 

PET/MOF-6/rGO/PPy 2.4 0.17 

 732 
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Table 2 734 

Composite Electrical Conductivity/S cm-1 

PET/MOF-1/rGO 5.1×10-4 

PET/MOF-1/rGO/PPy 0.68 

PET/MOF-6/rGO 1.7×10-4 

PET/MOF-6/rGO/PPy 0.35 

735 
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Table 3 736 

Device Rs/ 

Ω cm2 

Rct/ 

Ω cm2 

WR/ 

Ω cm2 

CPEF/ 

F cm-2 
1Dln

s


 

nF CPEDL/ 

F cm-2 
1Fns 
 

nDL χ-square 

PET/MOF-

1/rGO/PPy 

184 9.5 47.7 0.0077 0.31 0.25 1 2.5E-4 

PET/MOF-

6/rGO/PPy 

232 11.1 60 0.0021 0.32 0.44 1 1.1E-3 
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