Open Access Article. Published on 12 April 2021. Downloaded on 10/23/2025 4:49:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

The fabrication of a graphene and conductive
polymer nanocomposite-coated highly flexible
and washable woven thermoelectric
nhanogeneratort

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2021,
2, 3695

Nazakat Ali Khoso, €22 Guangyu Xu,? Jiao Xie,® Tian Sun® and Jiajun Wang*©

The use of self-powering wearable devices has increased in recent years due to the increasing demands
of the internet of things (IOTs). Textile fabrics have shown increasing trends toward wearable electronics
due to their outstanding mechanical, electrical, and electronic properties. Herein, we report the
development of a highly flexible and washable thermoelectric device with a sheet resistance of 185-45 kQ.
The sheet resistance of the rGO-coated fabric was reduced from 185 to 45 kQ on coating with PEDOT:PSS,
and was further decreased from 45 kQ to 25 kQ with 10 padding cycles. The fabric showed a higher wet
pickup percentage of 60-80%, which improved the electrical and thermoelectric performance of the
resultant textile. The sheet resistance remained stable for up to 20 cycles and then increased (25Q-180 kQ).
A difference was attained between the human body temperature (T})) of 36.5 °C with a temperature gradient
(AT) of 16,5 °C and an ambient temperature of 20.0 + 0.5 °C. The performance of the device was
significantly improved with an enhanced thermoelectric Seebeck coefficient of 2.5-25.0 uV K™%, power
factor of 0.25-0.60 pW m~* K™2, and figure of merit (ZT) of 0.02-0.08 x 10~>. There was an improvement
in the tensile strength of the rGO-coated fabric from 20 to 60 mPa, and in the water contact angle (WCA)
from 121° to 152°, with a slightly reduced air permeability of 173 to 165 cm® $? s, without influencing the
comfort properties. The study demonstrates that the graphene and polymer nanocomposite-coated textile
fabric can be used as a self-powered wearable thermoelectric generator for energy harvesting from
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1. Introduction

Graphene-based wearable textiles have received significant
attention from researchers and the scientific community over
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i Electronic supplementary information (ESI) available: Fig. S1. FESEM of rGO
and PEDOT: PSS-coated textile fabric at different magnifications, with EDS profile
showing elemental analysis (C), (O) & (S). Fig. S2. Sheet resistance with the
number of padding cycles & washing cycles (a); tensile strength (warp & weft) (b).
Fig. S3. Water contact angle for the fabric coated with GO (a), rGO (b), and
PEDOT: PSS-rGO (c). The effect of dyeing cycles on the water contact angle.
Fig. S4. TE design model P-N-type legs rGO, rGO/PEDOT: PSS connected in
parallel (a), and series (b) arrangements with a closed-circuit. Fig. S5. TE design
model (P-N) type legs coated with rGO, rGO/PEDOT: PSS Connected in parallel
(a), and series (b) arrangements with a closed-circuit. (a) Obtained electric
potential (mV). (b) Seebeck analysis set-up (hot plate). (¢) Glowing of the LED.
(d) TE device placed on a human wrist. Fig. S1, Supplementary file (S2) and
Supplementary file (S3) tables. See DOI: 10.1039/d0ma01010c
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the last decade after the discovery of graphene as a two-
dimensional (2D) material with a layer of carbon that is one
atomic layer thick." The demand for graphene-based, highly
flexible and breathable, wearable e-textiles is increasing day by day
due to their flexibility, stretching and bending ability, and they are
considered as highly stable and efficient materials for energy
storage, conversion, and harvesting devices.” The conversion of
heat released from different industrial appliances, machines and
automobiles is considered sustainable energy.® However low-
grade body heat is a new approach for the conversion of energy
due to the increasing demand of the internet of things (IOTs) for
biomedical and health monitoring applications.® Thermoelectric
(TE) devices have been developed, so far, by using various organic
and inorganic materials.* These materials include wearable TE
devices based on silver (Ag),” copper (Cu),’ aluminum (Al),” zinc
(zn),® gold (Au),’ titanium (TiO2),"* selenium (Se),"* selenium
telluride (SnTe),"* bismuth telluride (BiTe)"® and antimony
tellurides (SbTe).* The use of such inorganic materials is limited
due to their higher rigidity, stiffness, and decomposition when
exposed to water and air, and also their poor binding, fixation and
washing stability.”>'® Additionally, they are toxic to human skin
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and harsh on the environment
processing of such rigid materials are complicated and limit their
use on a commercial scale.'® The use of organic materials such as
carbon and its derivatives is therefore highly anticipated for the
multifunctional finishing of textiles.”® The demand for carbon-
based allotropes, including fullerenes, carbon black (CB), carbon
nanotubes (CNT), graphite oxide (GrO), graphene oxide (GO),
reduced graphene oxide (rGO) and graphene has increased in
recent years for use in highly flexible, bendable, breathable and
washable e-textiles.>® The use of graphene and other two-
dimensional materials including MXenes, MXenes carbide, and
boron nitrides is worth mentioning for potential applications
such as biomedical applications, health monitoring, energy
harvesting, and storage e-textiles.>* The use of intrinsic conductive
polymers with graphene is also considered a systematic approach
as compared to traditional metal-coated e-textiles.”! The
graphene-based e-textiles have been widely used for batteries,
supercapacitors,23 sensors,>®  actuators,”®  solar  cells,®
triboelectric,>” pyroelectric,*® piezo-electric,>® and thermoelectric
generators for electrical energy harvesting.>* The fabrication of
graphene-based thermoelectric devices is not as complex and
challenging as compared to other inorganic materials that need
critical care and consideration during processing.*' The processes
include the chemical and thermal reduction of GO into rGO.*>
The chemical reduction of GO is generally achieved with strong
reducing agents including hydrazine hydrate (H.H), hydroiodic
acid (H.I), and sodium borohydride (NaBH,).** > The use of such
strong reducing agents is hazardous and limited since they cause
damage to human skin and textiles and are carcinogenic.*®?”
In this context, several studies have been conducted to overcome
and reduce these issues by using green reducing agents including,
ascorbic acid (C¢HgOg), thiourea (CH4N,S), and sodium hydro-
sulfite (Na,S,0,).>*°

Thermal reduction of (GO) into rGO is achieved at higher
temperatures of 200-400 °C, which is more time-consuming
and is not suitable for textile fibers.*! Synthetic fibers including
polyester, acrylic, lycra, and spandex are susceptible to excessive
heat, which results in the deformation of the polymer chains at a
higher temperature range above the glass transition (T,) 160-
200 °C.** Likewise, the natural fibers, including cotton, jute, flax,
and hemp fibers, may also decompose and lose their strength
due to the polymer degradation of the cellulose monomer.*?
Therefore, the use of highly efficient and green reducing agents
is needed for the production of rGO-coated textiles.**

Different fabrication techniques including; vacuum
filtration,*> brush painting,*® spin coating,”” spray coating,®
screen printing,*® stencil printing,>® dip coating,”’ heat
transfer,®® vapour deposition,> chemical vapour deposition
(CVvD)** and wet transfer have been reported in previous
studies.”® Among these techniques, the pad-dry-cure method
is a highly efficient and suitable approach with a production
speed of 150 m/min, which is suitable for the mass production
of graphene-coated textiles.>® Another challenge during the
fabrication of graphene is its hydrophobicity; it cannot be easily
dissolved, but can only be dispersed in water and ionic liquids.
This hydrophobic nature of graphene also reduces the fixation
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on textiles and resulting in limited production and low stability
against rubbing and washing fastness.”” The dispersion of
graphene is only possible with the addition of dispersing
agents,”® jonic and non-ionic liquids,”® surfactants including
sodium dodecyl sulfonate (SDS),*® sodium dodecylbenzene sulfo-
nate (SDBS),*" ammonium persulfate (APS),** cetyltrimethylam-
monium bromide (CTAB),** and hexadecyltrimethylammonium
bromide (hCTAB).** The chemical functionalization of graphene
is either covalent or non-covalent using ionic and non-ionic
liquids. These liquids include ethylene glycol (EG), polyethylene
glycol (PEG), glycerol, diethyl glycol (DEG), acetone, phenols,
methyl ether ketones (MEK), dimethyl sulfide (DMSO), and
dimethyl formamide (DMF).**"** Several binders and thickeners
such as polyurethane (PU), polyvinyl alcohol (PVA), polyvinylidene
fluoride (PVDF), polystyrene (PS), polystyrene sulfone (PSS),
carboxymethylcellulose (CMC), sodium alginate, waterborne poly-
urethane (WPU) and polyvinylidenes (PVP) have also been used to
improve the fixation of graphene on textile fibers.>”*

The use of such binders, thickeners and dispersing agents
may influence the overall physical properties including, handling,
feel, touch, lustre, and end-use properties, for example, electrical,
thermal, mechanical and comfort characteristics. Herein, we
developed a water-based GO as a dye solution with PEDOT: PSS,
which worked as a binder, and PSS worked as a dispersing agent.
The application process uses the already commercialized pad-dry-
cure simple dyeing technique approach as a state-of-the-art
method towards the fabrication of graphene. We used a
commercial-scale technique in the mass-scale fabrication of
graphene-coated textile fabrics, with the improved thermoelectric
performance of wearable self-powering e-textiles for energy
harvesting from low-grade body heat. The GO dyed fabric was
chemically and thermally reduced into rGO using a green
reducing agent (r-ascorbic acid) at (90 °C) without influencing
the comfort properties as a second achievement of the study. This
study demonstrates that a pad-dry-cure method is an alternative
approach to the development of conductive textiles, which assists
towards the better fixation or adhesion and washing fastness of
graphene-based fibrous assemblies including woven and non-
woven fabrics without using any binder or thickener.

2. Experimental
2.1 Materials and methods

Carbon graphite material (Grade 3061) was obtained from
Asbury Graphite Mills, USA. (3-4) Polyethylene dioxythiophene,
polystyrene sulfonate PEDOT:PSS dispersed in water (H,O) of
(1.2) wt% of a highly conductive grade was purchased from
Sigma Aldrich Shanghai. 1-Ascorbic acid (Vitamin C) was
obtained from Sigma Aldrich, Shanghai, along with ammonia
(NH3;), potassium permanganate (KMnO,), sulfuric acid (H,SO,)
99% purity, hydrogen peroxide (H,O,) 30%, which were of
analytical grade. Cotton fabric 100% with (65-GSM) and fabric
structure of 3/1 plain weave was provided by Hangzhou Textile
Dyeing and Finishing Co. Ltd. All the other chemicals were of
analytical grade and were used without further modifications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis of GO

Graphene oxide was synthesized using a modified Hummers’
method, as reported in the literature and our previous
studies.*"”® The pure graphite was oxidized in three steps:
strong, moderate and high oxidation using sulfuric acid
(H,S04), KMnO,, and hydrogen peroxide (H,O,), respectively.
Initially, pristine graphite (2.5 g) was used for synthesis.
Subsequently, KMnO, solution was developed by dissolving
50 mg of KMnO, in 10.0 ml DI water and vigorously stirring
using a magnetic stirrer at 250 rpm until a homogeneous
mixture was formed. During the reaction, the colour of the
solution changed from dark to brown. Next, 10-25 ml of
hydrogen peroxide (H,0,), a strong oxidizing agent, was added
dropwise after raising the temperature to 80-90 °C. The yellow
water-based solution of GO was obtained as a final product with
a strongly acidic pH of 2.0-3.0. The resultant (GO) slurry was
separated by centrifuge at 10000 rpm for 20 minutes to
neutralize the pH. The as-obtained slurry after neutralization
was freeze-dried at —50 °C for 48 h to remove trace water from
the GO paste. The freeze-dried GO cake was obtained for
further use in preparing the water-based dye solution with
different weight percentages of GO.

2.3 Fabrication

The fabrication of 100% woven bleached cotton fabric was
accomplished after pre-treatment and cleaning with ethanol.
The fabric was weighed and graphene oxide was dissolved in
water according to different concentrations by weight (W/V) of
fabric to graphene oxide (2.5, 5.0, 10.0, and 20.0 mg L™ "). The
process was performed in batches using the following steps.
In brief, GO powder of different weights (2.5-20.0 mg L") was
added to distilled water and ultrasonicated for 30 min at room
temperature to develop GO as a dye solution without using any
dispersing agent and binder. The procedure of padding was
repeated several times until a sufficient loading of GO was
accomplished. The GO-coated fabric was dried at 60 °C after
each padding cycle and chemically reduced to rGO using a
green reducing agent (L-ascorbic acid) at 90 °C via microwave-
assisted chemical and thermal reduction;** see ESIt (ESI-S57
Fig. S1).

2.3.1 Padding. The aqueous water-based GO as the dye
solution was loaded in the fabrication bath with a fabric to
liquor ratio of 1:40, by varying the weight percent of GO (2.5, 5.0,
10.0 and 20.0 mg L™ "). The fabric was dipped and simultaneously
squeezed during each padding cycle to remove the excessive
amount of GO solution from the fabric surface with a pneumatic
pressure of 15 kg/em® and processing speed of 15 m/min as
reported in the literature.*?

2.3.2 Drying. The as coated fabric with GO was thermally
dried in a microwave oven at 60 °C for 15-30 min after each dip
of the fabric.

2.3.3 Reduction. The same procedure was repeated for
10 dips and followed by the reduction of GO coated fabric into
rGO using green, reducing agent vitamin C (10%) r-ascorbic
acid at 90 °C as reported in our previous studies.**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3.4 Curing or fixation. The rGO-coated fabric was cured
at 140 °C for 2.5 min using a microwave oven.

2.3.5 Washing and cleaning. The rGO-coated fabric was
washed with plenty of water to remove the traces of the
reducing agent and unfixed graphene nanoflakes from the fiber
surface.

2.3.6 Coating of the conductive polymer. The conductive
polymer was applied as rGO coated textile electrodes using a
layer-by-layer approach. The same approach was used for the
fabrication of the conductive polymer (PEDOT: PSS). After 2-5 dip
coatings of the conductive polymer fabric, it was dried at (60-
70 °C) for 10-15 minutes.

2.4 Design of the thermoelectric (TE) device

The thermoelectric device was fabricated by cutting the fabric
strips with each leg size of (0.5 x 5.0 cm) and connecting them
with each other using adhesive copper tape. The electrical and
thermal conductivity and Seebeck coefficient of the developed
TE device were measured using a digital Keithley device. The
real-time monitoring and performance of the wearable TE
device were demonstrated by placing the device on a human
wrist and palm.

Fig. 1(d) and (e) show the as-developed TE device for real-
time performance measurement in terms of sheet resistance in
the folded and normal positions, respectively. The as-coated
rGO and PEDOT:PSS-rGO legs were connected with adhesive
copper tape from top to bottom as presented in blue and black
as shown in Fig. 1(h); the PEDOT: PSS and rGO coated fabric
strips are shown. The as-developed TE device demonstrated
thermoelectric performance with open-circuit output volts (mV)
and AC current when directly placed next to human skin (Fig. 1f
and g). The TE device model is given in Fig. 1h. The fabricated
samples of fabric with GO, and reduced to rGO (shown in
Fig. 1a and b, respectively, were cut into identical strips of size
0.5 x 5.0 cm, as shown in Fig. 1c. The electrical performance of
the TE device was measured before being connected as TE legs
using adhesive copper tape and placed on the human wrist as
depicted in Fig. 1(d)-(f). The proposed TE model design is

Fig.1 (a and b) GO and rGO-coated cotton fabric; (c) textile strips; (d)
bending of the textile fabric strips; (e) measurement of the sheet resistance
of the fabric strip with bending. (f) Real-time performance measurement
for the TE device placed on the human wrist. (g) Electric potential as an
output voltage (mV). (h) TE design model.

Mater. Adv., 2021, 2, 3695-3704 | 3697
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presented in Fig. 1g and h connected to a digital device.
The fabrication of graphene oxide on the textile substrate using
the pad-dry-cure method is given in the ESIt (ESI-S3) fabrication
methods.

3. Results and discussion
3.1 Measurements and characterization

The elemental analysis of the graphene oxide, reduced graphene
oxide, and PEDOT: PSS-rGO was conducted using FTIR, Raman,
XRD and XPS spectroscopy. K-alpha mode on XPS (Thermo
Fisher USA), X-ray diffraction (XRD), and (XPS) were used to
describe the rGO, GO, and PEDOT: PSS-rGO films and nano-
composites; see the ESIT (ESI-S2) characterization section.
The scanning electron microscopy (SEM) analysis of the sample
was performed by using a Zeiss ultra-scanning field emission
scanning electron microscope (FESEM) for the surface
characterization of the treated and untreated fabrics. The
electrical performances of the rGO and PEDOT PSS-decorated
cotton fabric were measured using a four-point probe (SZT-2B)
system (Suzhou Genisis Electronics Co. Ltd China);*> see the
ESIt (ESI-S3) performance measurement section. The thermo-
electric properties such as the Seebeck coefficient and power
factor of the TE device were measured according to ASTM
standard E-977-05*° based on a hot plate and 2-probe thermo-
couples connected to a digital voltmeter (Keysight). The temperature
gradient was measured with a fixed temperature of 20 °C and a
variable temperature was detected using a needle transducer
thermocouple by placing the specimen on the hot plate for the
temperature difference; see the ESIf (ESI-S3) performance
measurement section. The thermal conductivity of the textile fabric
samples was measured using an infra-red IR-non-contact device,
according to ASTM standard D-7984-16." All the tests were
performed under standard testing conditions for textiles according
to ASTM standards-D-1776/D-1776-M-20"® at ambient temperature
(25 £ 5 °C) and relative humidity of 65 &+ 5%.

3.1.1 FESEM and EDS. The morphological studies of the
resultant rGO-coated textile substrate are illustrated in
Fig. 2(a)-(c), showing that the coating of rGO was accomplished
with a significant amount of carbon content, which was
determined from EDS analysis with FESEM. The conductive
polymer was successfully coated on the rGO-coated fabric as
layer by layer (LbL) as reported in previous studies.*’> From the
FESEM results, it was observed that the entire surface of the
fiber was coated and covered with polymer forming a smooth
surface, showing strong binding and adhesion of the conductive
polymer with rGO and a more conductive path between the fiber-
fiber welding in the yarn assembly as shown in the colour
mapping of SEM images Fig. 2(d)-(f). The fiber surface in the
yarn was entirely covered with conductive polymer and rGO
nanofilms due to the strong adhesion and bonding; this effect
may be attributed to the negatively charged polystyrene (PSS)
groups in the conjugated polymer PEDOT:PSS.**

3.1.2 XRD analysis. The elemental analysis of the as coated
rGO fabric was performed using XRD to identify the crystalline
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Fig. 2 FESEM images of rGO-PEDOT:PSS film-coated fabric at different
magnifications: (@) 500 um, (b) 250 pm for the rGO-coated fabric, and
(c) 200 pm coated with rGO-PEDOT:PSS. (d-f) Colour mapping of SEM
images IR-rendering using the Mountains map software.

regions of GO, rGO and PEDOT:PSS-rGO, respectively. The X-ray
diffraction results showed that firm peaks for GO 20 were
located at 9.5°. The 20 diffraction angle shifted from 9.5° to
16.5°, which indicated that the graphene oxide was successfully
converted into reduced graphene oxide, as shown in Fig. 2(b).
The sharp XRD peaks of pristine graphite observed at 28.4°
were reduced when graphitic oxide was converted into GO, and
were further reduced to 19.5° (rGO) due to the restacking of
graphene sheets similar to graphite. These broader and
comprehensive peaks became widened, which may be attributed
to an increase in the particle size of rGO films, as compared to
pure graphite and graphitic oxide (GO) as shown in Fig. 2(a) and
(b). The second small sharp peak was observed at 19.8° and may
be attributed to the formation of PEDOT:PSS crystals. The very
small peak located at 25.6° represented polymer (PEDOT:PSS) as
shown in Fig. 2(d); see the ESI{ (ESI-S1 Fig. $1).*> The XRD
diffraction analysis showed that the oxidized GO had intensity
peaks (20 = 9.5°) with crystal planes of (001). The peak was
shifted to 20 of 9.5° with d-spacing of 0.835 nm due to the higher
oxidation level of GO as compared to pure graphite as shown in
Fig. 3(a) and (b), respectively. The diffraction peaks shifted
towards 20 = 14.5° crystal planes of (002) as chemical and
thermal reduction was attained. The resultant peaks became
shorter and shifted towards (20 = 19.4) with the d-spacing of
(002), showing reduced (rGO) intensity as compared to the
pristine graphite (20 = 28.5°). As GO was reduced to rGO, the
peak became wider and was reduced, with a d-spacing of d = 0.36
to d = 0.353 with the (002) crystal plane as compared to pristine
graphite with a d-spacing of d = 0.339 nm. The peaks that
appeared with GO shifted from 260 = 16.5° & 19.5° and this is
attributed to polymer crystal formation. Very small and wide
peaks were also observed at 26 = 26.5° and 26 = 34.5°, which are
attributed to the crystal growth of rGO films and PEDOT:PSS
after thermal annealing and chemical reduction.>

3.1.3 FTIR analysis. FTIR studies were conducted on GO, rGO,
and PEDOT:PSS, as well as nanocomposites of the PEDOT:PSS-tGO-
coated textile fabric with several functional groups present in rGO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Sheet resistance with the number of dyeing cycles (a) and washing
cycles. (b) Tensile strength (warp and weft). (c) Current vs. voltage relationship
of the thermoelectric device with the number of legs with a variable
temperature gradient of 2.5-16.5 °C. (d) Overall performance of the TE
device including the figure of merit, Seebeck coefficient, and power factor
with a temperature gradient of 2.6-36.5 °C.

and PEDOT: PSS. The broader spectral peaks positioned at
3450 cm™ ! were reduced for rGO as compared to natural cotton
and the GO-coated textile substrate. The development of new
functional groups located at 1350 c¢cm !, 1665 c¢cm ' and
1730 cm ™" showed the development of different functional groups
with five chemical shifts as shown in Fig. 2; see ESIT (ESI-S1
Fig. S2). The de-convoluted reactive groups were assigned to the
vibrations of the absorbing water molecules hydroxyl (OH ) groups
positioned at (3400 cm™ "), carbonyl C=O0 (1740 cm '), carbonyl
(OH™) deformation peak (1420 cm '), carboxyl C-OH (1220 cm™ ),
epoxy groups C-O (1050 cm™ ) and 1620 cm™ %>

3.1.4 Raman analysis. The reman spectra showed two
broad and identical D and G bands demonstrating the highly
oxidized two-dimensional hexagonal structures of carbon
atoms for GO. The visual effects of the annealing temperature
on graphene oxide (GO) show first order and second order
(D and G) vibrational bands. These peaks at 1345 cm™ ' and
1580 cm ™" are attributed to the reduction of oxygen-containing
functional groups as compared to graphite and GO with
1560 cm™ " as shown in Fig. S4(a) and (b); see ESIt (ESI-S1
Fig. $3).>® The ID/IG ratios of the D and G bands were improved
from 0.80, 0.85, and 0.96 for GO, rGO and PEDOT: PSS-rGO
respectively. The changes are attributed to the decrease of the
oxygen (C-0), carboxyl (C—C), carbonyl (C—C) and epoxide
(C-0=C) functional groups after the reduction of GO into rGO,
as shown in Fig. S4(c) and (d); see the ESIt (ESI-S1 Fig. S3). The
results show that the oxidized state of GO was changed from
the first-order scattering of sp3 to sp2 hybridization and due to
the restacking of the carbon atoms of rGO during chemical ad
thermal annealing as reported in literature.”® Dangling bands
occurred between the D and G-bands of rGO, which may be
attributed to the presence of sulfone (SP2) groups present in
PEDOT: PSS films as shown in Fig. S4d, ESIf.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.1.5 XPS analysis. The XPS elemental analysis (C1s) and
(O1s) spectra and survey peaks are presented in the ESI
(ESI-S2), characterization section, Fig. S3. The results show
the presence of the carbon and oxygen groups for different
bonds such as (C-C) and (C—C). The broader peaks show the
(C=C) bond structure located at 284.7, 284.2, and the (C-C)
peaks located at 284.2 and 285.4. Another functional group
(C=0) was observed at 287.2 and 286.4. Shallow peaks at 289.0
confirmed the (O—C-0) functional groups after the reduction
of GO into rGO.>* These chemical groups indicated the sub-
stantial reduction of graphene oxide into rGO.* The survey
peaks showed the presence of the carbon (C) and oxygen (O)
groups; see ESIT (ESI-S1 Fig. S4)

4. Measurements

The textile-based TE device was fabricated after cutting the
coated rGO and PEDOT: PSS strips with a specimen size of
(0.5 x 2.5 cm). The arrangement of TE legs was connected by
adhesive copper tape in parallel and series arrangements. The
open-circuit voltage was measured using parallel and series
arrangements as reported in previous studies.’® The legs were
connected with conductive adhesive tape to develop hetero-
junctions. The resultant TE device was placed on a human wrist
to measure the thermoelectric performance without any
masking tape as shown in Fig. 1(a)-(d), respectively.

4.1 Electrical and thermoelectric (TE) performance

The overall electrical conductivity was enhanced by increasing
the percentage of rGO as the filler in the conductive polymer,
whereas the thermal conductivity was reduced with the number
of dyeing or padding passes. The study shows that electrical
and thermal conductivity increased and decreased, respectively,
with the number of coating layers on the textile substrate.
The overall TE performance of the resultant textile electrode
was significantly improved for the textile substrate coated with
PEDO:PSS-rGO as compared to pristine rGO. The results are in
strong agreement with recent works with rGO and PEDOT:PSS
using the layer-by-layer approach.’® The improvement in the
electrical conductivity may be attributed to increasing the number
of graphene layers on the textile substrate, which may occur due
to the interlayers connected fibers in the yarn structure and fabric.
The result showed that thermal conductivity decreased as the
number of coating layers decreased, which may occur due to the
synergic effect between the graphene and conductive polymer
layers.>”

The electrical conductivity was measured according to ASTM
standard D-257°® for polymer-coated conducive textiles. The electrical
conductivity was studied in terms of the sheet resistance (Rs) of the
textile substrate coated with rGO, PEDOT:PSS, and rGO-PES at a
different weight percent of rGO. The average test results with a
low sheet resistance of each sample were measured six times
and recorded for statistical analysis. The heat transport
phenomenon may be attributed to the vibrational movement
of free heat carriers (phonons) and charge carrier electrons
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between the graphene layers. The vibrational movements of
charge carrier electrons and heat carrier phonons result in the
improvement of the thermoelectric effect, with improving the
Seebeck coefficient, and power factor figure of merit (zT) value
as demonstrated in the ESI, EIS-S1 Table S2. Fig. 3(c) and (d)
demonstrate that the thermoelectric performance of the
resultant textile electrode was enhanced the electric potential (AV)
due to charge carrier (p-type) graphene and heat carrier phonons in
the rGO as p-doped, and PEDOT: PSS as n-type materials.

The change in temperature (T,) and (T;) was with respect to
a hot side next to the human body, and a cold side exposed
to the external environment.”® The temperature was raised to
36.5 °C and ambient working conditions of 20 °C resulted in the
electric potential of 2.5-9.5 mV for 2-4 thermoelectric legs with
a temperature gradient AT 309 K. The results show that as the
number of TE legs were increased to 2-4 legs and connected in
parallel and series arrangements, the open circuit output
increased from 9.5 to 12.5 mV. The coated textile fabric showed
the improved thermoelectric potential of 12.5-19.5 mV, which
was further raised to 19.5-45.0 mV for parallel and to 45.5-
120.0 mV when the TE device was directly attached to the
human wrist without any surface coating, which is several times
higher as compared to reported textile-based TE devices.>
The resultant TE device showed an increased Seebeck coefficient
(0.5-9.0 x 10~ * pV K1), power factor (0.5-0.25 mW m ™~ K ?), and
dimensionless figure of merit (0.02-0.04 x 10*), as shown in
the ESIT (ESI-S1) Table 1. The results show that the dimen-
sionless figure of merit was enhanced as the temperature
increased from 20 °C for the cold side (T.) and 36.5 °C for
the hot side (Ty). The fabric was successfully decorated with
p-type and n-type hetrojunctions as a TE nanogenerator for
the conversion of human body heat into an electrical
response. The resultant textile-based TE device showed
improved thermoelectric performance and was capable of
directly converting the heat energy into electrical energy in
both hot and cold climatic conditions.*®

4.2 Textile properties

4.2.1 Washing stability. The washing tests were performed
according to the ASTM standard of ASTM D435-42(1955)% by
using a common detergent and a home laundry machine. The
performance of the samples was analysed using repeated
washing of 20 cycles. The colour faded from black to light
brown. The electrical performance of the fabric was assessed
before washing and after each wash in terms of electrical sheet
resistance. The fabric showed slightly reduced sheet resistance

View Article Online
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as mentioned in the ESIt (ESI-S1 Table S1 and Fig. S1 ESI-S2).
On the other hand, the graphene layers may be removed from
the fiber assemblies during washing cycles, resulting in
increased sheet resistance. The sheet resistance decreased from
185 kQ to 125 kQ, which may be attributed to the number of
graphene layers with increasing the padding passes and coating
of PEDOT: PSS nanocomposites. The sheet resistance decreased
on increasing the number of washing cycles. The results are
presented in the ESI,{ Table S2. The air permeability, tensile
strength and fabric thickness also decreased with increasing
the number of dyeing and washing cycles;*" see the ESI{ (ESI-S1
Tables S1 and S2). The results also demonstrate that the
thermoelectric performance of the resultant textile electrodes
was improved with increasing the content of rGO as filler in the
conductive polymer PEDOT:PSS, resulting in improved thermo-
electric effects; i.e. Seebeck effect, power factor, and figure
of merit.

4.2.2 Air permeability. The air permeability of the coated
samples of GO, rGO, and PEDOT: PSS-rGO were analysed
according to ASTM standards D-737-96.°* Each sample was
studied before dyeing and the washing cycles to measure the
breathability of the as-coated textile substrates. The air perme-
ability of the uncoated samples decreased with the number of
dyeing cycles as presented in the ESIt (ESI-S1, see Table 2). The
air permeability further decreased as the number of dyeing
cycles increased, which may be attributed to the number of
layers of rGO and PEDOT:PSS. PEDOT significantly influenced
the air permeability as compared to pristine GO and rGO
coatings, without influencing the breathability of the comfort
properties without any compromise in moisture transport and
breathability.

4.2.3 Water contact angle (WCA). The hydrophobic and
hydrophilic behaviours of the textile substrate samples before
and after coating with the GO, rGO, and PEDOT: PSS-rGO were
analysed with a digital contact angle analyser using deionized
DI water to measure the contact angle of the as-coated textile
fabric according to the ASTM standard D-5725.%° The measurement
determined the wettability of the textile fabric surface before
and after coating. The study demonstrated that the water
contact angle (WCA) increased as the content of rGO was
increased with the number of dyeing cycles. The maximum
contact angles of 121.3° and 141.5° were obtained with 10
padding passes; see ESIf (ESI-S1, Table S2). The rGO-coated
textile fabric showed higher water resistance and lowered the
wettability as compared to natural cotton fabric and the
GO-coated fabric sample. It was observed that the samples
coated with rGO and the PEDOT:PSS nanocomposites showed

Table 1 The effect of the percentage of rGO content on fabric thickness after a number of padding passes and its effect on the electrical and

thermoelectric properties

Comp Sheet Seebeck coefficient Power factor Figure of merit
Sample no. (rGO %) resistance (kQ) MVK Y x10* (MW m 'K ?) ZT value 10°
rGO/PES-1 2.5 185 £ 5 2.5 0.5 0.01
rGO/PES-2 5.0 165 £ 5 12.5 0.15 0.02
rGO/PES-3 10.0 145 +£ 5 18.0 0.20 0.03
rGO/PES-4 20.0 125 £ 5 25.5 0.25 0.04
3700 | Mater. Adv, 2021, 2, 3695-3704 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The effects of different weight percent of rGO on the sheet resistance before and after washing cycles, tensile strength and air permeability of

the as-coated fabric with nanocomposites

Sample code Sheet resistance (Ry)

Tensile strength (mPa)

Water contact Air perme Fabric
Pure cotton Before washing After washing Warp Weft angle (WCA) ability (L m™>s™") thickness (um)
GO cotton 0 0 28 20 73.4 165 226.8
rGO cotton 185 195 32 30 109.2 156 228.6
rGO-PES-1 165 175 39 35 121.3 148 230.4
rGO-PES-2 145 155 47 45 132.5 141 234.5
rGO-PES-3 125 135 63 60 139.4 165 236.8
rGO-PES-4 115 125 65 62 141.6 156 239.6

higher water contact angles of 141.6° and 139.4° for distilled
water droplets. The water contact angle was found to be 121.3°,
109.6°, and 73.5°, for different weight percent of rGO
in conductive polymer nanocomposites as presented in ESI-S1
Table S2 and the ESI-S1 (ESIT) measurements and characteriza-
tion section Fig. S4, as compared to GO and uncoated samples,
wherein the water droplet disappeared and seeped into the fabric
in 1-2 seconds.

4.2.4 Tensile strength. The mechanical performances of
the rGO and PEDOT:PSS-rGO samples were analysed according
to ASTM standard D-5035-11%* after the number of dyeing and
washing cycles. The results indicate that the tensile strength of
the fabric increased as the coating layers were increased. These
changes were due to the increasing number of rGO layers on
the fiber surface, resulting in an enhancement in the tensile
properties of the fabric as compared to untreated samples.
The tensile strength of the as-coated textile substrate was
analysed in both the warp and weft directions, and the results
are presented in Fig. 3(a) and (b). The results show that the
mechanical performance was enhanced in both the warp and
weft directions after coating with rGO layers and increasing the
number of padding passes. The results also indicate that the
tensile strength was slightly higher warp-wise as compared to
weft-wise, which may be attributed to more ends as compared
to picks in the fabric structure, which may lead to a greater
loading percent of rGO on the fiber surface warp wise.®’
The average tensile strength of the untreated cotton fabric
was improved from 20, 30, 40, and 60 mPa for 2.5, 5.0, 10.0
and 20.0 percent of rGO in the conductive polymer PEDOT: PSS
by filler content in the composition. The results are presented
in the ESI-S1 (ESIT), see Table 2. The tensile strength improved
as the concentration of rGO increased with the number of
padding cycles (10). The FESEM results demonstrate that the
conductive polymer PEDOT:PSS nanofilms completely covered
the entire fiber surface and greater adhesion of the rGO sheets
between the fiber-to-fiber conductive paths was observed from
FESEM Fig. 2(a)-(c), and may be attributed to the reinforcement
and inter bonding n-n bonding of the PEDOT PSS-rGO nano-
composites, which improved the tensile strength of the resultant
fabric surface.®®

4.2.5 Fabric thickness and weight pick-up percentage. The
fabric thickness was measured using an analogue thickness
meter; according to ASTM standards D-1777-96%” the samples
were analysed before and after the coating with reduced

© 2021 The Author(s). Published by the Royal Society of Chemistry

graphene oxide and PEDOT:PSS. The results show that the
thickness is directly proportional to the number of dyeing
cycles. The thickness and weight percent of the fabric further
increased when PEDOT:PSS was coated on the rGO-coated
textile substrate. The weight pick-up percentage, particle size
and thickness of the fabric varied from 226.8-239.6 um for the
number of rGO layers, which is attributed to increasing the
content of rGO and PEDOT:PSS. The results demonstrate that
the weight percent pickup, particle size and thickness of the
rGO coated fabric increased with increasing the number of
dyeing cycles, which resulted in the increased number of
graphene and polymer layers; see ESIT (ESI-S3 Fig. S2).°® In
the case of the untreated fabric, the average thickness of the
untreated cotton fabric was nearly 226.5 pm, which gradually
increased from 228.6-230.4 pm for the pristine GO and
rGO-coated fabric. The thickness of the fabric was improved
for PEDOT:PSS-tGO nanocomposites to 230.4 pm, 234.5 pm,
236.8 um, and 239.6 pm for different contents of rGO as a filler
in the conductive polymer with variable ratios of 2.5, 5.0, 10.0
and 20.0%, respectively as shown in Table 2.

4.2.6 Bending and stretching cycles. The developed textile
electrodes coated with rGO and PEDOT:PSS with rGO nano-
composites showed a negligible difference in sheet resistance with
the number of stretching and bending cycles as demonstrated in
the ESIt (ESI-S2 Fig. Sic). The results show that the long-lasting
stretching-releasing and folding-unfolding cycles of graphene and
rGO-PEDOT:PSS-based nanocomposite coated TE device stably
worked as an electric heater without influencing the electrical
properties, and remained stable under variable temperature
ranges.*” A very slight and negligible change in electric sheet
resistance was attained by the fabric electrodes after applying
consistent weight with 100 stretching and 500 bending cycles
during folding-unfolding. The study revealed that the resultant
electrodes are highly robust and stable against mechanical
dynamics and are suitable as wearable heaters and thermoelectric
devices.>* However, the resultant textile electrodes also showed
stable behavior upon applying several folding angles (0 to 180°) for
each sample.®" The relatively low difference in sheet resistance was
observed with a slight increase of 6-9%, as illustrated in Fig. 1(c)
and (d). The overall thermoelectric effectiveness under dynamic
loading showed an improved TE performance, which significantly
improved the performance of the device in terms of current-
voltage (I-V) under a variable temperature range, as presented in
Fig. 3(c) and (d), without any permanent deformation as reported
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in earlier studies.”>”*

A nearly linear I-V curve signifies the decrease
in the electrical sheet resistance, which demonstrates that the
electronic and electrical transport may be altered with the expan-
sion of continuous conductive pathways of wearable thermoelectric
devices. In brief, such an increase in electrical performance may be
attributed to the close and compact coordinating impact of the
fiber and yarn assembly decorated with graphene and a conductive
polymer.”> Mechanical stretching also resulted in the dual-mode,
wearable thermoelectric device, coated with rGO and PEDOT:PSS,
in which PSS worked as the insulating part and binder, with the
PEDOT counterpart as an improved “electrical adhesive” coated
onto the rGO-treated fabric-based wearable e-textiles.””

5. Conclusion

The study shows that the graphene and PEDOT:PSS-coated textile
fabric can potentially be used for energy harvesting from human
body heat. From the study, it is evident that the production-scale
dyeing of cotton fabric with reduced graphene oxide and PED-
OT:PSS showed improved electrical performance due to the
reduced sheet resistance from 185-25 kQ, and reduced thermal
conductivity of (0.75-0.25 mW m™" K '). The resultant textile-
based TE device is capable of directly converting body heat into
electrical energy, with an improved Seebeck coefficient of 0.5-
9.0 x 10~*, power factor of 0.5-25.5 mW m™ ' K 2, and thermo-
electric figure of merit (z7) value from 0.02-0.04 x 10 * as
compared to the pristine rGO and PEDOT:PSS coated textile
fabric. The resultant textile fabric showed enhanced thermo-
electric efficiency with an output voltage of 2.5-9.5 mV in parallel
and 12.5-19.5 mV in series arrangement with 2-4 TE legs
connected to each other and placed over the human wrist without
any masking tape. The results also demonstrate that the open
circuit output voltage increased to 19.5-120.0 mV when the
number of TE legs increased to 8-10 in a series arrangement
with a temperature gradient (AT) of 16. °C + 2.0 °C. The study
also demonstrates that the resultant coated textile fabric has a
higher water contact angle in the range 93.5°-141°, and
mechanical performance with a tensile strength of 20-80 mPa.
The rGO-coated textile substrate showed better performance in
terms of breathability and was stable against 50 washing cycles
under wet and dry conditions. These attributes may be the result
of the graphene-based, highly flexible, washable, breathable, and
bendable textile fabric, which are only possible through the
fabrication of conductive textiles using water-based GO as a dye
solution. The same research approach may also potentially be
used for the design and development of textile fabrics coated with
rGO, PEDOT: PSS and their nanocomposites, as well as other
conductive polymers for different textile substrates for future use
in highly conductive and flexible sensors, actuators, energy
harvesting, and storage devices.
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