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The demand for highly flexible and self-powered wearable textile devices has increased in recent years.
Graphene coated textile-based wearable devices have been used for energy harvesting and storage due to
their outstanding mechanical, electrical and electronic properties. However, the use of metal based
nanocomposites is limited in textiles, due to their poor bending, fixation, and binding on textiles. We present
here reduced graphene oxide (rGO) as an n-type and conductive polymer poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) as a p-type material for a wearable thermoelectric nanogenerator (TEG)
using a (pad—dry—cure) technique. We developed a reduced graphene oxide (rGO) coated textile-based
wearable TEG for energy harvesting from low-grade human body heat. The conductive polymer
(PEDOT:PSS) and (rGO) nanocomposite were coated using a layer by layer approach. The resultant fabric
showed higher weight pickup of 60-80%. The developed textile based TEG device showed an enhanced
Seebeck coefficient of (25-150 pV K™Y, and a power factor of (2.5-60 pW m~* K~%). The developed TE
device showed a higher potential to convert the low-grade body heat into electrical energy, between the
human body temperature of (36.5 °C) and an external environment of (20.0 £ 5 °C) with a temperature
difference of (2.5-16.5 °C). The wearable textile-based TEG is capable of producing an open circuit output
voltage of 12.5-119.5 mV at an ambient fixed temperature of (20 °C). The rGO coated textile fabric also
showed reduced electrical sheet resistance by increasing the number of dyeing cycles (10) and increased
with the number of (20) washing cycles. The developed reduced graphene oxide (rGO) coated electrodes
showed a sheet resistance of 185-45 kQ and (15 kQ) for PEDOT:PSS—rGO nanocomposites respectively.

Furthermore, the mechanical performance of the as coated textile fabric was enhanced from (20-80 mPa)
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Accepted 22nd April 2021 with increasing number of padding cycles. The thermoelectric performance was significantly improved,

without influencing the breath-ability and comfort properties of the resultant fabric. This study presents
a promising approach for the fabrication of PEDOT:PSS/rGO nano-hybrids for textile-based wearable
thermoelectric generators (TEGs) for energy harvesting from low-grade body heat.
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which can be used for wearable health monitoring devices.> We
used a new approach in mass scale fabrication of graphene
based wearable and washable e-textiles for future research in

1. Introduction

The development of graphene coated textile based wearable

energy harvesting and storage devices is highly anticipated with
low grade body heat as a green and sustainable technique. The
demand for such highly flexible and breathable wearable e-
textiles is increasing due to their use in energy storage,
conversion, and harvesting devices." The human body is
a highly stable form of energy source for energy harvesting,
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which the thermoelectric fabric is integrated as an energy har-
vesting device from human body heat.* The developed textile
may replace metal based wearable textiles with advanced elec-
tronic and electrical properties and may provide a new window
for the development of novel technologies which can be used
for self-powered health monitoring devices, disease diagnostics,
and prevention.* In brief, the TE material should possess an
improved Seebeck coefficient S, as well as higher electrical
conductivity o. Whereas, the low thermal conductivity «° is good
for TE materials to operate a steady level of heat flow into
electrical energy; because a high-performance thermoelectric
material may hold a large thermal gradient as a temperature
difference required to keep in the output electric potential
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difference.® The Seebeck voltage, is attained even though with
a small temperature difference which is near to room temper-
ature, even human body temperature. The TE parameters, ¢ and
S are reciprocal to an electrical conductivity,” whereas the ¢ and
ke are directly related with each other. In connection of rela-
tionship to these invariable factors to enhance the dimension
less figure of merit ZT, which is highly challenging to be
improved.® On the other hand, the thermoelectric power factor
is addressed as PF = $%¢, in which assess the concomitant effect
of ¢ and S on TE performance.” Compared to inorganic coun-
terparts, organic TE devices emerged as the potential candi-
dates work at room-temperature and flexible (even wearable) TE
power generation. During last few decades, extensive studies
have been performed on the p- and n-type materials and devices
to build up the inter-relationship among the TE parameters (i.e.,
electrical conductivity, Seebeck coefficient, thermal conduc-
tivity and power factors), demonstrating a great potential of
organic TEs.' Hence, the use of organic materials such as
carbon and its derivatives are highly anticipated for multi-
functional finishing of textiles. The demand of carbon-based
allotropes such as fullerene, carbon black (CB), carbon nano-
tubes (CNT), graphite oxide (GrO), graphene oxide (GO),
reduced graphene oxide (rGO) and graphene is increasing in
recent years for wearable flexible, bendable, breathable and
washable electronic devices."** The use of conductive polymers
with graphene and its derivatives is also highly attractive and
considered as potential materials as compared to traditional
metal-coated e-textiles. Therefore, the use of an organic con-
ducting polymers such as: poly(3,4-ethylenedioxythiophene)
(PEDOT) EDOT:FeCl;,"* EDOT:FeToS," polyaniline (PANI),*
polypyrrole (PPy),’® and poly(3-hexylthiophene) (P3HT)" are
considered as promising materials for organic TE devices. The
improved TE performance in these conducting polymers based
of thiophene polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) has been reported. The intrinsic conductive polymer
showed an enhanced TE performance with PF of 469 pW m *
K~ and dimension less figure of merit ZT value of 0.42 at room
temperature when doped with poly(styrenesulfonic) (PSS) in
conductive polymer."* Among all these conducting polymers,
polyaniline (PANI) is also well known and most widely used
polymer which have an electrical conductivity ¢ of 105S m™ ", as
comparable to the state-of-the-art for all inorganic TE mate-
rials.” The polymer is considered as highly environmentally
stable and dipped with graphene, graphite, carbon black and
CNTs have easy and high dissolution in PANI, which make them
more easier to be dispersed in PANIL.*® As well as reported in
study, that these polymer develops strong bonding and exists
a strong T-T interaction between the polymer PANI intermo-
lecular and intramolecular with carbon based derivatives.** The
addition of these filler which would allows stable and enhanced
growth of molecular chains for graphene in an ordered polymer
matrix with PANI polymer chains with surface of carbon mate-
rials.”> The another conductive polymer including poly-
thiophene (PTh) showed a low Seebeck coefficient (S) and less
electrical conductivity ¢. The TE performance is significantly
influenced by the size, shape, crystal growth, and orientation of
the side chains with main chain structure in the
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nanocomposites.” The overall TE performance obtained with
this polymer is nearly exhibiting a high S of ~130 and 76 pV K™,
o ~ 47 and 73 S em™ ', under lower thermal conductivity « of
0.17 and 0.15 W m~ ' K™%, respectively at room temperature.>*
The thermoelectric properties in fine-tuned by doping or de-
doping of the polymeric materials, using various organic and
inorganic filler, in which the Seebeck coefficient was signifi-
cantly improved whereas, on the other hand the electrical
conductivity of the developed nanocomposites was decreased,
similar to attributes of inorganic materials.>® However, as
compared to inorganic thermoelectric materials, the intrinsic
conductive polymers such as PEDOT:Tos films showed relatively
less thermal conductivity of 0.2-0.25 W m~' K. On the other-
hand, the power factor was also raised from 38 to 324 yW m™"
K2, with a figure of merit (27) value of 0.25 at room temperature.?
The carrier concentration improved the filtering effect and showed
a favorable TE results which contributed as higher Seebeck coef-
ficient of (163 pv K~ ') and power factor of (70.9 pW m™" K ?)
during doping in the conductive polymers ie. poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate).>* Familiarly, the devel-
opment of inorganic doped in conductive polymer (PEDOT:PSS)/
Te) introduced the Te nanorods in the nanocomposites with
improved interfaces.”” Similarly, the nanocomposites of PANi/gra-
phene-PEDOT:PSS/PANi/DWCNT-PEDOT:PSS has been fabricated
using layer-by-layer (LBL deposition) on different textile
substrates.” The conductive polymer PEDOT:PSS was used devel-
oped nanocomposites using some surfactants i.e. (SDS) (SDBS) to
disperse and stabilize the graphene and CNTs dispersion. The
resultant nano-composite showed an electrical conductivity ¢ of
190 S em™ ', Seebeck coefficient (S) of 120 uV K~ " and power factor
PF of 2710 yW m™* K2, Their results shows that, the best inor-
ganic TE material Bi,Te; exhibits improved TE performance at
room temperature.”® The another work discuses, that the higher
increase in carrier mobility efficiently increased the electrical
conductivity ¢, and reduced the TE performance in terms of See-
beck coefficient and power factor by the reduction of the carrier
concentration with a decreased Seebeck coefficient, as well as
favorable raising in the PF of 220 yW m~" K 2, which is twice
higher magnitude than the PANI-CSA (~1.8 uW m ™" K~ ? these
results are reported in previous studies performed on PANI
nanocomposites.** The another study made on the optimization of
TE performance in terms of Seebeck coefficient, PF for the PANI-
CNT based nanocomposites. The results demonstrated that the TE
performance was improved as compared to the pristine CNT and
graphene film. Another study, researchers developed highly
conductive polymer polyaniline (PANI)/with (SWCNTs) nano-
composites using in situ polymerization and template free
approach for TE devices.* It was found that the solution process-
ing and strong -7 interactions between the PANI and SWCNTs
induced the PANI molecules to form a highly ordered structure.
This improved degree of order of the PANI molecular arrangement
increased the charge carrier mobility and thereby enhanced the
electrical transport properties of PANI. The PANI/SWCNT (65 wt%)
composite films (10 pm) exhibited an electrical conductivity, See-
beck coefficient, and power factor of 1.44 x 10° Sem™*, 39 v K™ *
and 217 uW m ™" K respectively at room temperature.*> This PF
was more than 20 times the PF of pure PANI film. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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improvement in TE properties is attributed to the highly ordered
structure of PANI chains along the SWCNT via strong -7 inter-
action,® which turned into increased the carrier mobility. The
quantum Hall effect measurement showed that the charge carrier
mobility improves with increasing of concentration, while the
charge carrier mobility increased three times with the increasing
the content percent of CNT in the polymer nanocomposite.
Furthermore, the thermal conductivity out of plane was very low of
0.2-0.5 W m ' K™ ' at room temperature.** Such polymer based
composites are generally fabricated using in situ, chemical oxida-
tion, vapor phase polymerization, and chemical exfoliation,*”
whereas the filler are widely mixed with different organic solvents,
reducing agents, dispersing agents and stabilizers.*® The features
of the intrinsic conductive polymers are not only limited to their
potential electrical and thermal properties but due to their light
weight, flexibility and higher stability against water, and air makes
them highly suitable for super capacitors, batteries, solar cells, and
other energy storage and harvesting devices.*® Furthermore,
chemical functionalization and in situ solution processed polymer
composite are commonly used including screen printing, ink jet
printing dispenser printing; spray printing, and spin coating,*>*" as
an efficient, cost-effective method to fabricate TE devices on mass
scale. The use of inorganic metals such as silver, copper, and gold
based wearable devices become limited due to their higher rigidity,
stiffness, and decomposition when exposed to water and air.*
These metal-based electronic devices need intense care during
fabrication and use as heavy batteries embedded in clothes are less
flexible, highly stiff, non-biodegradable and toxic to human skin as
well environment.* The use of graphene with these conductive
polymer coated e-textiles has been used for various applications
including super capacitors, batteries, pressure sensors, thermo-
electric, triboelectric, piezoelectric, and nano-generators.**
However, the production of graphene-based highly flexible,
breathable and stretchable thermoelectric devices is challenging
and need further improvements for mass production. The
synthesis and fabrication of such a highly conducive, breathable,
and washable textiles is complicated and limited due to their
production on a commercial scale. The widely used fabrication
processes are complicated, time-consuming and expensive. Some
of these techniques include chemical, and thermal reduction of
reduced graphene oxide (rGO) coated fabrics has been reported in
the previous studies.” Thermal reduction is achieved at higher
temperature range of 150-200 °C which is more costly and time-
consuming. Whereas, synthetic fibers such as polyester, acrylic,
Lycra, and spandex are susceptible to excessive heat, which results
in deformation of the polymer chains at higher temperature range
above glass transition temperature (T,) 160-200 °C.*® Fabrication
of graphene and other carbon-based materials require chemical
and thermal treatment with strong reducing agents such as,
hydrazine hydrate (HH), hydro iodic (HI), sodium borohydrate
(NaBH,).” The use of these reducing agents is insecure and
limited, as wearable textile directly contacts with human skin can
induce skin-irritation, and other allergic reactions.® The natural
fibers such as cotton, jute, flex and hemp fibers lose strength due
to the polymer degradation as their basic monomer is cellulose.
The use of highly efficient and green reducing agents is needed for
the production of rGO coated wearable e-textiles.>* In this context,
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several studies have been made so far, by using green reducing
agents such as, ascorbic acid (CgHgOg), thio-urea (CH,N,S), and
sodium hydrosulphite (Na,S,0,).?*** Furthermore, different
fabrication techniques has been reported so far; in previous
studies, including; vacuum filtration, brush painting, spin coating,
spray coating, screen printing, stencil printing, dip coating, heat
transfer, vapor deposition, chemical vapor deposition (CVD) and
wet transfer.*® Among all, pad-dry-cure method is an efficient
process with processing rate of 150 m min ", suitable for mass
production of graphene-coated textiles.”® Whereas, the graphene is
hydrophobic and cannot be dispersed in water and other ionic
solvents; therefore the fixation of carbon-based materials on
textiles is also limited. As dispersion of graphene and carbon
material is only possible with the addition of certain dispersing
agents and anionic surfactants including, sodium dodecyl sulph-
onate (SDS), sodium dodecyl benzene sulphonate (SDBS), ammo-
nium persulphate (APS) and cetyltrimethylammonium bromide;
hexadecyltrimethylammonium bromide (CTAB).** Application
and fixation of graphene is accomplished either by covalent or
non-covalent chemical functionalization using ionic liquids
including dimethyl sulphoxide (DMSO), and dimethyl formamide
(DMF).*** Several binders and thickeners such as polyurethane
(PU), polyvinyl alcohol (PVA), polyvinylidene fluoride (PVDF),
polystyrene (PS), polystyrene sulphone (PSS), carboxy methyl
cellulose (CMC), sodium alginate, water-borne polyurethane
(WPU), and polyvinylidenes (PVP) have also been used.®*° The use
of such binders, thickeners and dispersing agents may influence
the physical properties such as luster, feel, touch and end use
properties for example; electrical, thermal, mechanical and
comfort characteristics by altering transport of water vapors and
air permeability of wearable e-textiles.”*”

In this study, we used commercial-scale technique for the
development of graphene coated cotton textile fabric for wearable
thermoelectric nanogenerator for energy harvesting from low
grade body heat. The as dyed fabric was converted into rGO using
green reducing agent (r-ascorbic acid) and lower scale thermal
reduction at (90 °C) which is more convenient and efficient as
compared other high temperature thermal reduction techniques.
Herein, this study we applied GO as a dye in a water based
dispersed solution of PEDOT:PSS without using any binder and
dispersing agent. The application process uses already commer-
cialized pad-dry-cure simple dyeing technique approach. This
study demonstrates; that pad-dry-cure method is an alternative
approach for the development of conductive textiles, which assists
in better fixation and adhesion of graphene on textiles without
using any binder or thickener.

2. Experimental
2.1 Materials and methods

Carbon material graphite of (Grade 3061) was obtained from
Asbury Graphite Mills, USA, poly(sodium 4-styrene sulfonate)
(PEDOT:PSS) 1.2% H,O of highly conductive grade was
purchased from Sigma Aldrich Shanghai. r-Ascorbic acid
(vitamin C) obtained from Sigma Aldrich, Shanghai, ammonia
(NH3), potassium permanganate (KMnO,), sulfuric acid (H,SOy,,
~99%), hydrogen peroxide (H,O,, ~30%), were purchased from

RSC Adv, 2021, 11, 16675-16687 | 16677
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Sigma-Aldrich and XFS-Nano Chemical suppliers of Jiangsu and
Shanghai. 100% cotton fabric with weave structure of 3/1 twill
was provided by Hangzhou Textile Dyeing and Finishing Co.
Ltd. Deionized (DI) water was used throughout the study.
2.1.1 Synthesis of GO and reduction (rGO). Graphene oxide
(GO) was synthesized using modified Hummer's methods as
reported in previous studies.” Briefly, the pure graphite was
oxidized in three steps; strong oxidation, moderate and high
oxidation using sulphuric acid (H,SO,), KMNO, and hydrogen
peroxide (H,O,) respectively. Initially, pristine graphite by
weight (2.5 g) was carried for synthesis. Subsequently, KMnO,
solution was developed using (50 mg of KMnO, by dissolving in
10.0 ml DI water) added into the above solution. The above
mixture was stirred using magnetic stirrer over 250 rpm until
the homogeneous mixture was formed. During the reaction, the
colour of the solution was changed from black to dark brown
and the light reddish. Followed by, 10-30 ml of strong oxidizing
agent hydrogen peroxide (H,O,) was added drop wise after
raising temperature to 80-90 °C. The final product (GO) was
obtained as yellow coloration of solution and separated by
centrifugation, washed several times with DI water and ethanol
and finally dried in a vacuum oven for 24 h at 60 °C. After that,
the as obtained graphitic oxide GO coated fabric was reduced
into (rGO) using green reducing agent r-ascorbic acid with
different weight percent (2.5, 5.0 and 10.0%) using microwave
assisted chemical and thermal reduction at 90 °C for 2-3 h.”
2.1.2 Fabrication of thermoelectric nanogenerator (TENG).
The GO solution with different concentrations (2.5, 5.0, 10.0
and 20.0 mg/250 ml) was dispersed in deionized water to
prepare the dyeing solution. The aqueous solution of GO with
a liquor ratio of (1 : 20) was directly applied on the cotton fabric
using the pad-dry-cure method.” The GO coated (multiple dip
and nip) cotton fabric was reduced via r-ascorbic acid aqueous
solution and dried at 90 °C for 1 h in a vacuum dryer.”® Later on,
the resultant rGO coated cotton fabric was coated with
PEDOT:PSS using simple drop-casting to develop the thermo-
electric (TE) legs. Finally, the prepared fabric samples were
analysed for electrical and thermoelectric effect of rGO/
PEDOT:PSS as (p-type) and rGO as (n-type) materials.

3. Characterization

Nicolet 5700 the elemental analysis of the graphene oxide,
reduced graphene oxide, and PEDOT:PSS-rGO were analyzed
using FTIR, Raman, XRD and XPS spectroscopy. A K-alpha
mode on XPS (Thermofisher USA), X-ray diffraction (XRD),
and (XPS) used to describe the rGO, GO, and PEDOT:PSS-rGO
films and nano-composites. The scanning electron microscopy
(SEM) analysis of the sample was performed by using a Zeiss
ultra-scanning electron microscope (SEM) for the surface of the
treated and untreated fabrics. Nicolet 5700 Thermofisher, (USA)
was used for FTIR/ATR analysis of the GO, rGO, and
PEDOT:PSS-rGO powder of the nano-composites films and
coated fabric. A K-alpha mode on XPS (Thermofisher, USA), X-
ray diffraction (XRD), and (XPS) used to describe the rGO, GO,
and PEDOT:PSS-rGO films and nano-composites. The NEXUS-
XPS was recorded using an XPS spectrometer with
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a monochromatic Al K-o. source of 1486.68 eV. The electrical
performance of the rGO and PEDOT:PSS decorated cotton fabric
was measured by using a four-point probe (SZT-2B) system
(Suzhou Genesis Electronics Co. Ltd., China). The average test
results with a low sheet resistance of each sample were
measured six times and recorded for statistical analysis. The
electrical performance of the rGO and PEDOT:PSS decorated
cotton fabric was measured by using a four-point probe (SZT-
2B) system (Suzhou Genesis Electronics Co. Ltd., China).

3.1 FESEM

The SEM of rGO decorated fabric showed the smooth distri-
bution of rGO films, and developed more significant interaction
between PEDOT:PSS-rGO films. The resultant PEDOT:PSS-rGO
nanocomposite showed strong interactions with improved -7
bonding between rGO and PSS chains via hydrophilic groups on
the textile substrate due to the presence of PSS as a binder
present in PEDOT:PSS on the surface of cotton fiber as shown in
Fig. 2a-c respectively; see Fig. 2 (ESI-S1).} Fabrication of gra-
phene on textiles using the conventional techniques such as
dip-coating, spray coating may results uneven distribution of
rGO on the surface of fibres. The proposed method shows
highly staged graphene layers between yarn and fibres with
uniform and smooth coatings, as compared to previous
studies.” The result shows that, the particle size for the
conductive polymer (PEDOT) and PSS as compared to GO, rGO
and nanocomposite respectively is shown in Fig. 1 and 2
respectively for FESEM images and EDS elemental analysis
showing sufficient coating of carbon element on fabric after
reduction. The SEM images were further analysed using the
MountainsMap software version 2.0, surface topography and
morphological IR colour rendering mode as shown in Fig. 2a’-¢/
respectively presented in Fig. 1 and 2 (ESI-S1).t The SEM images
demonstrates that, the surface coating of fabric with different

Fig. 1 Fabrication of conductive textiles (a) GO coating on padder
machine, fabric GO and rGO coated fabric strips compared to pristine
fabric (b) sheet resistance of rGO coated fabric with different cord
length (cm) connected with LED light (c) stretching and bending of TE
generator connected with 2-probe digital voltmeter for sheet resis-
tance (d) TE nanogenerator attached to human wrist (e) Seebeck
measurement setup with controlled thermal gradient (f) output open
circuit (mV) obtained from TENG using Keysight digital and analog
voltmeter.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Effect of rGO content percent 2.5, 5.0, 10.0 and 20.0 on weight
pickup percentage of textile substrate coated with GO, rGO and
PEDOT:PSS-rGO.

colour codes. The reddish yellow colour shows hot surface as
coated with rGO and PEDOT:PSS in green colour as cold hetero
junctions on the single fiber surface, whereas the blue colour
shows free space among fibers. The IR images well describe the
thermal (heat) dispassion of body heat by the graphene layers
on the fiber surface.

3.2 X-ray diffraction (XRD)

The XRD results are presented in Fig. S3at showing GO, rGO,
PEDOT:PSS-GO and PEDOT:PSS-rGO nanocomposites respec-
tively. The XRD patterns of GO are located at 10.5° (001) crystal
planes with d-spacing of (0.83-0.85 nm) as compared to pristine
graphite having sharp peak allocated at 26.3-28.5. The peaks
become widened and shifted towards 16.5-21.2° (002) with a d-
spacing of (0.32-0.36 nm); which is near to graphitic d-spacing
of (d = 0.339) of pure graphite when GO is chemically and
thermally reduced into rGO as shown in Fig. S3a and
bt respectively; see ESI-S1 Fig. S3a.t The peaks are more widen
and shifted from 12.6-16.4° (111) for rGO; occurred due to the
thermal annealing and resulted as increase in crystal size and
inter layer spacing between graphene sheets after chemical and
thermal reduction. The broader peaks of GO located at 16.3°
which correspond to the enriched PEDOT ad PSS chains present
in the polymer structure. While the sharp peaks located at 25.3°
corresponding to the (002) crystallization of graphene sheets re-
staging/graphitization of reduction planes of PEDOT crystals
heat treatment.””

3.3 Raman spectra

Raman spectra reflect the defects and disordered structures of
carbon-based materials. The spectral analysis of (GO) and (rGO)
showed D and G bands (1350 cm ™%, 1355 cm ™%, 1345 cm ™) and
(1595 ecm™*, 1600 cm ™", 1590 cm ™) with the improved intensity
ratios (Ip/Ig) from 0.94 for GO to 0.85 for PEDOT:PSS-rGO and
1.06 for pristine rGO which indicates that lower (I/I;) ratio with
highly disordered few layered graphene. Whereas the (2G/2D)
ratio is totally disappeared, which also indicates, that the
textile substrate coated with few layered graphene. The spectral
peaks of PEDOT:PSS-rGO over a range of 1356 cm ™', 1435 cm ™/,

1431 em™t, 1425 em ! and 1585 cm ', 1583 cm !, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1575 cm™ ' as shown in Fig. S3b.t Whereas, G and D peaks are
attributed to the sp® to sp® hybridization of carbon atoms as
shown in see ESI-S1 Fig. S3b.T 7® The small vibration dangling
peaks in between D and G which reflects the defects and the
disordered structures of graphene films due to the presence of
PEDOT and PSS. The broader and widened D and G bands
located at 1358 em ™', (1589 cm™ ') demonstrating few layered
graphene as compared to graphitic sharp peaks. The developed
nanocomposites showed strong interactions of conjugated
PEDOT:PSS with reduced graphene oxide sheets, which may
attribute to available carboxy (C-C), carbonyl (C=C) and epoxy
(O-C-0) functional groups present in reduced graphene oxide
after chemical and thermal reduction.” Furthermore, the
Raman spectra shows small defective peaks in between broader
D and G bands of rGO, which may attribute to the availability of
PEDOT and PSS. These peaks are allocated to positions
1428 cm ™!, 1435 em™ ', 1425 cm ! and 1475 cm ™! indicates the
-1t conjugation of aromatic rings with higher interfaces of rGO
and PEDOT:PSS.* It is concluded from the Raman spectra, that
rGO have higher interaction with PEDOT, which may attributed
to phase separation of PSS and PEDOT resulting improved
electrical conductivity with highly ordered PEDOT chains in the
nanocomposite.*

3.4 XPS analysis

The elemental analysis was performed using X-ray photo spec-
troscopic using survey peaks and each element analysis of
carbon (C 1s) and oxygen (O 1s) elements, after reduction of GO
coated cotton fabric into rGO and PEDOT:PSS-rGO nano-
composites. The XPS analysis as shown in ESI-S1 Fig. 4a-
dt shows the elemental analysis of carbon (C 1s), oxygen (O 1s),
sulphone (S) groups and survey peaks respectively. The XPS
analysis also demonstrate that the increasing the number of
padding cycles and reducing agents significantly improved (C/
O) ratio of the rGO coated cotton fabric. The effect may occur
due to the increase of few layered rGO films and chemical
reduction of GO into rGO with less oxygen element and
enhanced carbon (C) element respectively. The results clearly
demonstrate the presence of carbon and oxygen reactive func-
tional groups with different bonds structures; as carbon-carbon
(C-C) and (C=C) excited at 284.8 to 284.8, respectively.
Whereas, the broader peaks show (C=C) bond structure 284.7
to 284.2, and (C-C) peaks located at 284.2 to 285.7, respectively.
Another functional, group epoxy groups (C=O0) is available at
287.2 to 286.4, respectively. Whereas, very small peaks available
at 289.0, which shows the confirmation of the functional groups
(O=C-0) after chemical and thermal reduction of GO into
rGO.*

Furthermore, carbon to oxygen (C/O) ratio of GO coated
cotton is to 3.29, which is increased to 8.0 when GO converted
into rGO as shown in Table 1. The XPS analysis shows that
content percent of rGO significantly increased the (C/O) ratio,
which confirms the adequate loading of rGO on the surface of
fibres. The comprehensive scan XPS investigation showed
further confirmation of rGO, with the increase of carbon
content from 83.3%, 85.7%, and 87.4% for rGO coated cotton as
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Table 1 Carbon to oxygen (C/O) ratio of XPS analysis of textiles
coated with rGO

Sample C(%) O(%) C/O Ref.
Untreated 72.9 24.1 3.02 82

GO 73.7 22.4 3.29 83

rGO AA 82.8 14.2 5.83 84

rGO NaBH, 78.5 20.7 3.79 85

rGO HH 83.6 13.3 6.26 86

rGO Na,S,0, 85.5 14.0 6.15 87

rGO (AA) 10% coated 1-5 dips 83.3 16.5 4.86  This work
rGO (AA) 10% coated 5-10 dips ~ 85.7 13.4 6.24  This work
rGO (AA) 10% coated (15-dips) 87.4 10.6 8.0 This work

compared to natural cotton and GO ad rGO with 10% of t-
ascorbic acid. The research findings of the study also compared
with previously reported studies on cotton fabric are shown in
Table 1.

4. Measurements
4.1 Weight pick up

The wet pick-up percent of GO was increased significantly from
40% first five padding passes to 80% for several numbers of
padding passes shown in Fig. S5a.f The GO showed even better
adhesion due to the availability of carboxyl (C=C), carbonyl (C-
C), carboxy (C-O) and significantly hydroxyl groups (OH-)
present in GO and PEDOT:PSS as reported in previous studies.®®
Whereas, the PEDOT:PSS-rGO showed low pickup percentage
as compared to pristine GO. On the other hand, the rGO showed
minimum pick up percentage due to low dispersion in water
and other solvents. This effect may occur due to the less reactive
hydroxyl groups (OH-) functional groups, carboxy, carbonyl and
epoxy groups present in GO and rGO respectively. The nega-
tively charged reactive groups (PSS) present in the conductive
polymer may also increase the bonding and fixation of graphene
on textile substrate. The wet-pick up percentage of graphene on
the textile substrate was calculated using the following eqn (1);

Pick up% = (coated fabric wt — untreated fabric wt)/
untreated fabric dry wt x 100 (1)

100
80
60

Cont %

40 I I |

2 o
o ol o ol ol o O
20 40 60 80 100 120 140

Particle Film Size (nm)

o

EGO HErGO uPEDOT:PSS-rGO

Fig. 3 Weight pick up% and particle size distribution of GO, rGO and
PEDOT:PSS-rGO nano composite.
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The mean lateral dimension of GO is stable over very few
numbers of padding passes, and the size of flakes increased
from 25-100 to 100-150 nm as shown in Fig. S5b.7 The increase
in flake size of GO is due to the reduction into rGO, which may
occurred due to the re-connecting of films, which may result an
increase in size of the rGO films. Therefore, the (rGO) based dye
solution needs to be vigorously stirred and subjected to pre-
mixing with ultra-sonication before application on padder for
better adhesion to fibers. The Fig. 3 shows that the particle size
distribution for the different solution of GO, rGO, and
PEDOT:PSS-rGO increased the particle size of GO films from 80,
150-200 and 200-250 nm for rGO and rGO-PEDOT:PSS
respectively. The results indicate that the size distribution of the
nanoparticles, shifted towards larger particle size for
PEDOT:PSS-1GO, which may attribute to the presence of cross-
linking polymer (PSS) covering the reduced graphene oxide
films.*

4.2 Water contact angle (WCA)

The water contact angle test was performed according to ASTM
standard D-5725-99 (ref. 90) to analyse the hydrophobic and
hydrophilic of the resultant rGO and PEDOT:PSS coated fabric
samples. Fig. 4, clearly shows that the fabric becomes highly
hydrophobic behaviour due to the rGO. As reduced graphene
oxide increased the contact angle which confirms the reduction
of GO into rGO as the fabric become hydrophobic. The pure
cotton and GO coated cotton fabric showed a lower contact
angle of 73°,115°, and 135°. The water contact angle (WCA) was
increased from 48°-95° for rGO-1 to rGO-2, which is further
enhanced with increasing the content percent of rGO resulting
as super hydrophobic behaviour of the textile substrate with
a contact angle of 115°-141° as shown in Fig. 4.

4.3 Tensile strength

The tensile strength of the treated and untreated cotton, GO
dyed cotton, and PEDOT:PSS-rGO coated cotton fabrics was
measured according to ASTM standard D-5034-11 strip test
method (2017).°* All the fabric samples were cut into strips
according to the strip test method with specimen size according
to standard specifications (5 x 2.5 cm) of the standard. The
average values were calculated for the measurements of stress

160
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< 80 m25
8 60
§ 40 >
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© 0
= m20
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Fig. 4 Effect of different weight percent of GO, rGO and PEDOT:PSS-
rGO nano composite on water contact angle.
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Fig. 5 Effect of different weight percent of GO, rGO and PEDOT:PSS
on tensile strength of the coated fabric.

(mPa) and strain (change in length) for both warp and weft
directions of the fabrics. The resultant rGO coated fabric
showed an increase in its strength of 10.0-20.0%, for initial 5
dyeing cycles and increased from 30.0-40.0% for 10 dyeing
cycles, and 40.0-60.0% improvement for 10 padding cycles as
shown in Fig. 5.

4.4 Sheet resistance

Electrical conductivity was measured according to ASTM stan-
dard 6343-2018 (ref. 92) in terms of sheet resistance of the as
coated rGO, PEDOT:PSS-rGO nanocomposites. The electrical
conductivity was measured using the following formula. ¢ = 1/R
X t x 0.34; where “¢” is electrical conductivity, “R” is resistance,
“t” is thickness and 0.34 is constant. The sheet resistance and
electrical conductivity were performed using 2-probe, Keithley-
2400 current source meter under ambient (20 °C) temperature
and relative humidity (RH) of 65% = 2. The results indicate that
the change in sheet resistance was decreased as the padding
cycle of rGO was increased as shown in the Fig. 6 and ESI-S2f
which may attribute to the loading more rGO on the fabric, with
higher interaction to provide the conduction channels on the
textile substrate. Fig. 6 shows that the electrical performance
was improved, when the number of dyeing cycles was increased
to 20. The sheet resistance was decreased from 250-45 kQ,
which is attributable to the number of rGO nanosheets/films on
the surface of fibres and cover the more free space which results
in higher interaction between fibers as conductive paths.”

300
&= 250
Q
e 200 mrGO-1
8
2 150 B rGO-2
[
% 100 rGo-3
b
5 50 l HrGO-4
0 B PEDOT:PSS-rGO
2 10

Dyeing Cycles (n)

Fig. 6 Effect of different weight percent of GO, rGO and PEDOT:PSS
on electrical sheet resistance of as coated fabric.
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Fig. 7 Effect of washing cycles on electrical sheet resistance of as
coated textile substrate with different weight percent of rGO and
PEDOT:PSS-rGO nano composite.

Whereas, the sheet resistance was found to be increased with
number of 50 washing cycles, which is due to the removal of
rGO sheets from the textile as shown in Fig. 7. The resultant
PEDOT:PSS/rGO cotton fabric showed exceptional sheet resis-
tance 15-45 (kQ sq ') as show in (Table 3 ESI-S2t). The results
indicate that the electrical performance was significantly
influenced when the washing cycles were increased up to 20-50,
this synergistic effect may occur due to the removal of rGO films
from the free spaces in the fabric structure and fibers assembly
in the yarn.

The PEDOT:PSS/rGO nano-hybrids coated fabric showed
washing stability against several washes. Initially the sheet
resistance was recorded as 185 kQ sq~ ', which potentially
decreased to 185 kQ sq " with number of dyeing cycles of rGO
as shown in Fig. 6 which may attribute to the higher binding
and inter-bond facial interaction of rGO sheets with fiber
surface. Finally, the sheet resistance of the rGO coated fabric
was found further decreased to 185-125 kQ sq ' with the
different weight percent of rGO with number of padding cycles.
Table 2 clearly describes the effect of change in temperature and
different wt%, which shows that, by increasing the content wt%
of rGO significantly reduced the sheet resistance as result
improved the electrical conductivity of the textile substrate.**

The results shown in Table 2 describe that, the content
percent of rGO as a filler was increased, the electrical perfor-
mance of the nanocomposites was also significantly improved.
The sheet resistance dominantly decreased from 185-125 kQ
sq~' to 115-40 kQ sq ' for different loading of rGO in
PEDOT:PSS as compared to pristine rGO coated cotton fabric.
The effect may be attributed to the higher inter facial bonding of
polymer molecules with GO nanosheets as well on the fiber
surface. The sheet resistance was reduced to (125 kQ) with 20%
of rGO in PEDOT:PSS nanocomposites. See ESI-S2 Tables 5 and
6 respectively.t

4.5 Thermoelectric performance

The thermoelectric properties including an output power factor
and Seebeck coefficient were calculated using the following
formula, F = Sc; where, (S) is the Seebeck coefficient and sigma
(0) is electrical conductivity. The thermal gradient calculated
using formula; AT = Ty, — T./Th; whereas, (A7) is change in
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Table 2 Reduced graphene oxide nanocomposites with different wt% of rGO

rGO rGO PEDOT:PSS PEDOT:PSS-rGO Seebeck Power factor
(wt%) (kQsq ) (kQsq ) @sq ™) WV K™ (uWW m™ K7?)
2.5 185 115+ 5 85 +5 12.5 25

5.0 175 95+ 5 755 25.5 78

10.0 145 85 +5 45+ 5 50.5 125

20.0 125 65 5 25+ 5 60.5 150

temperature between human body temperature as hot side (77)
(36.5 °C) 309 K, and outside as cold side temperature is (T.) (20
°C)/293-309 K. The Seebeck coefficient (S) was calculated with

A
a change in voltage using the following formula, S = (fA—;)

whereas, S is Seebeck coefficient, AV is change in electric
potential, AT is change in temperature or thermal gradient
between hot and cold sides of TE device. All, the tests were
performed in standard testing conditions with RH of 65 + 2%
and conditioned room temperature of 20 £+ 2 °C. The perfor-
mance measurements including thermal conductivity, Seebeck
coefficient are provided in ESI-S3.t

4.5.1 Seebeck coefficient. The change in current was
observed with the different content percent of rGO in
PEDOT:PSS, the Seebeck coefficient was increased from 2.5-
60.0 pv K ' with a temperature difference of 16.5 °C over
different dyeing cycle of rGO coated fabric as shown in Fig. 8.
The Seebeck coefficient was increased with the change in
temperature, which is attributed to a reduction in electrical
conductivity and reduced thermal conductivity®*® as shown
Fig. 8 and ESI-S2.1* The thermal conductivity, Seebeck coeffi-
cient and power factor of the resultant samples was increased
due to the increase of rGO content percent in the PEDOT:PSS
polymer as a filler.

The results show that, the thermoelectric performance
including the Seebeck coefficient an power factor value were
significantly increased with an increase in the change in
temperature from 20 °C to 36.5 °C as a cold side with ambient
testing conditions and human body temperature as hot side.
The Seebeck coefficient (S.) was increased from 12.5-60 uv K™ *,
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Fig. 8 Effect of temperature gradient on thermoelectric performance
of as coated substrate with different weight percent of rGO and
PEDOT:PSS nano composite.

16682 | RSC Adv, 2021, N, 16675-16687

for the nano-hybrids over a temperature range of 290-309 K as
shown in Fig. 8; which may be attributed content percent of rGO
in conjugated conductive polymers as a filler and change in
temperature as work function®®. The results demonstrate that,
the thermoelectric performance in terms of Seebeck coefficient
and power factor is several order of magnitude higher when
compare with previously reported textile based wearable TE
devices.”

4.5.2 Power factor (PF). The results show that, when as
fabricated e-textile TE model was directly placed onto human
wrist without any masking. The developed TE device is capable
to generate an open circuit output voltage of (0.5-12.5) mV and
9.5-19.5 (mV) for parallel and series arrangement with 6-8 TE
legs connected with adhesive copper tape and conductive
sewing thread respectively. The thermal gradient of 16.5 °C and
output voltage of the as fabricated TE device was analysed under
the ambient temperature (7.) (20.0 & 2 °C) as cold-side open to
the air and (T},) hot-side with a body temperature of (36.5 °C)
next to the skin.”” The TE nanogenerator, produced 2.5-9.5 mV
per leg at room temperature, further increased to (19.5 mV per
leg) with the change in temperature of 5 °C/298 K raised (2.5-
9.5 mV K ') and maximum millivolt produced (75-120 mV) as
shown in Fig. 9 and ESI-S2;7 for series and parallel arrangement
of the TEG legs.

4.5.3 Electric potential (mV). The resultant TEG nano-
generator showed exceptional performance to covert the
thermal gradient of 16.5 °C between the human body heat (T; =
36.5 °C) and external temperature (T, = 20 °C) as an ambient
testing condition, which is equals to the 293-309 K. The 2-leg TE
nanogenerator is capable of produce the 2.5-9.5 mV at an
ambient temperature 20 °C (293 K) temperature as cold side
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S
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Fig. 9 Effect of temperature and different weight percent of rGO on
thermoelectric performance power factor of textile substrate.
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and power density (d) output electric potential and power of TE device
with variable TE legs.

with a temperature difference (AT) of 16.5 °C between human
body temperature as a hot side.®® The p-type and n-type legs
showed significant improvement in electric potential, with the
change in millivolt from 19.5-120.0 mV when TE legs were
increased from 6-8 legs as shown in Fig. 10.

The Fig. 10 shows the capability of the textile-based TEG
nanogenerator to produce the electric potential (AV) with
different weight percent of rGO and change in temperature (AT)
of 1.0-16.5 £ 2 °C. The results indicate that the TE nano-
generator is capable of producing electric potential of 2.5-
12.5 mV; when directly placed on the human wrist. The 2-4 TE
legs were connected in parallel and series arrangements, the
output electric potential was increased from (2.5-19.5) mV. An
output power generated by the resultant TE generator was ob-
tained as 2.5-9.5 mV 2-leg and 4-leg TE device over a thermal
gradient of 293-300 K and capable to generate 12.5-120.0 mV,
293-309 K as shown in ESI-S2.f The current versus voltage
relationship shows linear relationship compared to voltage and
temperature relationship. The minimum circuit as an electric
potential of 2.5-9.5 mV was obtained for each TE leg with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a change in temperature gradient of 16.5 °C at ambient
temperature of 20 °C, and the human body temperature. The 8-
10 leg TE device produced 2.5-12.5 mV with a Seebeck coeffi-
cient of 2.5-60 (uwV K~ ') developed in series and 8-leg device
with power generation capacity of (25-160 uW m™ ' K '), and
current density of 0.05-0.15 (mA) over a thermal difference (AT)
of 16.5 °C shown in ESI-S2.}

The TE device connected in a parallel arrangement using
adhesive copper tape and conductive sewing thread for wear-
able device. The overall open circuit electrical potential (mV)
was increased to 4.5-12.5 mV, with a power density of 0.0-0.5
(uW K~ ') as shown in Fig. 8c for a 2-leg TE device when attached
to human body. The thermoelectric performance of TE device
was improved and capable to produce the electric current of
0.02-0.14 (mA) with power factor of 0.0-0.5 (W) as shown in
Fig. 8d from the human body heat. The study demonstrates that
the developed textile-based thermoelectric device can be used
for health monitoring devices as self-powered e-textiles. The
overall performance of TE generator device was further
increased as the number of legs were increased 8-10. The
overall maximum output voltage of (19.5-120) mV was obtained
with 8-10 TE legs, when placed to human wrist and attached to
digital voltmeter. The results clearly demonstrates the (I-V)
relationship for open-circuit voltage induced by the thermo-
electric effect of the fabricated device when placed to human
body as shown in Fig. 11 and ESI-S2.7'* The overall open circuit
electrical potential (mV) was increased to 4.5-12.5 mV, with
a power density of 25-160 (W m~* K™ ') as shown in Fig. 10 for
a 2-leg TE device when attached to human body. The thermo-
electric performance of TE device was improved and capable to
produce the electric current of 0.02-0.15 (mA) shown in Fig. 9.
The study demonstrates that the developed textile-based ther-
moelectric device can be used for health monitoring devices as
self-powered e-textiles.

5. Conclusions

The fabrication of rGO coated cotton fabric was successfully
developed using the industrial-scale pad-dry-cure method. The
developed highly flexible and washable textile-based thermo-
electric generator coated with PEDOT:PSS-rGO nano-
composites is highly efficient and suitable for energy harvesting
from human body heat. The results demonstrate that the gra-
phene and conductive polymer nanocomposite coated textile-
based TE nanogenerator showed an improved TE performance
with improved Seebeck coefficient (S), power factor with
increasing the content percent of rGO in PEDOT:PSS-rGO
nanocomposites. The results show that the Seebeck coefficients
higher than 60 pv K ' was increased with increasing the
number of dyeing cycles and the power factor was also signifi-
cantly improved to 150 uW m~' K2, with a temperature
gradient of 16.5 °C (290-309 K) for PEDOT:PSS/rGO nano-
composite coated TE device. The output open circuit volts
reached to 19.5-120 mV and 2.5-75 mV over a thermal differ-
ence between external and body temperature for series and
parallel arrangements. This study demonstrates that fabrication
of rGO and PEDOT:PSS/rGO nano-hybrids as thermoelectric
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materials on textile substrate by using pad-dry-cure method is
as an effective approach for the development of thermoelectric
textiles.
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