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ABSTRACT

Textile supercapacitors (TESCs) are an emerging energy storage solution to

power smart gadgets integrated on clothes. Herein, efficient solid-state TESCs

with different active areas (2–8 cm2) were produced based on cotton fabrics

coated with industrial grade multi-walled carbon nanotubes (MWCNTs) as

electrodes and a safe polyelectrolyte. The textile electrodes were fabricated by

an optimized eco-friendly scalable dip-pad-dry process. The lowest electrical

resistance (2.62 X cm-2) and most uniform coating of the electrodes were

achieved using 10 mg mL-1 CNTs dispersion and 8 dip-pad-dry steps. The

TESCs exhibited a specific capacitance of 8.01 F g-1 (9.18 F cm-2) and high

cyclability (5000 cycles). The energy and power densities were tuned by

changing the electrode area: the largest TESC presented the highest energy

density of 6.30 Wh kg-1, which was 149 higher than those of other EDLC-type

carbon-based TESCs reported in the literature; the smallest TESC presented the

highest power density of 2.72 kW kg-1, being 499 higher than the values

reported for comparable systems. Finally, a sensor was powered for 47 min by

coupling two TESCs in series (14 cm2). This work demonstrated the ability to

produce efficient TESCs using industrial grade MWCNTs by processes imple-

mented in the Textile Industry, boosting technological transfer for high-tech

applications.
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Introduction

The global market for wearable electronics has been

growing at an accelerating pace, with a wide diver-

sity of applications, namely on high-tech sportswear,

healthcare, workwear, protection, military, fashion,

among others [1, 2]. In 2016, this market was valued

at $70 billion globally, being forecast to grow at a

compound annual growth rate (CAGR) of 132% until

2022, to address the needs of the Internet of Things

Era.

In order to electrically supply intelligent function-

alities integrated on clothes, energy storage systems

combining flexibility, comfort, lightness and low

toxicity with high energy and power densities are

highly required [3, 4]. Electrochemical energy storage

systems such as lithium-ion batteries and superca-

pacitors (SCs) are considered the most promising

technologies to meet the energy demands of wearable

electronic devices [3–5]. In particular, textile-based

electrochemical supercapacitors (TESCs) emerged as

potential energy storage candidates due to their high

power density, fast charging, excellent cycling sta-

bility, long cycle life and eco-friendliness. TESCs are

already being developed at a laboratory-scale as

fabrics [2–4, 6–11] or fibers/yarns [12–17] to electri-

cally feed integrated wearable electronics. Several

processes have been used to produce them, such as

dip-coating, screen-printing and fiber spinning. The

first two offer advantages in terms of implementa-

tion, processability costs and scaling-up, since

unfunctionalized textile fabrics and the required

equipment are readily available in the Textile

Industry [3, 18, 19]. Moreover, they enable the

incorporation of higher loadings of active materials

[2–4, 20]. Both natural and synthetic fabrics, such as

cotton and polyester, have been selected as substrates

for TESCs design, owing to their porosity/breatha-

bility, high surface area, lightness, stretchability and

cost-effectiveness [2–4, 21].

In the last years, several types of materials have

been incorporated in fabrics/fibers to produce textile-

based electrodes, namely carbon-based (nano)mate-

rials, metal oxides and conducting polymers, in order

to improve the electrochemical performance of

TESCs, such as their capacitance, energy and power

densities [2, 4, 22–27]. These materials have an

important role in the energy storage mechanism since

they endow electrical conductivity, high surface area

and/or redox properties to the TESCs [4, 24–26],

leading to electric double-layer or pseudocapacitive-

type SCs, respectively.

The recent progress on carbon-based (nano)mate-

rials holds great opportunities for the design of

advanced flexible electrodes owing to their high

electrical conductivity, large surface area, excellent

mechanical properties, high chemical and thermal

stability and wide range of operation temperatures

[28–31]. In particular, single-walled and multi-walled

carbon nanotubes (SWCNTs and MWCNTs, respec-

tively) have been key components for the production

of TESCs [27, 30, 32, 33]. Hu et al. were among the

first to report the fabrication of TESCs using cotton

sheet and woven polyester fabric as substrates,

SWCNTs ink as electrode material and LiPF6 as liq-

uid electrolyte [21]. The cotton-based TESC reached a

specific capacitance of 80 F g-1 at 20 mA cm-2; nev-

ertheless, it relied on the use of a toxic electrolyte.

Pasta et al. produced a TESC using cotton coated with

SWCNTs as electrodes and an aqueous electrolyte

(Li2SO4), which achieved a specific capacitance of

70–80 F g-1 at 0.1 mA cm-2 [34].

Most of the TESCs based on CNTs reported in the

literature are typically based on SWCNTs or rely on

the use of liquid electrolytes, which are still great

constraints in terms of safety and costs towards their

scale-up and industrial implementation. MWCNTs

constitute a potential alternative owing to their lower

manufacturing costs (500 times lower) [35]. For

instance, Xu et al. reported on the fabrication of a

TESC composed of nonwoven cloth coated with

hydroxyl-functionalized MWCNTs (or MnO2/

MWCNT) as electrodes and a liquid electrolyte

(Na2SO4) [36]. However, the specific capacitance was

only 16.40 mF cm-2 at 1 mA cm-2 with a single SC

cell. Furthermore, no optimization of the concentra-

tion of the CNT dispersion was attempted, which is

an important aspect to achieve enhanced perfor-

mance. The performance could be improved by

electrodeposition of MnO2 on the CNT-coated cloth

and/or by stacking multiple cells in a laminated or

tandem configuration (using a liquid or solid-gel

electrolyte, respectively). For instance, the authors

were able to power four LED digital screens con-

nected in series with 10 V output using the MnO2-

based device with tandem structure composed of ten

individual cells. However, no information on the

maximum time the devices could be powered was

reported.
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Despite this progress, a systematic study of com-

plementary specifications related with the TESC

fabrication process itself is still lacking. In particular,

no study concerning the optimization of the CNTs

concentration in the dyeing dispersion to improve the

textile electrode properties has been reported nor on

the role of the electrode features on the energy stor-

age properties of the resulting TESCs. The use of cost-

effective industrial grade MWCNTs as well as of

scalable eco-sustainable manufacturing processes for

the fabrication of TESCs is also of major importance,

aiming to boost the scale-up and implementation in

the Textile Industry.

In view of these requirements, in this work, effi-

cient all-solid-state TESCs based on industrial grade

MWCNTs were produced through an optimized

scalable cost-effective and eco-sustainable dip-pad-

dry process that mimics those used for dyeing in the

Textile Industry. To achieve that goal, fabric elec-

trodes with different dimensions were firstly pro-

duced through the coating of a cotton substrate with

MWCNTs. The influence of the concentration of the

CNTs dispersion bath and of the number of dip-pad-

dry steps on the electrical conductivity, coating

homogeneity and MWCNTs loading of the resulting

textile electrodes was assessed, towards reaching the

best compromise between the three properties.

Afterwards, the textile electrodes were assembled

with a safe solid-gel electrolyte, in a sandwich-type

configuration, to produce TESCs with different

dimensions. We endeavor unveiling the role of the

electrode features, namely geometrical features,

electrode active area and nanomaterial loading on the

energy storage properties of the resulting TESCs. This

work constitutes a step forward on the understand-

ing of the relationship between the electrode prop-

erties, the energy storage output (specific capacitance,

energy/power density, internal resistance) and the

cycle life of textile SCs towards scaling-up for

industrial applications.

Materials and methods

Materials, reagents and solvents

The woven fabric, 100% cotton prepared for dyeing

(warp: 3726, weft: 52 threads), was provided by Arco

Têxteis S.A. (Portugal). The solvents toluene and

absolute ethanol (both of analytical grade) and ortho-

phosphoric acid (H3PO4, 85%, analytical grade) were

purchased from Fisher Chemical. The commercial

MWCNTs Nanocyl� NC7000TM (industrial grade)

were supplied by Nanocyl S.A. According to the

supplier, the MWCNTs have an average diameter of

9.5 nm, an average length of 1.5 lm and a surface

area of 250–300 m2 g-1. Sodium dodecylbenzenesul-

fonate (SDBS) and poly(vinyl alcohol) (PVA, 99%)

were acquired from Sigma-Aldrich. Ultrapure water

(Millipore, specific resistivity: 18 MX cm) was used

throughout the experiments.

Cotton textiles coating with MWCNTs

In order to fabricate the textile electrodes, three

aqueous MWCNT-based inks with concentrations of

5, 10 and 15 mg mL-1 were firstly prepared through

dispersion of the MWCNTs into an SDBS aqueous

solution, under sonication during 150 min. The

resulting dispersions remained stable over long

periods of time (more than 1 year).

Prior to the coating process, the woven cotton

substrates (8 9 8 cm2; average weight of 0.34 g) were

sequentially washed with toluene, absolute ethanol

and Millipore water and then dried at room tem-

perature overnight. The coating of the cotton fabrics

with the MWCNTs was performed through a dip-

pad-dry process. Firstly, the cotton substrate was

dipped into the MWCNTs dispersion and then sub-

mitted to a padding process in order to squeeze out

the excess of CNTs. Finally, the resulting coated

fabric was dried at 100 �C for 12 min. The dip-pad-

dry process was repeated several times in order to

increase the CNTs loading in the fabric and improve

its electrical conductivity with the ultimate goal of

optimizing the textile electrode properties.

Fabrication of all-solid-state textile SCs

The all-solid-state TESCs were fabricated in a multi-

layer configuration (sandwich-type) through the

assembly of two MWCNT-coated fabric electrodes

(produced in ‘‘Cotton textiles coating with

MWCNTs’’ section) using PVA–H3PO4 as solid-gel

electrolyte. The solid-gel electrolyte was prepared by

mixing H3PO4 and PVA (1:1 weight ratio) in 60 mL of

Millipore water and heating to 90 8C under continu-

ous stirring until the solution became clear.

Afterwards, two strips of MWCNT-coated cotton

were coated with the electrolyte solution followed by

J Mater Sci (2020) 55:10121–10141 10123



partial air-drying and then pressed together face-to-

face to produce the solid-state TESC with the desired

overlapping area. Four TESCs with electrode active

surface areas (length 9 width) of 1 9 2, 2 9 2,

1.5 9 4 and 2 9 4 cm2 (overlapped area) were pro-

duced. The resulting TESCs will be denoted as

TSC_X, with TSC_1, TSC_2, TSC_3 and TSC_4 cor-

responding to TESCs with active surface areas of 2, 4,

6 and 8 cm2, respectively.

Physicochemical characterization

Scanning electron microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDS) were performed

at Centro de Materiais da Universidade do Porto

(CEMUP), Portugal, using a high-resolution envi-

ronmental scanning electron microscope (FEI Quanta

400 FEG ESEM) equipped with an energy-dispersive

X-ray spectrometer (EDAX Genesis X4M). Transmis-

sion electron microscopy (TEM) was performed at

Instituto de Investigação e Inovação em Saúde (i3S),

Portugal, on a JEOL JEM 1400 microscope operating

at an accelerating voltage of 120 kV and equipped

with a CCD digital camera Orious (1100 W).

X-ray photoelectron spectroscopy (XPS) was per-

formed at CEMUP, Portugal, on a Kratos AXIS Ultra

HAS spectrometer equipped with a monochromatic

Al Ka X-ray source (1486.7 eV), operating at 15 kV

(90 W) in fixed analyzer transmission (FAT) mode,

with a pass energy of 80 eV for the survey spectra

(1.0 eV step size) and 40 eV for the regions of interest

(0.1 eV step size). The XPS spectra were deconvo-

luted with the CasaXPS software, using nonlinear

least squares fitting routine after a Shirley-type

background subtraction. The surface atomic per-

centages were calculated from the corresponding

peak areas and using the sensitivity factors provided

by the manufacturer.

The X-ray diffraction (XRD) measurements were

performed at room temperature on a SmartLab

Rigaku diffractometer operated at 9 kW power

(40 kV and 200 mA), using Cu Ka radiation

(k = 1.5406 Å) and Bragg–Brentano h/2h configura-

tion in the 2h range of 10�–90�, with an increase of

0.02� and scan rate of 10� min-1.

Raman spectroscopy was performed at two dif-

ferent wavelengths: k = 532 and 633 nm. In the case

of the Raman characterization at k = 532 nm, a Jobin–

Yvon Xplora spectrometer (Horiba Scientific) with a

laser power of 25 mW was used, while for the

characterization at k = 633 nm, the spectra were

acquired on a Jobin–Yvon LabRaman spectrometer

with a laser power of 20 mW. In both analyses, an

optical microscope with a 509 objective lens was

used to focus the laser beam on the samples, as well

as to investigate the quality of the analyzed areas

before and after the measurements. All Raman

spectra were acquired at room temperature using

laser power reduced 50% by a filter in order to avoid

samples damage.

The electrical resistance of the textiles before and

after each dip-pad-dry step was measured with a

digital multimeter by the two-contact technique.

Electrochemical characterization

Cyclic voltammetry (CV) and galvanostatic charge/

discharge (GCD) tests were performed to the TESCs

in a standard two-electrode cell configuration using a

Keithley 2400 sourcemeter. The CV curves were

acquired at scan rates of 1, 5, 10, 20, 50 and

100 mV s-1 and the GCD curves were obtained at 0.1,

0.5, 1 and 2 mA. Electrochemical impedance spec-

troscopy (EIS) was performed in the frequency range

of 0.1 Hz–1 MHz with 0 V mean voltage and 5 mV

amplitude on an Autolab PGSTAT 20 potentiostat

(EcoChimie), using the FRA software. All electro-

chemical measurements were conducted at room

temperature.

Results and discussion

Fabrication of CNT-coated textile electrodes

The textile electrodes were fabricated by coating

woven cotton fabrics with MWCNTs through a dip-

pad-dry process. To unveil the optimum concentra-

tion of MWCNTs in the ink for the dip-pad-dry

process, three aqueous MWCNTs dispersions with

concentrations of 5, 10 and 15 mg mL-1 were firstly

prepared. For each concentration, 5 dip-pad-dry

steps were performed using cotton substrates with

dimensions of 4 9 4 cm2.

The variation of the loading of MWCNTs incor-

porated in the fabric (in weight percentage) and of

the resulting electrical properties after each dip-pad-

dry step is presented in Fig. 1a, b, respectively. For all

the tested MWCNT concentrations, the percentage of

incorporated CNTs increases almost linearly with the
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number of dip-pad-dry steps. In particular, the

average amount of incorporated MWCNTs after each

dip-coating step is 1.37, 2.64 and 3.63 wt% for the

fabrics coated with the 5, 10 and 15 mg mL-1 dis-

persions, respectively. Furthermore, after each dip-

coating step, the higher the concentration of

MWCNTs in the dispersion used to coat the fabric,

the higher the MWCNTs loading in the resulting

textile substrate.

Concerning the variation of the electrical proper-

ties, for the three MWCNTs concentrations, the elec-

trical resistance of the coated textiles decreases three

orders of magnitude with the number of dips, thus

leading to an enhancement of their electrical con-

ductivity (Fig. 1b). For instance, the electrical resis-

tance of the MWCNT-coated textile fabricated using

the 10 mg mL-1 dispersion decreases from 23 kX to

860 X after 5 dip-pad-dry steps, which corresponds to

a resistance reduction of 96.3%. Similar trends were

reported by Hu et al. [21], Yu et al. [37] and Xu et al.

[36] for textile fabrics coated with CNTs or graphene,

where a decrease of the fabrics resistance (and, con-

comitantly, an increase of their electrical conductiv-

ity) with the increase of the number of dips was

observed.

Herein, the ink concentration of 15 mg mL-1 leads

to the highest resistance reduction of the coated tex-

tile, reaching 475 X after 5 dip-pad-dry steps, which

corresponds to an electrical resistivity (q) of 7.45

X�cm, obtained by the following equation:

q ¼ R
A

l
ð1Þ

Figure 1 a Amount of incorporated MWCNTs (in wt%) and

b electrical resistance of the CNT-coated cotton fabrics (4 9 4

cm2) as a function of the number of dip-pad-dry steps, that were

fabricated using MWCNTs dispersions with concentrations of 5,

10 and 15 mg mL-1. c Electrical resistance of the 8 9 8 cm2

cotton fabric coated with the 10 mg mL-1 MWCNTs dispersion

vs. the number of dips upon scale-up, until a total of 8 dip-pad-dry

steps.
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where R is the electrical resistance after 5 dip-pad-dry

steps (in X), A is the area of the fabric substrate (in

cm2) and l is the length of the fabric substrate (in cm).

However, when scaling-up the 15 mg mL-1

MWCNTs ink production, a poor MWCNTs disper-

sion was obtained; in contrast, the less concentrated

inks led to reproducible values upon scale-up. For

this reason and since the tendency of the graphs

presented in Fig. 1a, b corresponding to the ink

concentrations of 10 and 15 mg mL-1 are approxi-

mately equal, a scale-up experiment was performed

with the 10 mg mL-1 ink using a cotton substrate

four times larger (64 cm2 vs. 16 cm2) and a higher

number of dip-pad-dry steps (8 steps). As can be

observed from Fig. 1c, the resistance of the coated

textile reaches the minimum value of 168 X after 8

steps (electrical resistivity of 2.64 X�cm), thus being

achieved a percolation state.

Therefore, for the production of the TESCs, the

10 mg mL-1 MWCNTs ink was selected and a total

of 8 dip-pad-dry steps was performed. The resulting

coated textile (denoted as CNT@Cotton fabric) pre-

sents a black and homogeneous color, which con-

firms the successful incorporation of the MWCNTs

(inset of Fig. 2c vs. inset of Fig. 2a for the pristine

cotton sample). Furthermore, it can be highlighted

that the increase of the textile weight after the

MWCNTs coating was only of 3.79 wt%, thus pre-

serving its lightness.

The topology of the textiles surface before and after

the MWCNTs incorporation was characterized by

SEM (Fig. 2). The SEM images show that the parent

cotton fabric consists of interwoven fibers with a

smooth surface and a diameter in the range of

12–16 lm (Fig. 2a, b). The chemical composition of

the parent cotton fabric, evaluated by EDS (Fig-

ure S1A in Supplementary Material) reveals the

presence of carbon and oxygen, proving that the

fabric is mainly composed of these elements that are

characteristic of cellulose.

In order to obtain information about the morphol-

ogy of the commercial MWCNTs prior to their

incorporation on the cotton substrate, they were

characterized by TEM. The corresponding TEM

micrographs presented in Figs. 2f and S2 in Supple-

mentary Material confirm the tubular morphology of

the carbon nanotubes exhibiting both open and

closed ends, as well as their random orientation.

Moreover, they present average inner and outer

diameters of 4.8 ± 1.1 nm and 12.2 ± 2.6 nm,

respectively.

The SEM images of the MWCNT-coated cotton

after 8 dip-coating steps (Fig. 2c, d) show that the

cotton fabric was successfully coated with the CNTs,

which are homogeneously distributed throughout the

fibers surface. Additionally, the structure of the par-

ent cotton fibers was preserved. The high-magnifi-

cation SEM image of the coated fabric (20,0009)

presented in Fig. 2e reveals that the incorporated

MWCNTs do not have a preferential direction, being

randomly oriented throughout the cellulose fibers

surface, which is in accordance with the TEM results

of the pristine MWCNTs. The EDS analysis (Fig-

ure S1B in Supplementary Material) reveals that the

carbon at% of the coated textile almost doubles when

compared to that of the parent cotton fabric, due to

the presence of the CNTs (Figure S1B vs. Figure S1A

in Supplementary Material). In addition, small

amounts of sodium and sulfur are detected, arising

from the surfactant agent used in the CNTs

dispersion.

The surface chemical composition of the cotton-

based samples as well as of the parent MWCNTs was

determined by XPS and the results are summarized

in Table 1.

The parent cotton fabric is composed of carbon and

oxygen, with surface atomic percentages of 61.7 and

38.3%, respectively. Furthermore, the high-resolution

C 1s and O 1s spectra could be deconvoluted in the

characteristic organic groups of cellulose (not

shown). Upon the MWCNTs coating (CNT@Cotton

sample), a significant increase in the carbon surface

atomic percentage can be observed, as well as a

decrease in the oxygen surface loading, leading to an

O/C ratio of 0.064, which is similar to that obtained

by EDS. This is in accordance with the surface

chemical composition of the pristine MWCNTs,

which are mainly composed of carbon (99.1%) and a

trace amount of oxygen (0.9%). Additionally, sodium

and sulfur from the dispersing agent were detected in

the coated fabric, being present in similar amounts to

those determined by EDS.

The XRD patterns of cotton and CNT@Cotton

samples are illustrated in Fig. 3a. Both diffractograms

present diffraction peaks at 2h = 14.9�, 16.7�, 22.8�
and 34.1� that correspond to the (110), (110), (020) and

(004) reflections of cellulose, respectively, with a

monoclinic crystal symmetry and space group P21
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Figure 2 a, b SEM micrographs (1059 and 5009 magnification,

respectively) of the parent cotton fabric. c–e SEM micrographs

(1059, 5009 and 20,0009 magnification, respectively) of the

CNT@Cotton fabric. f TEM micrograph (250,0009) of the

commercial MWCNTs. Insets of a and c: Digital photographs of

the cotton fabric before and after MWCNTs incorporation.
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[38, 39]. Therefore, the incorporation of the MWCNTs

in the cotton surface does not change the crystalline

structure of the parent fabric.

In the diffractogram of CNT@Cotton fabric, it can

be highlighted the appearance of a weak shoulder at

2h & 25.8� (as shown in the inset of Fig. 3a), that

corresponds to the most intense Bragg reflection of

the parent MWCNTs (Fig. 3b). In fact, the XRD pat-

tern of the MWCNTs features a strong diffraction

peak at 2h = 25.7� and an additional peak at

2h = 42.8�, that correspond to the (002) and (100)

reflections of graphite, respectively [40].

In Fig. 4a are presented the Raman spectra of the

parent MWCNTs and CNT@Cotton in the range of

1000–2000 cm-1 acquired with a k = 633 nm laser.

The Raman spectrum of the pristine cotton fabric

could not be acquired at this wavelength due to the

strong fluorescence of the sample [41]. The Raman

spectrum of the parent MWCNTs exhibits two bands

at 1319 and 1574 cm-1, which correspond to the D

and G bands of CNTs, respectively. The D band is

associated with the double resonant Raman vibra-

tions of the sp2 atoms, being usually used to quantify

the structural disorder arising from amorphous car-

bon, while the G band corresponds to the tangential

stretching vibrations of the carbon atoms [42, 43]. The

spectrum of CNT@Cotton exhibits a similar profile,

featuring the two characteristic D and G bands of the

CNTs, at 1326 and 1589 cm-1, respectively. However,

both bands are shifted to higher wavenumbers when

compared with the D and G bands of the MWCNTs

spectrum (7 and 15 cm-1 shift for the D and G bands,

respectively), suggesting the existence of interactions

between the cotton fibers and the MWCNTs probably

of non-covalent nature (e.g., hydrogen bonds) [44].

The ratio between the intensity of the D and G bands,

ID/IG, can be used to compare the level of disorder of

the carbon material structure [44]. The pristine

MWCNTs and CNT@Cotton samples present com-

parable ID/IG values (1.80 vs. 1.78), indicating that

the MWCNTs structure was preserved upon their

incorporation on the cotton substrate.

Since the vibration modes associated with the cot-

ton fabric could not be identified by Raman spec-

troscopy at k = 633 nm, a complementary Raman

study was performed using a k = 532 nm laser

Table 1 Surface atomic

percentages of cotton-based

samples and parent MWCNTs

obtained by XPSa

Sample Atomic% O/C Na/C S/C

C 1s O 1s Na 1s S 2p XPS EDS XPS EDS XPS EDS

Cotton 61.7 38.3 n.d.c n.d.c 0.62 0.79 – – – –

CNT@Cottonb 92.2 5.9 1.2 0.7 0.064 0.064 0.013 0.013 0.008 0.007

CNTs 99.1 0.9 n.d.c n.d.c 0.009 – – – – –
aDetermined by the areas of the respective bands in the high-resolution XPS spectra
b8 9 8 cm2 sample, after 8 dip-pad-dry steps
cn.d. not detected

Figure 3 XRD patterns of a Cotton and CNT@Cotton samples and b parent MWCNTs and CNT@Cotton.
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(Fig. 4b). The Raman spectrum of the cotton fabric

shows several bands/peaks associated with cellulose

structure: at 1092, 1118 and 1147 cm-1 related to C–

O–C glycosidic linkage asymmetric stretching, C–O–

C glycosidic linkage symmetric stretching and C–C

ring asymmetric stretching vibrations, respectively; at

1231 cm-1, corresponding to C–O–H out-of-plane

bending vibrations; at 1262 and 1285 cm-1 associated

with CH2 twisting vibrations; at 1335 cm-1 assigned

to CH2 bending vibrations; at 1376 cm-1 attributed to

CH2, H–C–C, H–C–O and C–O–H bending vibra-

tions; and, finally, a doublet at 1461 and 1477 cm-1

assigned to amorphous and crystalline cellulose,

respectively [45, 46]. On the other hand, the Raman

spectrum of the parent MWCNTs presents the char-

acteristic D and G bands at 1333 and 1576 cm-1,

respectively. The Raman spectrum of CNT@Cotton

exhibits the fingerprint vibration modes of both the

cotton substrate and MWCNTs, confirming the

presence of both components.

Hence, the morphological, chemical and structural

characterization as well as the electrical properties of

CNT@Cotton confirm that the incorporation of the

MWCNTs onto the cotton substrate was successfully

performed, with the cellulose fibers being completely

coated with the MWCNTs and the fabric becoming

electrically conductive.

Smart textile supercapacitors performance

Upon the characterization and optimization of the

MWCNT-coated textile electrode properties, textile-

based SCs with different active electrode areas (i.e.,

contact area between the electrodes and the

electrolyte) were produced, through the same scal-

able textile dyeing process, in order to unveil the role

of the active area on the energy storage outputs of the

resulting SCs (specific capacitance, equivalent series

resistance, energy density and power density). In this

context, four TESCs with effective electrode areas

ranging from 2 to 8 cm2 were produced: TSC_1,

TSC_2, TSC_3 and TSC_4, with active areas of 1 9 2,

2 9 2, 1.5 9 4 and 2 9 4 cm2 (length 9 width),

respectively.

To achieve that goal, the MWCNT-coated cotton

fabrics submitted to 8 dip-pad-dry steps using the

10 mg mL-1 MWCNT dispersion were directly used

as electrodes for the fabrication of all-solid-state

TESCs with multilayer configuration (sandwich-

type), using PVA–H3PO4 as solid-gel electrolyte

(Figure S3 in Supplementary Material). The solid-gel

polymer, besides contributing to the preservation of

the flexibility of the TESCs, had a dual function of

electrolyte and separator, in order to avoid short

circuits [2]. The CNT@Cotton fabrics were simulta-

neously used as electrodes and current collectors due

to their high electrical conductivity.

The electrochemical performance of the TESCs was

evaluated by EIS, CV and GCD techniques, in a two-

electrode configuration. This configuration was

selected instead of the three-electrode system since it

is more identical to real operation conditions of SC

devices [5, 47, 48]. EIS was carried out for an in-depth

understanding of the electrochemical behavior of the

TESCs as a function of frequency. In Fig. 5a are pre-

sented the Nyquist plots for the four devices with

different effective electrode areas (2, 4, 6 and 8 cm2)

and the corresponding equivalent series resistance

Figure 4 Raman spectra of a MWCNTs and CNT@Cotton acquired with k = 633 nm laser and b MWCNTs, CNT@Cotton and Cotton

acquired with k = 532 nm laser.
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(RES) values (inset). Similar impedance profiles were

observed for all TESCs, which can be divided into

three parts: (1) a section of a semicircle curve at high

frequencies, (2) a straight line with a slope of * 45�
at medium frequencies, and (3) a quasi-vertical line at

low frequencies [49]. The semicircle curve part at

high frequencies is related with the electrodes and

electrolyte resistances, the interfacial resistance

between the electrolyte and the electrodes, and the

contact resistance between the electrodes and the

current collectors. The straight line with a slope

of * 45�, visible at intermediate frequencies, is

known as Warburg impedance and is associated with

the resistance to the electrolyte ions penetration and

diffusion throughout the porous structure of the

electrodes. Finally, the vertical line at low frequencies

is related with the pure capacitive behavior of the

electric double-layer capacitor (EDLC) due to the

electric double-layer formed at the electrode/elec-

trolyte interfaces [49]. It is noteworthy that, at high

frequencies, the Nyquist plots of all TESCs almost do

not present the semicircle characteristic of faradaic

charge transfer mechanisms (Fig. 5a), indicating the

almost inexistence of redox reactions at the elec-

trode/electrolyte interfaces [47, 50]. This feature is

consistent with ultra-high rate capability and high

power performance of EDLCs, unveiling that the

energy storage mechanism that exists in the pro-

duced TESCs is non-faradaic (electrostatic process)

Figure 5 a Nyquist plots of the as-prepared TESCs in the

frequency range of 0.1 Hz to 1 MHz. Inset: Difference between

the RES experimentally obtained by EIS (measured RES) and the

RES predicted through Eq. 1 (simulated RES). b Cyclic

voltammograms of TSC_4 in different potential windows (from

- 1.0 V to 1.0 V until - 2.0 V to 2.0 V) at a scan rate of

5 mV s-1. c Non-normalized capacitance (C) and gravimetric

specific capacitance (Ccell) as a function of active electrode area

(CA is the areal capacitance determined through the slope of C vs.

active electrode area relation;\Ccell[ is the average gravimetric

specific capacitance of the TESCs). d Comparison between the

areas of the i–V cycles of TSC_1 acquired in the negative and

positive ranges of the potential window (negative and positive half

cycles, red and blue curves, respectively) vs. the area of the full i–

V cycle (black curve), at a scan rate of 5 mV s-1.
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and, consequently, the SCs are of the EDLC-type

[1, 4, 51].

The RES values were extracted from the real part of

the complex impedance (Z0) at 1 kHz [47] and are

presented in Table 2 and as inset of Fig. 5a.

Considering that all devices were produced

through a scalable manufacturing process, small RES

values were obtained (111.65–340.04 X) due to the

high electrical conductivity and high surface area of

the incorporated CNTs. When the effective area of the

electrodes increases, it is expected that the RES of the

devices will also increase due to the increase in the

interfacial contact resistance between the active elec-

trode materials and the electrolyte [52]. However, the

results show that the obtained RES values do not

follow that tendency since the devices with larger

area have lower RES than those with smaller area

(111.65 X and 130.81 X for TSC_3 and TSC_4,

respectively, vs. 169.99 X and 340.04 X for TSC_1 and

TSC_2, respectively). To unveil the reason for this

tendency, a geometrical factor was explored in order

to assess if the electrodes shape can influence the

overall performance of the devices. In this context,

additional tests were performed with two TESCs

with similar effective areas but with different

length 9 width dimensions (length measured longi-

tudinally vs. width measured transversally), i.e.,

1 9 2 cm2 and 2 9 1 cm2 (TSC_1 and TSC_5,

respectively). The EIS results revealed that TSC_5

with 2 9 1 cm2 presents larger RES (246.80 X) than

TSC_1 (169.99 X), confirming the influence of geo-

metrical factors on the TESCs performance. To mea-

sure the equivalent series resistance through the EIS

method, an AC voltage is applied between both

electrodes in a two electrodes configuration. Then,

taking into account the geometry of each device, in

TSC_1 (1 9 2 cm2) the number of ions forming the

electric double layer is larger (higher width value:

2 cm) and they have to travel a shorter distance

(smaller length value: 1 cm) than in the case of TSC_5

(2 9 1 cm2), giving rise to a smaller RES. These results

thus confirm that, besides the total active area, a

geometry factor needs to be taken into consideration

to explain the RES tendency of the as-prepared devi-

ces: TSC_3 (111.65 X)\TSC_4 (130.81 X)\TSC_1

(169.99 X)\TSC_2 (340.04 X). In particular, the

devices with larger width (4 cm, i.e., TSC_3 and

TSC_4) are those that present lower restrictions to

electrolyte ions diffusion. Moreover, when consider-

ing devices with similar width, the RES values

increase with the increase of the length: TSC_3

(1.5 9 4 cm2)\TSC_4 (2 9 4 cm2) and TSC_1 (1 9 2

cm2)\TSC_2 (2 9 2 cm2).

To confirm the accuracy of the RES values obtained

through EIS measurements, the theoretical RES of

each device was calculated and is plotted in the inset

of Fig. 5a along with the experimental ones. These

values were obtained through Eq. 1, considering all

TESCs as a system of two electrical resistances (two

electrodes) in series with a capacitor (electrolyte) and

using a reference resistivity value of 3.93 X�cm, which

was calculated for a 1 9 1 cm2 MWCNT-coated cot-

ton fabric prepared under similar conditions to those

used in the preparation of all TESCs (10 mg mL-1

MWCNTs dispersion, 8 dip-pad-dry steps). As can be

observed from the inset of Fig. 5a, the theoretical RES

values (154.48, 271.89, 117.41 and 154.48 X for TSC_1,

TSC_2, TSC_3 and TSC_4, respectively) are

Table 2 Summary of the electrochemical parameters obtained for the four CNT-based TESCs with different effective electrode areas

Supercapacitor Dimensions

(cm 9 cm)

ma

(mg)

RES

(X)
Cb

(mF)

Ccell
b (F

g-1)

V0
c

(V)

IR dropc

(V)

Imax

(mA)

Ed

(W h kg-1)

Pd

(kW kg-1)

TSC_1 1 9 2 2.36 169.99 19.70 8.35 2.09 0.45 12.29 5.07 2.72

TSC_2 2 9 2 4.72 340.04 41.50 8.79 2.17 1.20 6.38 5.77 0.74

TSC_3 1.5 9 4 7.71 111.65 51.13 6.63 2.39 1.26 21.41 5.29 1.67

TSC_4 2 9 4 9.44 130.81 77.72 8.24 2.35 1.24 17.96 6.30 1.12

aTotal effective electrodes mass (including positive and negative electrodes)
bNon-normalized capacitance (C) and gravimetric specific capacitance (Ccell) of the SC cell at a scan rate of 5 mV s-1, calculated by

Eqs. (2) and (3), respectively
cObtained by GCD technique
dEnergy density and power density values at a scan rate of 5 mV s-1, calculated by Eqs. (5) and (6), respectively
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comparable to those obtained experimentally, show-

ing that the results obtained by EIS are accurate.

In order to determine the maximum working

potential window for this type of devices, cyclic

voltammograms of the TESC device with the largest

area (TSC_4) were acquired in several potential

windows at a scan rate of 5 mV s-1 (Fig. 5b):

- 1.0–1.0 V, - 1.25 to 1.25 V, - 1.4 to 1.4 V, - 1.5 to

1.5 V, - 1.6 to 1.6 V, - 1.75 to 1.75 V and - 2.0 to

2.0 V. For all potential windows, the CV curves show

a nearly rectangular shape which confirms that the

SC presents an ELDC-type behavior [12, 53], in

accordance with the results obtained by EIS. Never-

theless, for potential windows higher than - 1.6 to

1.6 V, the CV curves become distorted at the edges,

with peaks being observed at the end of the i–V

cycles due to the decomposition of water (electroly-

sis) [54]. In this context, these devices present a

stable operation behavior until a maximum working

voltage of 1.6 V, which is in accordance with the

characteristics of the selected solid-gel electrolyte that

typically features a working voltage between 1 and

2 V [55]. In Figure S4 (Supplementary Material) are

presented the cyclic voltammograms of all four tex-

tile devices in the potential window of - 1.6 to 1.6 V,

acquired at a scan rate of 5 mV s-1. All i–V cycles are

nearly rectangular and symmetric, which is a signa-

ture of a stable electrochemical performance

[6, 53, 56]. The charge storage mechanism of all the

prepared TESCs thus relies on the occurrence of

reversible adsorption/desorption of electrolyte ions

at the surface and/or within the pores of the elec-

trode material, thus being a purely electrostatic pro-

cess (non-faradaic) characteristic of EDLCs [4, 57].

The non-normalized capacitance (C) and the

gravimetric specific capacitance (Ccell) values of the

fabricated TESC cells, expressed in mF and F g-1,

respectively, were calculated from the CV curves at

5 mV s-1 presented in Figure S4 (Supplementary

Material) using the following equations [47, 48]:

C ¼ 1

2vDV
r
Vþ

V�

I Vð ÞdV ð2Þ

and

Ccell ¼
1

2mvDV
r
Vþ

V�

I Vð ÞdV ð3Þ

where m is the total mass of active material in both

electrodes (expressed in grams), v is the scan rate (in

V s-1), DV is the potential window (in V), I is the

current intensity (in A) and V- and V? are the applied

voltage limits (in V).

The obtained C and Ccell values are summarized in

Table 2. Moreover, the variation of both C and Ccell as

a function of the effective electrode area of the TESCs

is presented in Fig. 5c. The results show that the non-

normalized capacitance increases linearly upon the

increase of the electrode area. The areal capacitance

can be extracted through the slope of the linear

relation, presenting a value of 9.18 mF cm-2. On the

other hand, the gravimetric specific capacitance is

practically constant for all TESCs, regardless of the

corresponding effective electrode areas, with a mean

value of\Ccell[= 8.01 ± 0.67 F g-1.

In order to study the capacitive behavior of the

TESCs in the positive and negative ranges of the

potential window, CV measurements were per-

formed from - 1.6 to 0 V and from 0 to 1.6 V (half

cycles) at a scan rate of 5 mV s-1 V for the device

with the smallest area (TSC_1). In Fig. 5d are plotted

the corresponding i-V curves of the half cycles and

that of the full cycle (from - 1.6 to 1.6 V) at similar

scan rates, with the difference between the cycle areas

highlighted by a dashed shadow. The results show

that both half cycles are nearly symmetrical, leading

to specific capacitances of 5.87 and 6.14 F g-1 for the

semi-negative and semi-positive cycles, respectively,

and a total capacitance of 12.01 F g-1, obtained by

summing both individual values. However, the

specific capacitance of the full cycle (from - 1.6 to

1.6 V) is 8.35 F g-1, which is 1.4 times lower than the

total capacitance obtained by summing the specific

capacitances of both half-semi cycles (12.01 vs. 8.35 F

g-1). This difference can be explained by the occur-

rence of some discharge phenomenon upon reversing

the applied voltage when the devices are measured in

the full potential window (from - 1.6 to 1.6 V).

Similar results were verified for all devices (not

shown).

To explore the scan rate effects on the Ccell of the

TESCs, CV measurements at different scan rates were

performed for the smallest and the largest TESCs

(TSC_1 and TSC_4, respectively). In Figure S5 (Sup-

plementary Material) is presented the variation of the

Ccell of both devices at different scan rates normalized

by the corresponding Ccell at 1 mV s-1 (Ccell/C0) as a

function of the scan rate (1, 5, 10, 25, 50, 75 and

100 mV s-1). In both cases, regardless of the SC area,

the cell specific capacitance is higher at lower scan
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rates because the electrolyte ions have more time to

penetrate and reside within the available pores of the

electrode material and thus form the electric double

layer which is necessary to generate high capacitance,

being in accordance with the literature [53, 58].

GCD measurements were performed to determine

the working voltage and the IR drop of the TESCs

(defined below). The measurements were performed

in two steps using a similar charging time for direct

comparison between all devices: in the first 60 s the

voltage of the SCs was measured with an applied

current density of 1 A g-1 (SCs charge) and, in the

following 60 s, the working voltage was monitored

without any current being applied (SCs discharge at

open circuit). The GCD curves of all four devices,

presented in Fig. 6a, exhibit similar behavior, with

the voltage increase being more pronounced in the

first charging seconds because the electrodes active

area available for the diffusion of the electrolyte ions

is larger; then, after 20–25 s, the devices voltage

begins to saturate. When the current is no longer

applied (after 60 s), a sudden decrease of the voltage

of the devices occurs. The first voltage value mea-

sured after switching off the applied current is

defined as the working voltage of the SC (V0), while

the difference between that value and the last voltage

measured before switching off the applied current is

defined as the voltage drop (IR drop, see inset of

Fig. 6a) [47]. This voltage drop is expectable and is

associated with the internal resistance of the devices,

which arises from the limited diffusion mobility of

the electrolyte ions within the electrodes structure

[8, 47, 59]. The devices present working voltages

between 2.09 V for the smallest one (TSC_1, see

Table 2) and 2.39 V and 2.35 V for the devices with 6

and 8 cm2, respectively (TSC_3 and TSC_4). In this

Figure 6 a GCD curves of the four TESCs prepared in this work

obtained at a current density of 1 A g-1 during the charging

process (60 s) and with no applied current during the discharge

process (next 60 s). Inset: IR drop obtained for TSC_1. b Cycling

stability test for the TESC with active electrode area of 8 cm2

during 5000 cycles. The inset shows the respective i-V cycles

during 5000 cycles. c Energy density and power density as a

function of the active electrode area for the four TESCs. d Ragone

plot for the four TESCs with different electrode areas (2, 4, 6 and 8

cm2).
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sense, for the same charging time (60 s), at a similar

current density of 1 A g-1, the working voltage of the

TESCs initially increases with the increase of the

electrode active area until reaching 6 cm2 and then

remains practically constant (Table 2).

For a deeper understanding of the behavior of the

TESCs during the charge and discharge processes,

they were charged at different current densities

(I = 0.2, 0.4, 0.6, 0.8 and 1 A g-1) and discharged at

open circuit during the same period of time (60 s). In

Figure S6 (Supplementary Material) are presented all

GCD curves, being possible to observe that as the

current density increases, the devices voltage reaches

saturation more rapidly. Moreover, for all devices, at

high values of current density (0.6, 0.8 and 1 A g-1),

the discharge curves are almost overlapping, sug-

gesting that, for each device, the working voltage

reaches a maximum value at a certain current density

and then remains constant despite the increase of the

charging current; this suggests that regardless of the

TESC area, the increase in the current density during

charging only accelerates the charging process of the

devices, with no influence on the V0 values.

The determination of the V0 and RES values allows

estimating the maximum supplied current of each

device (Imax, in A) through Ohm’s law:

Imax ¼
V0

RES

ð4Þ

The devices present maximum current intensities

(Table 2) ranging from 6.38 mA for the device with

2 9 2 cm2 (TSC_2) and 21.41 mA for the device with

1.5 9 4 cm2 (TSC_3). Moreover, it is noteworthy that

the Imax values follow the inverse tendency of the RES

results, which suggests that RES is the main factor that

determines Imax since all devices present comparable

V0 values.

The cycling stability of all TESCs, i.e., the number

of charge/discharge cycles that they are able to

withstand without significant decrease in the specific

capacitance, was evaluated by performing 5000 con-

secutive i–V cycles. As example, in Fig. 6b are

depicted the results for the 2 9 4 cm2 TESC (TSC_4),

showing that its specific capacitance upon multiple

charge/discharge cycles only slightly decreases in the

first 800 cycles and then remains almost constant,

with an average capacitance retention of 96.3% for up

to 5000 cycles. This certifies the high cycling stability,

thus confirming that the combination of industrial

grade MWCNTs electrode material with the solid-gel

polymer electrolyte and the straightforward fabrica-

tion process is an appealing choice for the develop-

ment of robust textile SCs.

Among all performance metrics for energy storage,

energy density and power density of the whole SC

cell are the most relevant parameters for end-user

applications and hence are the most often used for SC

performance evaluation [2, 47, 60]. The energy den-

sity (E, W h kg-1) and the power density (P, W kg-1)

of the assembled TESCs were calculated by the fol-

lowing equations [47, 48]:

E ¼ 1

2� 3:6
CcellV

2
0 ð5Þ

P ¼ V2
0

4RESm
ð6Þ

where m is the total mass of active materials in both

electrodes (in kg) and with the Ccell values being

expressed in F g-1.

In Fig. 6c is plotted the variation of the energy and

power densities of the four devices as a function of

the corresponding effective electrode areas. In gen-

eral, the energy density increases upon the increase of

the electrode area (except for TSC_3), while the

power density decreases (except for TSC_2). In par-

ticular, the energy density values of the TESCs vary

between 5.07 W h kg-1 (TSC_1, smallest area) and

6.30 W h kg-1 (TSC_4, largest area) and the power

density values change between 0.74 kW kg-1 (TSC_2)

and 2.72 kW kg-1 (TSC_1) at a scan rate of 5 mV s-1

(Table 2).

Both energy and power densities’ dependence on

the effective electrode area have one exception each

that does not follow the same tendency (TSC_3 and

TSC_2, respectively). In the case of TSC_3, the lower

energy density relative to the value that would be

expected can be explained by the lower specific

capacitance. On the other hand, TSC_2 presents

lower power density than the other devices with

higher electrode areas (TSC_3 and TSC_4) due to its

significantly higher RES. The Ragone plot (Fig. 6d),

which allows assessing the devices in terms of energy

and power densities simultaneously, reveals that the

device with the smallest area, TSC_1, should be

selected for applications that require fast delivering

of electrical energy due to its higher power density

(2.72 kW kg-1), while the device with the largest

area, TSC_4, should be selected for applications that

demand higher amount of electrical energy due to its

higher energy density (6.30 W h kg-1).
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In order to benchmark the energy storage perfor-

mance of the TESCs prepared in this work vs. that of

other textile, fabric, or fiber SCs based on carbon

materials reported in the literature, the correspond-

ing Ragone charts were plotted together and are

presented in Fig. 7. Moreover, in Table 3 are sum-

marized the respective energy density and power

density outputs, grouped by SC type (EDLC or

hybrid) and electrolyte type, including those of

TSC_1, TSC_2, TSC_3 and TSC_4.

The energy and/or power density values of the

TESCs prepared in this work surpass those of other

EDLC-type fabric/cloth/fiber SCs published in the

literature composed of carbon electrode materials

(Table 3), including carbon nanotubes [36, 61, 62] and

graphene nanosheets [63], or based on carbonized

textiles/fibers [6, 64]. For instance, TSC_4 presents 1.8

times higher energy density and 20 times higher

power density than an EDLC-type device based on

activated carbon fiber cloth electrodes and a polymer

electrolyte (poly(acrylamide)–H2SO4–H2O) [64].

Additionally, TSC_1 presents 1.9 times higher energy

density and 3.4 times higher power density than a SC

composed of SWCNTs/polyester electrodes and a

liquid electrolyte (Na2SO4 aqueous solution) [61],

while TSC_4 delivers 2.3 times higher energy density

and 1.4 times higher power density than the same

SWCNT-based TESC. Concerning other works on

EDLC-type TESCs based on MWCNTs, Xu et al.

produced a cloth-based SC in two different

configurations (laminated and tandem structures) by

coating the fabric with hydroxyl-functionalized

MWCNTs through a dip-dry process [36]. Although

the TESC contained functionalized MWCNTs, its

energy density was significantly lower (* 13.7 times

for a single cell with tandem structure) than that

achieved by TSC_4 (0.46 W h kg-1 vs.

6.30 W h kg-1) notwithstanding the higher power

density (6.81 kW kg-1 vs. 1.12 kW kg-1).

More remarkably, when comparing with more

complex hybrid TESCs, the overall performance of

TSC_4 is superior to that a hybrid TESC based on

nitrogen-doped graphene/polyacrylic acid/polyani-

line (NG-PAA/PANI) composites coated on carbon

cloth (E = 5.8 W h kg-1 at P = 1.1 kW kg-1) [65] and

comparable to that of a hybrid TESC composed of

MnO2/MWCNT/textile electrodes [66]. In addition,

TSC_4 presents 1.3 times higher energy density than

a hybrid TESC based on MnO2 nanorods/carbon

nanoparticles hybrid nanomaterial and using carbon

fabric as substrate and current collector

(4.80 W h kg-1 vs. 6.30 W h kg-1) [67] and similar

energy density to that of a hybrid TESC composed of

nitrogen-doped carbonized cotton (6.2 W h kg-1 vs.

6.30 W h kg-1) [68]. On the other hand, TSC_1 exhi-

bits 1.8 times higher power density than that of a

TESC containing reduced graphene oxide nanosh-

eets/Polyamide-66 nanofiber fabric electrodes

(2.72 kW kg-1 vs. 1.5 kW kg-1) [69]. These superca-

pacitors combine an EDLC-type component (carbon

material) with a pseudocapacitive material (metal

oxide and/or conductive polymer), while our devices

are exclusively composed of carbon materials. These

comparisons are highlighted in the Ragone plot of

Fig. 7. In the upper-right of the Ragone plot, it is

possible to identify SCs that exhibit higher outputs

than the devices studied herein. They are systems

that combine different types of electrode active

materials, complex production techniques or require

multiple coating layers, such as the hybrid SCs based

on MnO2/SWCNT/cotton [61], RuO2 NWs/

SWCNT/cloth fabric [62], ACT/Co-Al LDH//ACT/

Co-Al LDH or Co-Al LDH/ACT//Graphene/ACT

[70] and PPy/MWCNTs/Cotton fabric [71].

Hence, the all-solid-state flexible textile SCs

reported in this work are promising SC energy stor-

age systems since they were produced using cost-

effective electrode materials and scalable processes

namely: (1) commercial MWCNTs of industrial grade

as electrode materials, that have lower cost, (2) a safe

Figure 7 Ragone plot comparing the energy/power performance

of all produced TESCs (TSC_1, TSC_2, TSC_3 and TSC_4) at a

scan rate of 5 mV s-1 with that of other textile/fabric/fiber SCs

based on carbon materials reported in the literature.
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and eco-friendly solid-gel electrolyte based on PVA

doped with H3PO4 which, when compared with

other types of electrolytes, such as aqueous elec-

trolytes or ionic liquids, imparts high flexibility,

lightness, and safety to the resulting SCs, allows

developing all-solid-state devices, and eliminates the

need for a separator membrane [56, 72], and (3) the

conventional textile dyeing process (dip-pad-dry) to

produce the fabric electrodes that mimics those

already existing in the Textile Industry, but replacing

the dyes by the nanomaterial ink to boost the scale-up

Table 3 Comparison of the electrochemical performance of all TESCs produced in this work with that of other flexible carbon-based

fabric/fiber SCs recently reported in the literature

SC type Electrode configurationa Electrolyte E (W h kg-1) P (kW kg-1) References

EDLC MWCNT/cotton fabric TSC_1

TSC_2

TSC_3

TSC_4

Solid 5.07

5.78

5.29

6.30

2.72

0.74

1.67

1.12

This work

ACTb Liquid * 10.8

* 0.8

* 0.2

* 3.5

[6]

SWCNT/cotton fabric 20 10 [21]

SWCNT/polyester 2.7

6.1

0.8

6.4

[61]

SWCNT/cotton

Graphene NSs/cotton 7.13 1.5 [63]

MWCNT/nonwoven clothc Solid 0.46 6.81 [36]

SWCNT/cloth fabric 6.1 3.0 [62]

ACT/graphene//ACT/grapheneb * 31.1

* 18.0

* 0.8

* 5.6

[70]

Activated carbon fiber cloth 3.45 0.056 [64]

Hybrid SCs MnO2/ACT//ACT
d Liquid 66.7

17.8

0.8

4.97

[6]

MnO2/SWCNT/cotton 14.2 4.9 [61]

N-doped carbonized cotton 6.2 3.823 [68]

rGO NSs/polyamide-66 nanofiber fabric 7.6 1.5 [69]

MnO2/MWCNT/textilee,f Solid 7.2 1.9 [66]

4.1 3.3

RuO2 NW/SWCNT/cloth fabric 18.8 96 [62]

ACT/Co-Al LDH//ACT/Co-Al LDHb,g * 50.7

* 18.0

* 0.7

* 4.8

[70]

ACT/Co-Al LDH //ACT/grapheneb,g * 54.9

* 28.6

* 0.4

* 5.4

MnO2/Carbon NPs/carbon fabric 4.80 14 [67]

N-Graphene-PAA/PANI/carbon clothh 5.8

5.1

1.1

3.9

[65]

PPy/MWCNT/cotton fabric 64.64 5.14 [71]

aACT activated cotton textile (carbonized cotton textile), LDH layered double hydroxide, NS nanosheet, NW nanowire, PAA polyacrylic

acid, PANI polyaniline, PPy polypyrrole, rGO reduced graphene oxide
bEstimated by figure from the cited reference
cConsidering only one cell with 1.5 9 1.5 cm2 of effective electrode area
dValues obtained at 1 mA cm-2 (first row) and 20 mA cm-2 (second row)
eIn that work, besides the solid-gel electrolyte, the SC assembly required a thick filtration membrane (200 lm) as separator
fValues obtained at current densities of 0.5 A g-1 (first row) and 5 A g-1 (second row)
gValues obtained at 7.5 mA cm-2 (first row) and 50 mA cm-2 (second row)
hEnergy and power density values measured by a three-electrode method
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and implementation of our devices fabrication in the

Textile Industry.

Practical operating performance

In order to explore the versatility of the produced

TESCs aiming to optimize the working voltage and

output current towards the target devices to be

powered, two cells of TSC_3 (1.5 9 4 cm2) were

assembled in series and/or in parallel and CV and

GCD tests were performed. From Figure S7A (Sup-

plementary Material), it can be observed that the

output voltage of the devices connected in series is

almost twice the value obtained for a single device

under similar current density conditions (4.44 V vs.

2.17 V). Furthermore, the output current of the two

devices assembled in parallel is twice that of a single

device (1.19 mA vs. 0.56 mA, see Figure S7B in Sup-

plementary Material). These results probably arise

from the decrease in the internal resistance to half

when using the parallel configuration, thus doubling

the current intensity value. On the other hand, for the

parallel configuration, the maximum voltage during

the charge is slightly smaller than that of the indi-

vidual cell. Nevertheless, when removing the applied

current, the voltage decreases to a value close to that

of the single cell. Concerning the CV measurements

(Figure S7B in Supplementary Material), it can be

observed that in the case of the parallel configuration,

the i–V cycle presents larger area (* 29), which is a

fingerprint of the increase in the specific capacitance

and of the corresponding energy density (Ccell,paral-

lel = 5.22 F g-1 and Eparallel = 2.56 W h kg-1 at a scan

rate of 1 mV s-1). These results confirm that the

output voltage and current intensity can be tailored

through the distinct coupling of single textile SC cells

in order to match the technical specifications of the

device to be powered.

Finally, to assess the potentialities of the produced

TESCs to power commercial electronic gadgets and

validate their practical operating performance, a

commercial temperature and hygrometer sensor

system was tested, measuring the sensor operation

time. The load of each TESC was of 60 s with an

applied current of 2 mA, and the results are dis-

played in Fig. 8.

Concerning single cells, a linear increase in the

sensor operating time can be observed upon the

increase in the area of the device, reaching * 13 min

for the device with the largest area (8 cm2). It is

noteworthy that by coupling two TESCs in series to

increase the voltage value (as previously discussed),

in this case TSC_3 and TSC_4, it is possible to power

the device for up to 47 min, corresponding to a total

electrode active area of 14 cm2. More impressively,

the coupled TESCs allow reaching a total sensor

operating time more than twice the value that would

be reached with a single cell of 14 cm2 (* 22 min,

extrapolation line in Fig. 8). A similar trend can be

observed when coupling TSC_2 and TSC_3 in series,

corresponding to a total electrode area of 10 cm2.

The produced TESCs were also efficient energy

storage systems to supply LEDs, a heart rate monitor,

and a pedometer during several minutes when cou-

pled in series and/or in parallel (Fig. 9 and Movies 1

and 2 in the Supplementary Material).

In summary, the MWCNT-based TESCs produced

in this work offer good guarantee of application to

power wearable devices since with only 2, 3, or 4 SCs

connected in series and/or in parallel it was possible

to power the aforementioned wearable electronic

devices. Hence, they meet the energy and power

requirements of portable electronics under real con-

ditions. Then we can anticipate that with a garment

of medium size with a surface area of approximately

7632 cm2
, which allows incorporating more than 3500

SC units, we will achieve a total energy of 0.042 Wh

or 20.10 mAh and a total power of 22.47 W to power

wearable devices.

Figure 8 Influence of the electrode active area on the real

performance of the TESCs to power a digital thermometer/

hygrometer sensor.
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Conclusions

In summary, efficient and durable all-solid-state

TESCs of different dimensions were directly pro-

duced on fabrics using cost-effective industrial grade

MWCNTs as electrode material and a safe and eco-

friendly solid-gel polyelectrolyte. A readily-available

natural textile substrate (cotton) and the scalable eco-

sustainable dip-pad-dry textile dyeing process were

used for the fabrication of the textile electrodes,

aiming to boost the technological transfer and

implementation of the SCs fabrication in the Textile

Industry.

The electrochemical performance could be tuned

by changing the geometrical features of the textile

electrode and the active area of the SC: the maximum

energy density was achieved for the TESC with the

largest area, while the highest power density was

achieved for the smallest TESC, reaching

6.30 W h kg-1 and 2.72 kW kg-1 at 5 mV s-1,

respectively. These values surpassed those of other

EDLC-type carbon-based fabric/cloth SCs. Moreover,

they were comparable to those of some hybrid devi-

ces produced by more complex and time-consuming

processes that pose constraints towards industrial

production.

Hence, this work constitutes an advance on the

understanding of the role of the textile electrode

features on the energy storage properties of the

resulting textile SCs, towards the architectured

design of wearable SCs with enhanced performance.

Supplementary material available

Complementary EDS and TEM characterization

(Figures S1 and S2). Schematic representation of the

process used to produce the TESCs (Figure S3) and

complementary SCs electrochemical characterization

(Figures S4, S5, S6 and S7). Video clips of the as-

produced TESCs powering a digital thermometer/

hygrometer sensor (Movie 1) and an array of LEDs

(Movie 2).
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