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Abstract: The graphene based highly conductive and flexible devices has received momentous attraction and
growth in recent years for potential multifunctional uses. The development of flexible and washable textile
sensors, actuators, energy storage and energy harvesting systems. Textile fabrics coated with graphene and
conductive polymers have been used for wearable self-powered e-textiles, such as tribo-electric, piezoelectric,
and Thermoelectric. Herein this research, 100% woven cotton fabric is Fictionalized with graphene oxide (GO)
using industrial-scale cold pad batch dyeing technique for the development of low-grade body heat into self-
powered wearable e-textiles. The conductive polymer PEDOT: PSS was coated using layer by layer approach.
The study demonstrates that the resultant textile electrodes showed reduced electrical sheet resistance from 2.5
MQ to 15KQ), with a reduced graphene oxide and further reduced to (2.5 -12.5 Q) for conductive polymer. The
sheet resistance was decreased with the number of dyeing cycles (10-15) and increased with 20 washing cycles
vice versa. The study demonstrates that the sensor response and performance were improved with increasing
the content percent of rGO and PEDOT: PSS. The tensile strength of as coated fabric electrodes was improved
from (25.0-85.5 mPa) and fabric thickness was increased to (26-38um) without compromising or influencing
the air permeability. The resultant textile electrodes may potentially be used in smart textiles for self-powered
flexible wearable generators, sensors, and energy storage. The study demonstrates that the cold pad batch
dyeing method is a suitable and effective method for the fabrication of graphene-based textiles.

Keywords: graphene; graphene oxide; reduced graphene oxide; cold pad dyeing; wearable; e-textiles

1. Introduction

The demand for highly flexible and conductive textiles received great attention from the
researchers and the scientific community to transfer the technology. The development of such highly
flexible, conductive, and breathable textiles for smart clothing is under investigation.[1] There is still
a sufficient gap in the growth of new materials and methods for the processing of such wearable
devices embedded in e-textiles. In order to provide an alternative solution to new materials towards,
process and product development is highly anticipated for sustainable energy harvesting and storage
devices[2]. There is great significance of new materials, cost effective process, and green approaches
towards the synthesis of appropriate in wearable devices for health monitoring and energy
conversion.[2] Several materials such as metal oxides include silver (AgNP), copper (CuNP), and
gold (AuNP) titanium dioxide (TiO:z), Bismuth Telluride,(BizTes) and Selenium Telluride (SnzTes)
with graphene have been used as reported in literature and previous studies.[3][4] Whereas, these
metal-based compounds are limited to their use in textiles due to low stability, poor washing and
skin irritation.[5] In this concern, the use of carbon-based materials such as graphite, graphene,
graphene oxide, carbon nanotube, and reduced graphene oxide has been introduced for wearable
sensors, and actuators for biomedical and health monitoring devices.[6]

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Graphene is considered as one of the new materials that has been used in the field of textile,
material science and other related research fields.[7] The graphene is highly efficient and as well as
some novel 2D material including boron nitrite (hBN), Phosphorous, and MXene has been recently
used for the development of such highly flexible and wearable e-textiles.[8] These 2D materials has
several attributes, such as outstanding optical,[9] electronic,[10] electrical,[11] thermal and
mechanical behavior.[12] So; due to these exceptional properties these materials are being used for
multi-functional finishing of textiles including water[13] and oil repellent,[14] flame proof,[15] fire
retardant [16], antibacterial,[17] antiseptic, [18] UV-protection,[19] dust proof,[20] photo catalytic,[21]
anti-static,[22] anti-corrosion,[23] EMI shielding,[24] self-cleaning[25] and self-healing[26] textiles
without influencing breath ability of wearable textiles.[27] However, in this concern several
fabrication techniques such as dip coating,[28] spin coating,[29] spray coating,[30] roll to roll
printing,[31] pad dry cure,[32] exhaust dyeing,[33] screen printing,[34] digital ink jet printing,[35]
and 3D printing [36] for the designing of wearable flexible devices. Among these known methods
cold and batch process as Ultra sonication (US) dyeing is considered as highly efficient method for
the fabrication of graphene to develop washable, and breathable conductive textile fabrics.[37-39]
Graphene is rGO under material in the field of material since as well as textile engineering as
Graphene coated textile garments are breathable, washable, flexible, stretchable, and comfortable to
wearer.[40] Furthermore, the graphene dyed textile fabrics can also be used for energy storage,
conversion, and harvesting systems.[41] These self-powered wearable e-textiles are such as
Thermoelectric,[42] pyroelectric,[43] piezoelectric,[44] thermoelectric,[45] solar cells,[46] and super-
capacitors for energy harvesting and storage.[47-48] without compromising the functional and
aesthetic properties of textiles [49] for example breath ability,[50] bending,[51] stretching,[52]
washing,[53] and cyclic loading[54] which allows better moisture transport and absorption of heat
transport from body, and can be potentially used for green wearable TE devices.[55] Therefore,
alternatively the use of highly conductive conjugated polymers been introduced to improve the
electrical, and sensor performance with improved electrical conductivity and thermal
conductivity.[56] These properties may tuned with the addition of dopants; such as fullerene, black
carbon, CNT, graphite, graphene, and reduced rGO.[57-58] Herein, this research work we used a
water based graphene oxide (GO) dye solution, contains carboxyl, hydroxyl, phenolic and epoxides
groups; which improves the fixation and binding attributes of graphene oxide on the textile substrate
as a dye as compared to insoluble carbon based materials and require some dispersing agents, binder
and thickeners. The cold pad batch process is a production scale fabrication of textiles as compared
to other commercially available techniques. This study provides the preparation of breathable
graphene-coated 100% cotton fabric by using GO as a dye solution on the padder machine without
using any binder and thickener as the state of the art of this research work.

2. Materials and Methods

The pure graphite powder with a particle size of 45 microns was obtained from Asbury USA,
with 200 m?/g surface area, >99% purity, and was fibre to Graphene oxide and reduced graphene
oxide (rGO). The 100% woven fabric scoured and bleached cotton fabric with (250 GSM) supplied by
the Hangzhou Bleaching and Dyeing Mills Pvt. Ltd, China. All the other chemicals and distilled water
for the preparation of PEDOT: PSS-rGO as dye solutions were used for analytical grade without
further modifications.

2.1. Synthesis of GO

Graphene Oxide (GO) was prepared using modified Hummer’s method, as reported in the
literature and our previous work.[59]
2.2. Fabrication of Graphene (Ultra sonication)

Initially, 250 ml of distilled water and 25 mL of PEDOT: PSS was added with different weight
percent of as-synthesized rGO (0.5~2.5) gm/L powder and mixed ultrasonically for 30 min at RT to


https://doi.org/10.20944/preprints202406.1920.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2024 d0i:10.20944/preprints202406.1920.v1

develop the rGO-PEDOT: PSS dye solution without using any dispersing agent and binder. After the
aqueous dispersion of GO as a dye solution loaded ultra-sonication bath with fabric to liquor ratio of
(1:40). During the dyeing process the fabric was loaded in ultra-sonication chamber with frequency
of 250-300 MHz for 2-3 hours. The same procedure was repeated several times with variable
Graphene oxide in water-based dye solution bath, until unless the significant coating of graphene
oxide was obtained. After coating the dyed (GO) samples were Air dried at 60 °C for 10~20 min. Then
dipped in L-Ascorbic Acid (20%) as reducing agent for the reduction of GO coated cotton fabric intro
rGO at 90 °C for 2-3 hrs as reported previous studies.[62] Finally, the rGO coated fabric samples were
microwave assisted cured at 145 °C for 3-4 min. Finally, wash with plenty of Deionized water to
remove the acid traces and unfixed rGO flakes from the fiber surface.

2.3. Reduction (rGO)

The water-based GO solution was used as a dye solution after the fabrication of GOp-PES using
the pad batch dyeing process. The fabric was dried at 60 °C and reduced into rGO using a green,
reducing agent (L-Ascorbic Acid) over a reduction temperature of 90-100 C. followed by cured at
100~140 °C for 10~15 minutes. As reported in literature and in our previous works.[60]

2.4. Designing Wearable TE Device

The textile-based wearable sensor device was fabricated by cutting as coated rGO and PEDOT:
PSS strips with size of (0.5x2.5 cm). The arrangement of device was made by connecting fabric strips
using adhesive copper tape. The open-circuit voltage, change in resistance was measured using
digital voltmeter connected with lab view software as reported previous studies.[61] The resultant
sensory device was placed to human wrist to measure performance without any masking tape.

Kbody

Figure 1. Fabrication of TE device with design model for wearable Nanogenerator circuit diagram
with hot and cold sides of device connected to (Th) human body and (Tc) as cold side open to external
environment.

3. Characterizations

Characterization for elemental analysis was performed using FTIR, XRD, Raman and XPS
respectively. The surface characterization was made using SEM and EDX'’s analysis. The electrical
performance for sheet resistance was measured using key sight and Keithley digital voltmeter
according to ASTM standard D-257 [62] for polymer coated conductive textiles. The electrical
performance of as coated fabric was measured before and after washing in terms of change in sheet
resistance (Rs) of as coated textile electrodes with rGO, PEDOT: PSS, and rGO-PEDOT:PSS
nanocomposites with variable weight of rGO. The statistical analysis was made by taking average
values were recorded for each tested sample for sheet resistance of each sample were measured five
times for statistical analysis. The electrical conductivity was measured from obtained results of sheet
resistance. After washing and cleaning, the resultant rGO coated fabric was tested for electrical


https://doi.org/10.20944/preprints202406.1920.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 June 2024 do0i:10.20944/preprints202406.1920.v1

conductivity and thermal conductivity, sensor response using Key sight and digital voltmeters for
each coated fabric.

3.1. FESEM

The surface characterization was made using field emission electron microscopy FESEM with
elemental analysis supported software (EDS) analysis. The results are demonstrated in Figure 2 The
SEM results show that, the entire fiber surface is coated with smooth layer of graphene and fiber-
fiber bonding with strong interaction between rGO films and conductive polymer as compared to
pristine fabric demonstrated in Figure 2 a) b) & c) respectively. The presence of carbon, oxygen and
sulphone groups can be depicted from elemental (EDS) analysis.

The results show that the rGO coated fiber surface with bonding between graphene and polymer
films, introducing conductive fiber paths due to the strong adhesion of conductive polymers. The
fibre surface in the yarn was entirely covered with PEDOT: PSS and rGO due to the strong adhesion
and bonding of the available conjugated polymer. The fibre surface was covered with smooth coating
of rGO as the number of dyeing cycles increased. Followed by a coating of the PEDOT: PSS with 5-
10pm size increased as compared to undercoated samples. Figure 2 d) e) & f) demonstrates the
elemental (EDs) analysis of rGO and conductive polymer coated fabric with colored mapping of each
element carbon (C), oxygen (O) and sulfur groups respectively by using FESEM. Which, clearly
shows that fibre surface is covered with smooth layers of rGO and PEDOT: PSS films.[63]
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Figure 2. SEM image of a) GO, rGO and rGO-PEDOT: PSS Coated Fabric with different magnifications
b) Color Mapping for elemental analysis using (EDS) with SEM images [Reproduced with Copyright
Materials, RSC Advances, Royal Society of Chemistry, 2021.[64].

3.2. XRD Analysis

The elemental analysis of the as coated rGO fabric was performed using XRD to identify the
crystalline regions of rGO and PEDOT: PSS respectively. The X-ray Diffraction results showed that,
firm peaks for GO 26 located at 10.0°-12.0°. The crystallize and amorphous regions of textile cotton
fabric was made using XRD diffraction over a range of degree 2(theta) of 20-80 and scan rate of 5°
deg/minute. The diffraction results confirm the broader peaks for GO coated fabric over 9.5°, which
is gradually shifted towards 16.5-22.5° and reduced the height of the broader peaks when reduced
into rGO after chemical and thermal reduction as compared to GO and pristine graphite. The newly
developed broader peaks show the extending and widening of rGO films after reduction. On the
other hand, these peaks are assigned to re stacking of GO films into larger in crystal size.[65] The
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similar broader and widened smaller peaks has been observed at 34.5° which may be attributed to
conductive polymer with formation of crystal and formation of flakes. The results showed that
graphene oxide was successfully converted into reduced graphene oxides, as shown in the Figure 3
a) & b) as compared to the sharp XRD peaks of pristine graphite at 28.4° have been reduced when
graphitic oxide was converted into GO and further reduced to 22.5° for rGO. The second small peak
observed at 34.6°, this diffraction peak may be attributed to crystal formation of PEDOT: PSS. The
peaks with d-spacing of 0.85nm and d-spacing of d = 0.346 to d = 0.353 with crystal planes (001), (010)
and (002) as reduced to rGO as compared to pristine graphite with d-spacing of d=0.339 nm as shown
in Figure 3 c) & d) respectively.[66]
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Figure 3. a) XRD analysis of pure graphite and GO a) PEDOT:PSS-rGO with variable content percent
of rGO in conductive polymer 2.5 b), 5.0 c) and 10.0d).

3.3. Raman Analysis

The Raman Spectra shows identical peaks (D and G-bands), demonstrating the highly oxidized
two-dimensional hexagonal structures of carbon atoms. The Raman spectroscopy analysis was
performed to identify the oxidization and crystallization of Sp? to Sp? hybridization of carbon atoms
during synthesis of GO and after reduction. The Raman spectra show that, the opening of graphitic
films into highly exfoliated Graphitic oxide using strong acids and oxidizing agents.[67] The two
identical peaks (Ip) and (Ic) were found to be more widened with (Ip/Ic) ratio of 0.85, 0.90 which
increased when oxidized and reduced (G) bands when oxygen groups were eliminated and removed
after thermal and chemical annealing. These two broader and widened peaks are allocated to
graphene oxide with first order to second order (D &G) vibrational peaks positioned at 1355 Cm!
and 1583 Cm, which may attributed to reduction of oxygen-containing functional groups as
compared to GO with 1560 Cm as shown in Figure 4 a & b)[68] Whereas, the vibrational small
dangling bands are occurred between D and G bands, which are attribute to thiophene and sulphone
groups present in conductive polymer. These changes are attributed to hybridization of carbon atoms
after addiction of conductive polymers, which may decrease the oxygen functional group after the
reduction of GO into rGO. The results also demonstrate that graphene oxide is oxidized state changed
from the first-order scattering of SP? to Sp? hybridization. The re-stacking of carbon atoms in the
case of rGO during chemical and thermal annealing with different weight percent of rGO and
reducing agent L-Ascorbic Acid as shown in Figure 4 c) & d). Whereas the dangling bands occurred
between the D and G-bands of rGO, may attributed to the presence of sulphone groups present in
PEDOT: PSS films.
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Figure 4. Raman Spectroscopy of pure graphite & GO a) rGO with different reduction of L-Ascorbic
Acid b), ¢) & d) .

3.4. FTIR Analysis

The FTIR/ATR analysis of as coated fabric with GO, rGO, and PEDOT: PSS shows several
functional moieties and reactive functional groups available in GO including water traces such as
(OH) hydroxyl groups positioned at 3400 cm-!. Whereas other functional groups present in rGO and
PEDOT: PSS nanocomposite are positioned at 1250, 1365, 1650 cm™ are assigned to sulphone, groups
as compared to pristine GO and rGO. Whereas, on the other hand, the broader and wider spectral
and several sharp peaks are positioned at 3450 cm-1, 1350, 1425 and 1665 cm!. Whereas this hydroxyl
broader and widened peaks have been diminished and reduced for rGO as compared to GO and
PEDOT:PSS coated textile substrate. The availability and presence of new reactive functional groups
are allocated and slightly shifted towards at 1355 cm, 1668 cm™ and 1735 cm'; which shows that the
PEDOT:PSS entirely covered the newly development chemical shifts. Similarly, the d-convoluted
reactive groups are assigned to the vibrational of absorption of water molecules hydroxyl (OH-) (3400
cm1), carbonyl C=0O (1740 cm-?), carbonyl (C-C-) deformation peak (1420 cm-1), carboxyl (C=C) (1220
cm™), Carboxyl C-O (1650 cm?) and epoxy 1620 cm! respectively.[69]

4. Textile Properties

All the tests were performed according to standard humidity 65+2 and temperature of 25+5 °C
according to ASTM standard [70]. The test results were recorded manually, and each sample was
measured five times. The average test results were calculated from obtained results with standard
deviation.

4.1. Air Permeability

The air permeability of the coated samples of GO, rGO, and PEDOT: PS5-rGO was analyzed
according to ASTM standards D-737-18.[56] Each sample was studied before dyeing and the number
of washing cycles to measure the breath ability of the as coated textile substrates. The breathing
properties before and after coating with GO, rGO and PEDOT:PSS nanocomposite was analyzed
using ASTM standard D-737-18.[71] The air penetrability before and after washing of each coated
sample was measured using automatic air permeability tester. The results demonstrates that, the air
permeability, and washing stability are directly proportional to the number of dyeing cycles with
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improved electrical conductivity, which may result due to improved conductive channels and less
air gaps as number of dyeing cycles were increased. The properties were significantly reduced after
number of washing cycles, which may occur due to the removal of graphene films from the fiber
surface as well as between fiber gaps. These gaps are mostly filled with rGO films and conductive
polymer in which PSS worked as binder. The results also reveal that the air permeability of
undercoated samples was decreased as the number of dyeing cycles. Whereas the air permeability
was slightly influenced as the opened fiber assembly become more compact after coating of rGO
layers as smooth coating. The sheet resistance and permeability were decreased as the number of
dyeing cycles increased; with improved number of layers of rGO and PEDOT: PSS. PEDOT as
compared to pristine GO and rGO coatings. The resultant fabric properties are substantial for
breathable; wearable and washable without influencing the breath ability in terms of comfort
properties without compromising the moisture and air transport.

4.2. Water Contact Angle (WCA)

The water absorption properties were measured using a water contact angle device, according
to ASTM standard D-5725. The hydrophobic and hydrophilic attributes of the substrate before and
after the coating were analyzed digital contact angle analyzer. The DI water was used to measure the
contact angle of the as GO, rGO and rGO-PEDOT:PSS coated textile fabric [72] The study results
reveal that, the hydrophobic nature of the fabric was improved with increasing the number of dyeing
cycles and reduced with number of washing cycles. The maximum water contact angle of 131° and
142° was obtained with 10 ~15 number of padding passes as presented in Figure 5 c).

PES:1GO A A 10.0%
2.1 - —— PES-rGO AA 5.0%
50] —— PES:rGO A.A 2.5%
.5 —— PES:GO

1.8
1.7 3
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1.2
1.1 9
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0.9 4
0.8
0.7 ]
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T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm}

Figure 5. FTIR analysis of pure GO and PEDOT:PSS and variable content percent of rGO and reducing
agent.

Furthermore, it is revealed from the results, that the rGO coated textile fabric showed higher
water resistance and lowered the wettability as compared untreated cotton fabric and GO coated
fabric sample. The performance results: it was observed that the rGO and PEDOT:PSS coated samples
with different weight percent of rGO in the conductive polymer showed improved WCA as
compared to pristine cotton fabric and GO coated fabric. The water droplet immediately disappears
water droplet disappears and seeps out into the fabric in 1-2 seconds. For pure cotton and GO coated,
as hydrophilic behavior and remain stable on surface of fabric for rGO coated substrate which shows
hydrophobic attribute of the resultant fabrics. The results are presented in Figure 5 c) and
demonstrated in Table 1 are in strong agreement with previously reported studies on rGO coated
cotton fabrics.
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Table 1. Effect of different weight percent of rGO and PEDOT: PSS on tensile strength and Air
permeability.
Sample Dyeing Washing Fal?ric Tensile Water Contact Air N
details Cycles (KQ) Cycles Thickness  Strength  Angle Permeability
(KQ) (mm) (mPa) (WCA) (g/Cm?/S)
Pure Cotton 22 10 6-12 76
GO 25 12 20 74
rGO 185 195 26 20 45 72
P1GO-1 145 150 27 40 70 69
PrGO-2 125 135 28 60 84 66
PrGO-3 115 125 29 75 96 63
P1GO+4 85 95 30 80 110 60
Pure Cotton 185 195 26 20 45 72

4.3. Tensile Strength

The tensile strength of the as coated with rGO, and PEDOT:PSS-rGO fabric was performed using
ASTM standard D-5035-11. [58] The tensile properties of textile fabric were made before coating and
after coating. The results demonstrate in Figure 5 d) shows that the mechanical strength was
increased warp and weft wise respectively. The tensile strength in terms of mechanical performance
of as coated textile cotton fabric was improved with number of padding passes, results in improved
graphene layers which improved tensile strength and stress of the resultant fabric as compared to
untreated fabric samples.
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Figure 6. Performance analysis of coated textile substrate against number of dyeing and washing
cycles a) Change in Sheet Resistance and thermal conductivity b) Water contact Angle c) Tensile
Strength in (MPa) of pure cotton fabric and coated with different weight percent of rGO d).
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The results shows that the tensile strength was much higher on warp wise as compared weft
wise direction, which may attribute to a greater number of ends as compared to picks in the fabric
structure, and weft wise, with low yarn twist; which lead more pick up of GO and PEDOT:PSS-rGO
on the fiber surface. The tests were performed with scan rate of 20mm/minutes. The results are
presented in Table 2, which indicates that the strength was improved from 10-60 and 20-80 mPa weft
and warp wise respectively as shown in Figure 5 b). Furthermore, the rGO content percent was
increased to 20% resulted as highest tensile strength of 80mPa as compared untreated GO coated
textile fibers. The results demonstrate that as the concentration of rGO was increased, it improved in
tensile strength of the as coated textile fabric. As, the conductive polymer PEDOT: PSS Nano films
entirely covered the fibrous yarn structure surface with rGO sheets, which may occur due to the
reinforcement of the PSS and improved the tensile the overall textile properties.[73]

Table 2. Fabric thickness after several coating and its effect on electrical and thermoelectric
properties.

Average thickness

Sample No. Composition (GO-PES%) Electrical Conductivity (K€)

(mm)
Before Washing After WashingBending Cycles

Untreated Nil 220

GO 250 952 50 10.0
PrGO1 25 265 88.6 125 155
PrGO-2 50 277 74.8 185 225
P+GO-3 75 285 625 250 285
P+GO4 100 304 319 356 385

5. Performance Measurements

5.1. Electrical Performance (Sheet Resistance)

The overall electrical performance in terms of sheet resistance of resultant textile electrode
coated with rGO and PEDO: PSS was decreased from 185 KQ to 45 K(Q with increasing the number
of dyeing cycles; is attributed to more graphene layers on the fiber surface and development of
conductive paths with strong bonding and adhesion. The sheet resistance was further decreased with
coating with conductive polymer, resulting in the sheet resistance of 45-15K(); which can be seen in
FESM results as demonstrated in Figure 5 a). Whereas on another, the sheet resistance was adversely
influenced by increasing the number of washing cycles; which may be attributed to removal of
graphene layers and unfixed graphene films between fibrous assembly.[74] The results also show
that; the electrical sheet resistance was decreased from 85K() to 10~15(), when conductive polymer
was coated on as rGO coated fabric. This synergetic effect is attributed to the higher interaction and
bonding of fiber channels with graphene layers and PEDOT:PSS; which may improve with increasing
padding passes introducing more conductive fibre-fiber surface junctions.

5.2. Thermoelectric Performance

Thermoelectric performance in terms of power factor, Seebeck coefficient and output voltages
of the wearable TE device was measured using ASTM standard E-977-05[75]. The thermal gradient
was measured using a hot plate based Seebeck setup and 2-probe thermocouples connected with
digital voltmeter over a variable temperature of 20 °C-36.5 °C. The thermal conductivity and
diffusivity of the developed textile-based TE device was measured using Infra-Red (IR)-noncontact
device, according to ASTM standard D-7984-16 [76].

The results show that heat retention may result as the vibration movement of heat carrying
phonon lateral transport instead of linear transport. The synergetic effect may occur due to the
number of Graphene layers resulting in an enhanced electrical conductivity with more inter-junction
of Graphene films and conductive polymer on the fiber surface with higher conductive paths. As a
result, the thermoelectric performance was increased in terms of Seebeck coefficient, power factor
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and output electric potential. The thermoelectric effect was measured over the thermal gradient
between the human body heat and external environmental temperature. The obtained results
presented in Table 2 and Figure 6 g) which clearly demonstrate that, the TE effect of the as coated
textile electrode improved the output open electric potential (AV) due to thermal difference between
two types of materials (p-type) and heat flow in the rGO as p-type material at hetero-junctions of the
TE device in the nanocomposite material.
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Figure 7. Fabrication of rGO coated fabric a) and Conductive polymer with rGO b) TE performance
of Textile based (TEG) placed on back of the wrist c¢) & d) connected with Keysight and digital
voltmeter e) & f) over all TE performance with number of TE legs shows Figure of Merit (ZT) value
with change in temperature g).

The performance of TE device was measured over a temperature difference of 36.5 °C and an
ambient temperature of (20°C), in which the thermal gradient (AT) of #16.5 °C(309K). The temperature
difference resulted as an electric potential (power) of 2.5~19.5mV for 2-Thermoelectric legs. As the TE
legs were increased to 4-10 legs the output potential was improved from 20.0 mV to 70 mV for parallel
and maximum reached to 120 mV in series arrangements; as shown in Figure 5 c) & d) respectively.
The as coated with rGO and PEDOT: PSS respectively, the device was directly placed to human wrist.
The overall thermoelectric performance of TE device is several orders of magnitude higher as
compared to previously reported textile devices.[63] The developed TE device showed a Seebeck
coefficient (25~65.0 uV/K), power factor (2.5~75uW/m7K?), and dimensionless figure of merit
(0.02~0.08x10+). The device was attached directly to human wrist and hand as shown in Figure 5 e)
& f) respectively and Table 2.

The results demonstrate that, the thermoelectric dimensionless figure of merit, Seebeck
coefficient, and power factor are enhanced with change in thermal gradient as function of
temperature altered from 20~36.5 °C between the cold side and 20.0 to 36.5 °C hot side. The study
reveals that the developed fabric is capable to directly convert the temperature difference into electric
potential, and designed TE Nanogenerator can potentially be used for the conversion of human body
heat into electrical energy. The resultant highly flexible, stretchable, and washable TE device with
improved thermoelectric performance can be used instead of metal based rigid self-powered
electronic devices for biomedical and health monitoring.[77]

6. Conclusions

In conclusion, the Graphene based highly flexible, stretchable and washable textile device is
highly stable and capable of converting the human body heat as low-grade energy into electrical
energy. The fabrication of graphene was accomplished successfully using cold pad batch dyeing
technique, as an efficient and cost-effective method for the fabrication of graphene and conductive
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polymers. The results demonstrate that the electrical conductivity was improved in terms of sheet
resistance with increasing the number of padding passes and reduced with number of washing cycles
vice versa. The textile properties including air permeability, tensile strength and water contact angle
were also improved increasing the content percent of rGO and number of padding passes. The
resultant textile-based TE device showed improved thermoelectric performance in terms of Seebeck
coefficient, power factor, and dimension less figure of merit (ZT) value from (0.02~0.08x10+) as
compared to pristine rtGO and PEDOT: PSS coated textile fabrics. The Graphene coated textile fabric
showed enhanced mechanical performance with tensile strength of 80 MPa, as well as enhanced
water contact angle from (131°~141°) as compared to pristine cotton fabric and GO coated fabric. The
PEDOT: PSS-tGO nanocomposite coated textile substrate showed higher performance without
compromising the air permeability, washing stability and breathability. The resultant fabric is stable
against 20 washing under rubbing fastness (wet and dry) conditions. The resultant textile fabric,
coated with nanocomposite with better performance as compared to barely used rGO, while
PEDOT:PSS with better fixation of graphene and enhanced washing fastness, tensile strength as well
as thermoelectric performance as compared to pristine cotton and coated with rGO. The proposed
approach may potentially be used for the development of different textile fabrics for coating of
graphene, graphene oxide, and rGO with conductive conjugated polymers for self-powered wearable
electronics, energy storage, and conversion devices in biomedical and health monitoring.
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