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Abstract: This paper presents a universal fabrication process for single-layer textile supercapacitors,
independent of textile properties such as weave pattern, thickness and material. To achieve this,
an engineered copolymer membrane was fabricated within these textiles with an automated screen
printing, phase inversion and vacuum curing process. This membrane, together with the textile
yarns, acts as a porous, flexible and mechanically durable separator. This process was applied to
four textiles, including polyester, two polyester-cottons and silk. Carbon-based electrodes were
subsequently deposited onto both sides of the textile to form the textile supercapacitors. These
supercapacitors achieved a range of areal capacitances between 3.12 and 38.2 mF·cm−2, with energy
densities between 0.279 and 0.681 mWh·cm−3 with average power densities of between 0.334 and
0.32 W·cm−3. This novel membrane facilitates the use of thinner textiles for single-layered textile
supercapacitors without significantly sacrificing electrochemical performance and will enable future
high energy density textile energy storage, from supercapacitors to batteries.

Keywords: supercapacitor; e-textile; phase inversion membrane; energy storage device; polymer
separator; carbon electrode

1. Introduction

The integration of electronics within textiles (e-textiles) has seen a plethora of ap-
plications unlocked for medical [1], defence [2] and consumer [3] wearable technologies.
Increasingly though, the power management of these technologies has become a bottleneck
for further designs. This requirement for power bridging (analogous to increasing the
penetration of renewable energy onto electrical networks) or power averaging has seen a
stark increase in research interest in textile supercapacitors (TSCs) and batteries. This is
highlighted by an increase in publications of two orders of magnitude over the previous
decade [4]. TSCs have been far more widely researched than other textile energy storage
systems due to their increased energy and power density when compared to traditional
capacitors [5] and their longer cycle lifetime and reliability when compared to batteries [6].
Similar to a traditional capacitor, a supercapacitor comprises two electrodes, an electrolyte
and an electrically insulating but ionically conductive separator. To date, electrode materi-
als for TSCs have seen extensive research with advances in conductivity [7], porosity [8],
mechanical and chemical stability [9] and even functionalisation [10]. The electrolyte like-
wise has seen significant research with a lot of the focus on aqueous gel-based formulations
(H2SO4 [11], H3PO4 [12], KOH [13]), but also some exciting explorations into the use of
nanoparticle fillers [14]. Despite this, the separator layer has seen little advancement, with
it often being realised simply as an extra layer of separator paper sandwiched between
textile electrodes [15] or as an additional film layer [16] in a sandwich-like configuration.
These solutions impair the wearable technology, with asymmetric stress within the layers
induced by the movement of the wearer and impracticalities of having extra layers within
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an encapsulated textile system. Sheng et al. [17] achieved a single-layer TSC using the
fabric itself as the separator, impregnating a central region with a gel electrolyte. However,
the cotton substrate had to be 500 µm thick and required a very dense weave. Though this
thickness allowed for the separation of the carbon electrodes, later work by the group [18]
showed that for multilayer configurations, a thinner fabric achieved much higher capaci-
tances. Clearly, there is a requirement to integrate a separator layer into thinner textiles
to enable thinner but more energy-dense TSCs. One method to achieve this is to fill the
gaps between the textile fibres/yarns with a porous membrane before the deposition of the
electrodes and the impregnation with the electrolyte.

The design of separator membranes is important for all kinds of electrochemical energy
storage, from supercapacitors to fuel cells. Important characteristics include chemical stabil-
ity, ionic conductivity, flexibility, electrolyte update and porosity. Different crystalline and
amorphous materials have been evaluated for the fabrication of discrete separator mem-
branes. These include cellulose [19], aluminium oxide nanowire with polyvinyl butyral
(PVB) [20], polyacrylonitrile (PAN) [21], polyvinylidene fluoride (PVDF) [22], polyvinyl
alcohol (PVA)-tetraethyl orthosilicate [23], poly arylene ether sulfone/polyethylene oxide
(PEO) [24] and PVDF-poly methyl methacrylate (PMMA) composite [25]. These materials
have a high degree of processability and can be readily fabricated into a porous separator
membrane via electrospinning [26] or phase inversion [27]. Phase inversion is a process
of immersing a liquid-polymer solution into an anti-solvent solution which removes the
original solvent and leaves a porous, solid polymer membrane. However, with the primary
research focusing on traditional battery and fuel cell technologies, many of these separators
are not suitable for e-textile applications due to poor adhesion to, or integration within, the
textile substrate. For example, PAN-based separator membranes have high electrolyte up-
take but also have electrolyte leakage issues, PVDF-based separator membranes have high
ionic conductivity and high chemical and mechanical resistivity, but their hydrophobicity
limits the electrolyte uptake and retention [28]. PMMA-based separator membranes have
high porosity and good compatibility with electrolytes due to the polymer’s amorphous
nature, but their poor mechanical strength limits their use in energy storage devices [29].
This issue has been improved by mixing and cross-linking different amorphous polymers
together with (or without) metal oxide nano/microwires [30]. A separator membrane
fabricated in this manner can achieve high porosity, good compatibility with electrolytes
and improved mechanical durability suitable for energy storage device design. However,
adding these materials to textiles requires additional fabrication processes such as spin-
ning, lamination or embroidery and presents a sub-optimal textile separator design [31].
Therefore, it is essential to develop materials and methodologies that can integrate a mem-
brane layer within a standard textile, utilizing traditional textile fabrication processes. One
solution is to introduce polymers such as ethylene-vinyl acetate (EVA) into the separator
membrane material matrix to help it fill the space within and adhere to the textile substrate
forming a textile and polymer-based separator membrane. EVA is a colourless, flexible
and waterproof copolymer of ethylene and vinyl acetate and is a well-known adhesive
material for textiles, paper, and other porous materials. The combination of EVA and
PMMA creates a mechanically flexible adhesive for optical fibre bonding [32]. The addition
of EVA changes the fracture mechanism of the PMMA polymer matrix from crazing to
yielding, improving its flexibility [33]. Additionally, numerous fibrils and voids/pores
form in the solution-processed EVA/PMMA polymer matrix. These voids also can be used
as tunnels and pores for the electrolyte flow, making them suitable as a porous material for
separator design.

In this paper, we report a novel approach to the fabrication of carbon-based TSCs,
making use of a membrane-impregnated textile substrate. The membrane layer of the
proposed supercapacitor was produced via screen printing, followed by a phase inversion
process and was composed of a copolymer blend of EVA and PMMA. The effect of polymer
ratios on the performance of the membrane is investigated and characterised through
microscopy and electrochemical techniques. The reported methodology was shown to be
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universal across four standard textiles (one polyester, two different polyester-cotton and
one silk substrate), with all samples showing promising electrochemical performances and
a reduction in process complexity during the electrode deposition stage.

2. Materials and Methods
2.1. Material

Activated carbon YP-80F was obtained from Kuraray Chemical (Tokyo, Japan), EVA
beads (vinyl acetate 25 wt. %), PMMA powder (Mw = 120,000 g/mol), carbon nano-powder
additive (<100 nm particle size), 1,2,4-trichlorobenzene, ethanol, dimethyl sulfoxide and
Isoamyl acetate were acquired from Sigma-Aldrich (Gillingham, UK). Polyester (denoted
as P), two polyester cotton textiles (denoted as PC and PC (thin) and silk (denoted as S)
were obtained from Klopman (Frosinone, Italy). The textiles were all plain weaves, with
further characteristics presented in Table 1.

Table 1. Characteristics of the textile substrates used throughout this study.

Polyester-Cotton/Thin (PC Thin) Polyester-Cotton (PC) Silk
(S)

Polyester
(P)

Fibre types Cotton and Polyester Cotton and Polyester Silk Polyester

Fibre diameter (µm) 12 (Polyester)
15 (Cotton)

12 (Polyester)
15 (Cotton) ~8.3 ~20

Ends per inch 16.5 16.5 19.6 13.5
Picks per inch 9.05 9.05 15.7 7.4
Textile original weight (mg·cm−2) 16.3 27.1 4.45 23.4
Textile thickness (µm) 150 250 50 244

2.2. Preparation of Textile with a Polymer Membrane and Bending Experiment

Screen printing and phase inversion processes were applied to fabricate the EVA-
PMMA copolymer membrane in the cotton textile. The copolymer solution was prepared
by mixing EVA beads (vinyl acetate 25 wt. %) with PMMA powder ratios of 1:9, 3:7 and
5:5 by weight, and the textiles with these polymer membranes were denoted as PC1:9,
PC3:7 and PC5:5. In total, 2 g polymer blends were dissolved in a solvent mixture of
2.5 mL of 1,2,4-Trichlorobenzene and 2.5 mL of Isoamyl acetate. The polymer blends were
completely dissolved in the solvent mixture via heating at 60 ◦C with a magnetic stirring
bar rotated at 600 rpm until the solution became clear. The copolymer solution was then
screen-printed twice onto the top of the textile with a screen mesh thickness of 40 µm,
printing gap of 0.8 mm, printing pressure of 5.5 kg and speed of 10 mm·s−1. After printing,
the copolymer-coated cotton was treated with a phase inversion process by immersing the
samples in ethanol within a sonication bath for 15 min. The samples were then cured under
a vacuum for 2 h at room temperature. After the curing process, some of the copolymer
was immersed into the textile and the remaining copolymer formed a membrane layer of
about 100 µm on top of the textile.

A group of polyester-cotton textiles with different membranes were bent around a
mandrel shown in the Supplementary Materials (Figure S2). These devices were bent
around a 3.2 mm diameter mandrel for 500 or 1000 cycles at a cyclical rate of 2 cycles
per second.

2.3. Fabrication of Supercapacitor Electrodes

The carbon solution was prepared with activated carbon (YP-80F is from Kuraray
Chemical), conductive carbon additive and EVA beads (vinyl acetate 25 wt. %) dissolved in
a 1,2,4-Trichlorobenzene solvent. The ratio of carbon to binder was 85:15 by weight [34].
The surface of the four textiles was first shaved to reduce pilosity, and the carbon solution
was spray coated through a mask on both sides of the textile substrates. The spray nozzle
(diameter of 0.3 mm) was positioned 15 cm away from the fabric, and air pressure of 25 psi
(1.72 bars) was used for the spraying. Each side of the textile sample was sprayed for 5 s.
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The mask was removed, and the textile substrate was dried in a fan oven at 120 ◦C for
10 min. The amount of carbon on the polyester and two polyester-cotton-based devices
was 3.56 mg·cm−2. For the silk device, the weight of carbon was 1.78 mg·cm−2 (maximum
possible loading).

2.4. Textile Supercapacitor Assembly and Testing

The textile devices were cut into round pieces with a diameter of 1 cm. The organic
electrolyte was developed by mixing 1.08 g of Tetraethylammonium tetrafluoroborate
salt in 5 mL dimethyl sulfoxide, as demonstrated in a previous paper [35]. The organic
mixture was under constant stirring until the mixture became clear. The textile electrode
was immersed in the organic electrolyte under vacuum at ~25 mbar for 20 min. For testing,
the single-layer textile supercapacitor was placed under compression using spring-loaded
grade 303 stainless steel current collectors housed within a Swagelok PFA tube fitting
(Swagelok, Solon, OH, USA).

2.5. Characterisation and Electrochemical Testing of Flexible Textile Supercapacitor

The device’s surface profile and cross-sectional structure were obtained via scanning
electron microscopy (SEM) using a ZES EVO microscope at an operating voltage of 5 kV,
1.68 A with different magnifications. The porosity of the PC textile and PC3:7 textile was
obtained by Equation (1) and the distilled water immersion method [36]. Both samples
were immersed in the distilled water under vacuum at ~25 mbar for 20 min and then
taken out. The excess distilled water on the surface was removed with filter paper, and the
content of absorbed distilled water was calculated. The density of the PC textile and PC3:7
were 1.13 and 1.45 g·cm−3, respectively.

porosity % =
Md/ρd

(Md/ρd + M0/ρ0)
× 100% (1)

where M0 and ρ0 are the weight and density of the PC textile or PC3:7 before vacuum
impregnation. Md and ρd are the weight and density of the distilled water absorbed into
the PC textile and PC3:7 textile.

The electrolyte uptake of the PC textile and PC3:7 textile with the proposed membrane
were measured via a similar methodology to the porosity test but replaced the distilled
water with the proposed electrolyte. The amounts of the electrolyte uptake after the vacuum
impregnation process and during the ageing test were determined by Equation (2):

uptake % = Me/M0 × 100% (2)

where M0 is the weight of PC textile or PC3:7 textile with a membrane before vacuum
impregnation and Me is the weight of PC textile or PC3:7 textile with membrane after
vacuum impregnation with the electrolyte and after 2, 4, 6, 21 and 24 h left in room
temperature at 23 ◦C. The electrochemical performance of the textile supercapacitor was
evaluated using an Autolab PGSTAT101 (Metrohm Autolab, Utrecht, The Netherlands).
Electrochemical impedance spectroscopy measurements were performed on a Solartron
1470E Cell Test System (Solartron Analytical, Farnborough, UK) from 250 kHz to 0.1 Hz
with an amplitude of 10 mV. The calculations for capacitance, energy and power were
based on the GC test result that follows Equations (3)–(5).

C = I × (dV/dt)−1 (3)

E = 0.5 × C × V2
peak (4)

P = E/t (5)

where C is the capacitance, I is the cycling current in the GC test, dV/dt is the rate of change
of voltage between 1.44 V (80% Vpeak) and 0.72 V (40% Vpeak) in the GC test, E is the energy
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stored in the device, Vpeak is 1.8 V, P is the average power and t is the time taken for the
supercapacitor to fully discharged.

3. Results and Discussion
3.1. SEM Imaging

In this work, polyester (denoted as P), two polyester cotton textiles (denoted as PC
and PC (thin)) and silk (denoted as S) were used as textile substrates. The copolymer
solution was prepared by mixing EVA beads with PMMA powder at ratios (EVA:PMMA)
of 1:9, 3:7 and 5:5 by weight, and the textiles with these polymer membranes are denoted
as P/PC/PC (thin)/S 1:9, 3:7 and 5:5.

In the EVA-PMMA membrane design, the PMMA contributes toward the porosity
of the separator membrane while the EVA enhances the flexibility and adhesion. Higher
percentage weights of EVA within the copolymer reduce the shrinkage of the membrane
during the phase inversion and thus increase the total coverage of the membrane. However,
once the EVA content reaches a critical limit, the membrane loses its porosity and the
electrolyte flow through the membrane is restricted. This balancing of the ratio of EVA to
PMMA was initially explored across three ratios with the resulting membranes shown in
Figure 1a–c, which shows a comparison between samples PC 5:5, PC 3:7 and PC 1:9. The
PC 1:9 sample in Figure 1a has less of the membrane layer present in the textile. This is
due to the lower mass ratio of EVA within the membrane polymer lattices, resulting in
more membrane loss, through shrinkage, during the phase inversion. This shrinkage is
uncontrollable and can result in detrimental macro porosity and material loss at the edges
of the device. In comparison with the other samples, this membrane is also unlikely to be
able to block the electrode material upon deposition, leading to an increased risk of short
circuits. The SEM photograph in Figure 1b shows the cross-section view of the sample
PC 3:7, where the membrane forms a layer-by-layer structure across the gap between
polyester-cotton yarns. As shown in Figure 1c, the PC 5.5 membrane with the lowest
percentage of PMMA and the highest percentage of EVA fills the entire area between textile
yarns. This will prevent short circuits but will also block the electrolyte flow through
the device, reducing the capacitance and increasing the resistance. With the 3:7 ratio
demonstrating superior bulk properties, further investigation of this polymer ratio was
undertaken. Figure 1d show that the printing and phase inversion process created a porous
EVA-PMMA copolymer membrane that adheres to the yarns and fibres of the textile. The
membrane itself consisted of polymer lattices with micropores of around 2 µm in diameters
(Figure 1e). These micropores are produced uniformly during the phase inversion process
and allow for the free movement of the ions within the electrolyte.

Having formed the porous copolymer membrane separator, the next stage in the
fabrication process is to deposit the carbon electrodes. For comparison purposes, carbon
electrodes were spray coated onto the textiles with and without the membrane in place.
Figure 2 show SEM photos of polyester-cotton (PC) and silk (S) textile before and after
the spray deposition of the carbon electrode. The SEM photos of the other two textiles
(P and PC (thin)) are very similar in appearance to the SEM photos of the PC textile,
and they are shown in the Supplementary Materials (Figure S1). The SEM photos in
Figure 2a,b show that both the PC and S textiles contain gaps between each fibre. This
structure leads to the electrodes contacting each other during the electrode spray coating
process, which causes short circuits. This is demonstrated in Figure 2e,f where the SEM
photos for spray-coated textiles (PC and S) without the membrane show the carbon layer
travelling through the textile structure. This causes carbon material to potentially penetrate
through to the other side of the textile causing short-circuits. In comparison, the SEM
photos in Figure 2c,d,g,h show that a polymer membrane with an EVA:PMMA ratio of
3:7 overcomes the membrane shrinkage issue observed with the EVA:PMMA ratio of 1:9,
creating a homogeneous polymer layer. It not only acts as an electrical separator in the
textile supercapacitors but also fills the gap between textile yarns reducing the surface
roughness of the textile and blocking any carbon permeation through the substrate. This
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enhances the carbon deposition and forms a continuous and uniform distributed conductive
electrode that leads to a lower electrode resistance and higher power density.
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coating without membrane, (f) S textile with carbon coating without membrane, (g) PC textile with
membrane and carbon coating (high magnification) and (h) S textile with membrane and carbon
coating (high magnification).

3.2. Porosity, Electrolyte Uptake and Ageing Test

Based on the distilled water immersion methodology [33], the porosity of the PC and
PC 3:7 samples was evaluated. The PC 3:7 textile demonstrated a porosity of 24.9 ± 6%,
which was 6.9% lower than the PC textile only (31.8 ± 4%). The results from the electrolyte
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uptake and ageing test are shown in Figure 3a. After wetting the samples with an electrolyte
containing tetraethylammonium tetrafluoroborate salt and dimethyl sulfoxide (the same
electrolyte from the electrochemical testing), the PC 3:7 textile maintained a higher (or com-
parable when accounting for the uncertainty) volume of electrolyte (51.1 ± 8% mL·cm−2)
than the PC textile (47.8 ± 10% mL·cm−2). The samples were then stored in air at 23 ◦C for
24 h to assess the electrolyte retention. As can be seen, the PC 3:7 textile exhibited similar
or better retention compared to the textile alone throughout ageing. The engineered copoly-
mer membrane, containing EVA and PMMA polymers, fills the gaps between the PC textile
yarns and replaces them with much smaller-sized air pores (with this observation agreeing
with the SEM results in Section 2.1) and is the reason for the lower porosity. However, de-
spite the lower porosity, the membrane-infused textile was able to absorb a greater amount
of electrolyte and retained it better/or equal to the textile. In fact, after 21 h, the retention
of the electrolyte was significantly better, suggesting that with further refinement, the
membrane could be engineered to retain electrolytes far in excess of the textile alone. The
Nyquist plot results of the PC 3:7 textile and PC textile are shown in Figure 3b, with the tests
performed over the frequency range of 0.1 to 250 kHz at a 10 mV voltage amplitude. The
equivalent series resistance of the PC 3:7 textile (34.6 ± 18.7% Ω or 0.956 ± 16.4% mS·cm−1)
is more resistive than the PC textile (25.4 ± 15.6% Ω or 1.30 ± 17.5% mS·cm−1) (charac-
terised close to 250 kHz) at the crossing point of the real axis. Though higher, the resistance
values demonstrate that the membrane does not dramatically influence the equivalent
series resistance of textile and thus does not diminish the electrochemical behaviour of the
PC textile.
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Figure 3. (a) Nyquist plots of PC 3:7 textile and PC textile and (b) electrolyte uptake and ageing test
of PC 3:7 textile and PC textile.

3.3. Electrochemical Results

Each device has a surface area of 0.785 cm2 with a thickness of approximately 244, 150,
250 and 50 µm for the P, PC (thin), PC and S textiles, respectively. The following results
were averaged from five device tests. Cyclic voltammetry (CV) tests were performed at
different scan rates between +/−1.8 V at 150 mV·s−1, and Galvanostatic cycling (GC) tests
were performed between 0 and 1.8 V at a cycling current of 1 mA·cm−2.

The CV and GC test results for the single-layer textile supercapacitors based on the
impregnated textile substrates (P, PC (thin), PC and S) with an EVA:PMMA ratio of 3:7 are
shown in Figure 4a,b, respectively. The single-layer textile supercapacitors with polyester
textile (type P), polyester-cotton textile (type PC) and thinner polyester-cotton textile (type
PC thin) achieved areal capacitances of 29.2 mF·cm−2, 35.6 mF·cm−2 and 27.6 mF·cm−2,
respectively. The single-layer silk textile supercapacitor was shown to work without short
circuits and charged to +/−1.8 V; however, it demonstrated a reduced area capacitance
of 3.12 mF·cm−2. The incorporation of the copolymer membrane as a separator enables
supercapacitors to be reliably fabricated in a single layer of silk which cannot be achieved
without the membrane in place. However, the nature of the weave with the larger gaps
means the resulting capacitor properties are the lowest of the textiles tested in this study.
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With the PC textile exhibiting the best electrochemical performance, this textile was
further investigated to determine supercapacitor performance with the other membrane
ratios. The CV and GC results for the different membrane ratios are shown in Figure 4a,b.
These results indicate the single-layer textile supercapacitor based on PC 3:7 achieved a
higher capacitance and a lower internal resistance of 320.4 Ω·cm−2 (obtained from the
voltage drop in GC results) compared to the devices made from the membrane-infused
textiles PC 1:9 (925.7 Ω·cm−2) and PC 5:5 (1904.1 Ω·cm−2). Four out of five devices with the
PC1:9 membrane textile short-circuited upon testing. The only successful device demon-
strated an areal capacitance of 24 mF·cm−2. From the SEM analysis of the 1:9 polymer ratio,
this poor reliability is attributed to over shrinkage of the membrane, leading to contact
between the electrodes. All five supercapacitors with textile membrane PC5:5 successively
passed the CV and GC testing but achieved a much lower capacitance of (11.9 mF·cm−2)
than the textile membrane PC 1:9 and PC 3:7 supercapacitors (Figure 4c,d). This was
because the higher loading of EVA in the membrane blocked the electrolyte flow between
carbon electrodes (as theorised from the SEM analysis), reducing its capacitance and in-
creasing its resistance. Whilst previous work demonstrated successful single textile layer
supercapacitors fabricated in cotton [17], devices replicating this structure in PC without
the membrane effectively failed and could only be charged to 0.6 V under GC cycling
(Figure 4d). This demonstrates that single-layer textile supercapacitors cannot be fabricated
with this kind of textile without the introduction of a membrane layer, highlighting the
significance of this membrane for low-thickness textile supercapacitors.

With the introduction of a secondary layer within the textile, the mechanical stability
of the TSC could be impaired. As such, the best performing device (PC 3:7) underwent a
series of cyclical bending tests around a 3.2 mm diameter mandrel, with the electrochemical
performance being monitored throughout. Figure 5a,b show the CV and GC test results
of this single-layer textile supercapacitor based on PC3:7 before bending and after 500
and 100 bending cycles. The CV results in Figure 5a indicate that the supercapacitor’s
performance was not negatively influenced by the mechanical bending. As shown in
Figure 5b, the discharge time of the device increased slightly, showing a capacitance
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increase after bending from 35.6 mF·cm−2 to 36.2 mF·cm−2 after 500 bending cycles and
37.3 mF·cm−2 after 1000 bending cycles. The initial IR voltage drop at the beginning of
the discharge stage in the GC testing reduced significantly from 0.346 V before bending to
0.285 V after 500 bending cycles and 0.192 V after 1000 bending cycles. This change led to
lower device resistance and hence improved maximum power density from 0.253 W·cm−3

to 0.448 W·cm−3 after 1000 bending cycles. The improvement in supercapacitor properties
after bending may be due to the membrane relaxing and becoming fractionally more porous,
but any change was too small to be observed in the SEM analysis.
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Figure 5. (a) CV and (b) GC result for single-layer textile supercapacitor based on PC3:7 before and
after bending. (c) Energy density (ED) and average power density (PD) Ragone plot, (d) capacitance
variation of single-layer textile supercapacitor based on PC 3:7 and extract from GC test with cycling
currents are 0.25, 0.5, 1, 2, 4, 8 mA·cm−2. All results are based on device thickness of 250 µm and
carbon material loading of 3.56 mg·cm−2.

From the results presented in Figure 5c,d, the maximum results for the single-layer
textile supercapacitor based on the PC 3:7 textile (tested at a cycling current of 0.25 mA·cm−2)
are an areal capacitance of 38.2 mF·cm−2 or 1.51 F·cm−3 (based a device thickness of 250 µm).
The maximum energy density and average power density obtained at a cycling current
of 0.25 mA·cm−2 were 0.68 mWh·cm−3/4.88 Wh·kg−1 and 0.32 W·cm−3/0.057 kW·kg−1,
respectively. An increase in the cycling current to 8 mA·cm−2 results in increases in
average power density to 17.1 W·cm−3 or 3 kW·kg−1; however, the maximum energy
density reduces to 0.47 mWh·cm−3/3.32 Wh·kg−1 and the areal capacitance reduces to
26.4 mF·cm−2 or 1.06 F·cm−3.

4. Conclusions

This paper presented a novel fabrication process for supercapacitors within a single
textile layer, regardless of the type, thickness and structure of the fabric. This was delivered
through the implementation of a phase-inverted copolymer membrane layer integrated
directly within the textile. This membrane layer acts as the electrically insulating layer
as well as reducing the permeation of carbon through the substrate during production.
This enabled the use of ultrathin textiles as a single-layer substrate for the first time. Three
polymer formulations were investigated and shown to produce large variations in both
bulk material properties and electrochemical results. The membrane formed from the
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3:7 ratio of EVA:PMMA was shown to have the best capacitive, mechanical and physical
properties. The lower EVA content (1:9) showed significant shrinkage during the phase
inversion and allowed carbon to penetrate the membrane resulting in short circuits. The
higher EVA content (5:5 ratio) showed a significantly lower porosity. Electrochemically,
the carbon-based TSC produced from the PC3:7 substrate demonstrated the highest areal
capacitance, energy and power densities (38.2 mF·cm2, 1.51 F·cm3, 0.68 mWh·cm−3 with
an average power density of 0.32 W·cm−3). The membrane textile was also shown to be
stable under mechanical bending of up to 1000 cycles, indicating a good level of mechanical
robustness. Future work will include improving the homogeneity of the membrane and its
incorporation into textile-based primary and secondary batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14163399/s1, Figure S1: SEM photos showing plan views
of (a) PC 150 textile, (b) P textile, (c) PC 150 textile with membrane and carbon coating, (d) P textile
with membrane and carbon coating, (e) PC 150 textile with carbon coating without membrane, (f) P
textile with carbon coating without membrane, (g) PC 150 textile with membrane and carbon coating
(high magnification), (h) P textile with membrane and carbon coating (high magnification); Figure S2:
(a) Bending test set up, (b) Mandrel used in bending test.

Author Contributions: Conceptualisation, S.Y.; methodology, S.Y.; validation, S.Y.; formal analysis,
S.Y. and N.H.; investigation, S.Y.; resources, S.P.B.; data curation, S.Y.; writing—original draft prepa-
ration, S.Y. and N.H.; writing—review and editing, N.H. and S.P.B.; visualisation, S.Y. and N.H.;
supervision, S.P.B.; project administration, S.P.B.; funding acquisition, S.P.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded and supported by United State Army with Contract No:
W911NF2010324 and EPSRC grants EP/P010164/1 and EP/L016818/1. The work of Steve Beeby was
supported by the Royal Academy of Engineering under the Chairs in Emerging Technologies Scheme.

Data Availability Statement: The data presented in this study are available on request from the
authors.

Conflicts of Interest: The authors declare no competing financial interest.

References
1. Langenhove, L.V. Advances in Smart Medical Textiles: Treatments and Health Monitoring, 1st ed.; Elsevier: Waltham, MA, USA, 2015.
2. Dias, T. Electronic Textiles: Smart Fabrics and Wearable Technology; Elsevier: Boston, MA, USA, 2015.
3. Fernandez-Carames, T.M.; Fraga-Lamas, P. Towards the Internet of Smart Clothing: A Review on IoT Wearables and Garments

for Creating Intelligent Connected E-Textiles. Electronics 2018, 7, 405. [CrossRef]
4. Hillier, N.; Yong, S.; Beeby, S. The good, the bad and the porous: A review of carbonaceous materials for flexible supercapacitor

applications. Energy Rep. 2020, 6, 148–156. [CrossRef]
5. Chen, H.S.; Cong, T.N.; Yang, W.; Tan, C.Q.; Li, Y.L.; Ding, Y.L. Progress in electrical energy storage system: A critical review. Prog.

Nat. Sci. Mater. 2009, 19, 291–312. [CrossRef]
6. Lv, T.; Liu, M.X.; Zhu, D.Z.; Gan, L.H.; Chen, T. Nanocarbon-Based Materials for Flexible All-Solid-State Supercapacitors. Adv.

Mater. 2018, 30, 1705489. [CrossRef]
7. Jin, L.N.; Shao, F.; Jin, C.; Zhang, J.N.; Liu, P.; Guo, M.X.; Bian, S.W. High-performance textile supercapacitor electrode

materials enhanced with three-dimensional carbon nanotubes/graphene conductive network and in situ polymerized polyaniline.
Electrochim. Acta 2017, 249, 387–394. [CrossRef]

8. Zhou, G.; Kim, N.R.; Chun, S.E.; Lee, W.; Um, M.K.; Chou, T.W.; Islam, M.F.; Byun, J.H.; Oh, Y. Highly porous and easy shapeable
poly-dopamine derived graphene-coated single walled carbon nanotube aerogels for stretchable wire-type supercapacitors.
Carbon 2018, 130, 137–144. [CrossRef]

9. Wang, Y.M.; Wang, X.; Li, X.F.; Li, X.L.; Liu, Y.; Bai, Y.; Xiao, H.H.; Yuan, G.H. A High-Performance, Tailorable, Wearable, and
Foldable Solid-State Supercapacitor Enabled by Arranging Pseudocapacitive Groups and MXene Flakes on Textile Electrode
Surface. Adv. Funct. Mater. 2021, 31, 2008185. [CrossRef]

10. Barczak, M.; Bandosz, T.J. Evaluation of nitrogen- and sulfur-doped porous carbon textiles as electrode materials for flexible
supercapacitors. Electrochim. Acta 2019, 305, 125–136. [CrossRef]

11. Yang, C.; Hu, L.; Zang, L.M.; Liu, Q.F.; Qiu, J.H.; Yang, J.; Qiao, X. High-Performance All-Solid-State Supercapacitor Based on
Activated Carbon Coated Fiberglass Cloth Using Asphalt as Active Binder. J. Electrochem. Soc. 2020, 167, 20540. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14163399/s1
https://www.mdpi.com/article/10.3390/polym14163399/s1
http://doi.org/10.3390/electronics7120405
http://doi.org/10.1016/j.egyr.2020.03.019
http://doi.org/10.1016/j.pnsc.2008.07.014
http://doi.org/10.1002/adma.201705489
http://doi.org/10.1016/j.electacta.2017.08.035
http://doi.org/10.1016/j.carbon.2017.12.123
http://doi.org/10.1002/adfm.202008185
http://doi.org/10.1016/j.electacta.2019.03.014
http://doi.org/10.1149/1945-7111/ab6bbb


Polymers 2022, 14, 3399 12 of 12

12. Liu, K.; Yao, Y.; Lv, T.; Li, H.L.; Li, N.; Chen, Z.L.; Qian, G.J.; Chen, T. Textile-like electrodes of seamless graphene/nanotubes for
wearable and stretchable supercapacitors. J. Power Sources 2020, 446, 227355. [CrossRef]

13. Guo, Z.G.; Zhao, J.; Sun, C.; Cai, Z.H.; Ge, F.Y. Flexible self-standing carbon fabric electrode prepared by using simple route for
wearable applications. J. Mater. Sci. Mater. Electron. 2020, 31, 1554–1565. [CrossRef]

14. Bharathidasan, P.; Subramaniam, T.; Chandini, D.; Sivakkumar, S.R.; Rajan, K.S.; Devaraj, S. Simultaneous Enhancement of
Energy and Power Density of Reduced Graphene Oxide by the Effect of Dispersed Metal Oxide Nanoparticles in the Electrolyte.
J. Electrochem. Soc. 2020, 167, 140524. [CrossRef]

15. Wu, P.; Cheng, S.; Yao, M.H.; Yang, L.F.; Zhu, Y.Y.; Liu, P.P.; Xing, O.; Zhou, J.; Wang, M.K.; Luo, H.W.; et al. A Low-Cost,
Self-Standing NiCo2O4@CNT/CNT Multilayer Electrode for Flexible Asymmetric Solid-State Supercapacitors. Adv. Funct. Mater.
2017, 27, 1702160. [CrossRef]

16. Li, X.L.; Yuan, L.B.; Liu, R.; He, H.N.; Hao, J.N.; Lu, Y.; Wang, Y.M.; Liang, G.M.; Yuan, G.H.; Guo, Z.P. Engineering Textile
Electrode and Bacterial Cellulose Nanofiber Reinforced Hydrogel Electrolyte to Enable High-Performance Flexible All-Solid-State
Supercapacitors. Adv. Energy Mater. 2021, 11, 2003010. [CrossRef]

17. Yong, S.; Owen, J.; Beeby, S. Solid-State Supercapacitor Fabricated in a Single Woven Textile Layer for E-Textiles Applications.
Adv. Eng. Mater. 2018, 20, 1700860. [CrossRef]

18. Yong, S.; Hillier, N.; Beeby, S. The influence of textile substrate on the performance of multilayer fabric supercapacitors. J. Ind.
Text. 2021, 50, 1397–1408. [CrossRef]

19. Li, L.Y.; Lu, F.X.; Wang, C.; Zhang, F.L.; Liang, W.H.; Kuga, S.; Dong, Z.C.; Zhao, Y.; Huang, Y.; Wu, M. Flexible double-cross-linked
cellulose-based hydrogel and aerogel membrane for supercapacitor separator. J. Mater. Chem. A 2018, 6, 24468–24478. [CrossRef]

20. Liu, M.T.; Turcheniuk, K.; Fu, W.B.; Yang, Y.; Liu, M.; Yushin, G. Scalable, safe, high-rate supercapacitor separators based on the
Al2O3 nanowire Polyvinyl butyral nonwoven membranes. Nano Energy 2020, 71, 104627. [CrossRef]

21. Liu, Z.Y.; Ma, S.; Li, X.; Yang, H.; Xu, Z.L. Porous carbonaceous composite derived from Mg(OH)2 pre-filled PAN based membrane
for supercapacitor and dye adsorption application. J. Solid State Chem. 2019, 277, 493–501. [CrossRef]

22. Arthi, R.; Jaikumar, V.; Muralidharan, P. Development of electrospun PVdF polymer membrane as separator for supercapacitor
applications. Energy Sources Part A 2022, 44, 2294–2308. [CrossRef]

23. Torvi, A.I.; Munavalli, B.B.; Naik, S.R.; Kariduraganavar, M.Y. Scalable fabrication of a flexible interdigital micro-supercapacitor
device by in-situ polymerization of pyrrole into hybrid PVA-TEOS membrane. Electrochim. Acta 2018, 282, 469–479. [CrossRef]

24. Na, R.Q.; Zhang, X.R.; Huo, P.F.; Du, Y.L.; Huo, G.Z.; Zhu, K.; Wang, G.B. High performance disulfonated poly(arylene ether
sulfone)/poly(ethylene oxide) composite membrane used as a novel separator for supercapacitor with neutral electrolyte and
activated carbon electrodes. High Perform. Polym. 2017, 29, 984–993. [CrossRef]

25. Li, Z.M.; Wei, J.G.; Shan, F.; Yang, J.; Wang, X.L. PVDF/PMMA brushes membrane for lithium-ion rechargeable batteries prepared
via preirradiation grafting technique. J. Polym. Sci. Polym. Phys. 2008, 46, 751–758. [CrossRef]

26. Ahmed, F.E.; Lalia, B.S.; Hashaikeh, R. A review on electrospinning for membrane fabrication: Challenges and applications.
Desalination 2015, 356, 15–30. [CrossRef]

27. Holda, A.K.; Vankelecom, I.F.J. Understanding and guiding the phase inversion process for synthesis of solvent resistant
nanofiltration membranes. J. Appl. Polym. Sci. 2015, 132, 42130. [CrossRef]

28. Meng, X.L.; Ji, Y.; Yu, G.H.; Zhai, Y.J. Preparation and Properties of Polyvinylidene Fluoride Nanocomposited Membranes based
on Poly(N-Isopropylacrylamide) Modified Graphene Oxide Nanosheets. Polymers 2019, 11, 473. [CrossRef]

29. Jang, J.; Oh, J.; Jeong, H.; Kang, W.; Jo, C. A Review of Functional Separators for Lithium Metal Battery Applications. Materials
2020, 13, 4625. [CrossRef]

30. Peng, Y.; Yao, R.; Yang, W.S. A poly(amidoamine) nanoparticle cross-linked two-dimensional metal-organic framework nanosheet
membrane for water purification. Chem. Commun. 2019, 55, 3935–3938. [CrossRef]

31. Wang, B.H.; Thukral, A.; Xie, Z.Q.; Liu, L.M.; Zhang, X.N.; Huang, W.; Yu, X.G.; Yu, C.J.; Marks, T.J.; Facchetti, A. Flexible and
stretchable metal oxide nanofiber networks for multimodal and monolithically integrated wearable electronics. Nat. Commun.
2020, 11, 2405. [CrossRef]

32. Tomic, N.Z.; Marinkovic, A.D.; Veljovic, D.; Trifkovic, K.; Levic, S.; Radojevic, V.; Heinemann, R.J. A new approach to compat-
ibilization study of EVA/PMMA polymer blend used as an optical fibers adhesive: Mechanical, morphological and thermal
properties. Int. J. Adhes. Adhes. 2018, 81, 11–20. [CrossRef]

33. Cheng, S.K.; Chen, C.Y. Mechanical properties and strain-rate effect of EVA/PMMA in situ polymerization blends. Eur. Polym. J.
2004, 40, 1239–1248. [CrossRef]

34. Hillier, N.; Yong, S.; Beeby, S. Optimization of Carbon Electrodes for Solid-State E-Textile Supercapacitors. J. Phys. Conf. Ser. 2019,
1407, 12059. [CrossRef]

35. Hillier, N.; Yong, S.; Cruden, A.; Beeby, S. Acetonitrile-Free Organic Electrolyte for Textile Supercapacitor Applications. J.
Electrochem. Soc. 2021, 168, 80520. [CrossRef]

36. Xu, D.M.; Teng, G.H.; Heng, Y.Q.; Chen, Z.Z.; Hu, D.Y. Eco-friendly and thermally stable cellulose film prepared by phase
inversion as supercapacitor separator. Mater. Chem. Phys. 2020, 249, 122979. [CrossRef]

http://doi.org/10.1016/j.jpowsour.2019.227355
http://doi.org/10.1007/s10854-019-02672-4
http://doi.org/10.1149/1945-7111/abc434
http://doi.org/10.1002/adfm.201702160
http://doi.org/10.1002/aenm.202003010
http://doi.org/10.1002/adem.201700860
http://doi.org/10.1177/1528083719865038
http://doi.org/10.1039/C8TA07751G
http://doi.org/10.1016/j.nanoen.2020.104627
http://doi.org/10.1016/j.jssc.2019.07.007
http://doi.org/10.1080/15567036.2019.1649746
http://doi.org/10.1016/j.electacta.2018.06.034
http://doi.org/10.1177/0954008316666386
http://doi.org/10.1002/polb.21408
http://doi.org/10.1016/j.desal.2014.09.033
http://doi.org/10.1002/app.42130
http://doi.org/10.3390/polym11030473
http://doi.org/10.3390/ma13204625
http://doi.org/10.1039/C9CC00349E
http://doi.org/10.1038/s41467-020-16268-8
http://doi.org/10.1016/j.ijadhadh.2017.11.002
http://doi.org/10.1016/j.eurpolymj.2003.11.022
http://doi.org/10.1088/1742-6596/1407/1/012059
http://doi.org/10.1149/1945-7111/ac1a58
http://doi.org/10.1016/j.matchemphys.2020.122979

	Introduction 
	Materials and Methods 
	Material 
	Preparation of Textile with a Polymer Membrane and Bending Experiment 
	Fabrication of Supercapacitor Electrodes 
	Textile Supercapacitor Assembly and Testing 
	Characterisation and Electrochemical Testing of Flexible Textile Supercapacitor 

	Results and Discussion 
	SEM Imaging 
	Porosity, Electrolyte Uptake and Ageing Test 
	Electrochemical Results 

	Conclusions 
	References

