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Materials with electrical conductivity are preferred for electronics, medical, space and other applications.
Flexible, stretchable and washable conductive fabrics have been preferred over metallic materials.
However, the currently available conductive fabrics are mainly made using a dip-drying process which
makes it difficult to obtain a regular assembly structure of graphene sheets on the fibers. In this research,
we report the development of conductive cotton fabrics through simple dyeing, graphene oxide (GO)
with two distinct sizes was used to dye the fabrics which were later reduced using hydrazine hydrate.
The regularity of graphene sheets on the surface of the cotton fiber can be improved by level assembly,
it is beneficial to the conductive stability of the later drawing, bending and friction process. The results
show that, the fabrics coated with graphene had excellent fastness to washing, friction and bending.

. After 20 washings and exposure to 2000 rubbing and 1000 bending cycles, the fabrics had excellent
iig:;i%ll%tt: ﬁ:r?;gozz%zo conductivity retention of 86%, 55% and 99%, respectively. In addition, the introduction of graphene
causes the dyed fabric to have good infrared absorption and excellent UV resistance. Using cotton

DOI: 10.1039/d0ra01588a fabrics and GO to impart conductivity and UV resistance would be an affordable, sustainable and novel

rsc.li/rsc-advances approach to develop functionalized materials for various applications.
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1. Introduction

Functionalized materials, particularly those made from natural
polymers, provide a unique opportunity to develop devices,
sensors and other aids for various applications. Among the
various functionalizations, making polymers conductive is
desired for biosensors, actuators, rechargeable batteries, sepa-
rator films etc.' Similarly, functionalization has also been done
to improve anti-flammable, antibacterial and pH and temper-
ature responsive materials.” A recent trend has been to develop
functionalized fabrics for energy storage, health care and
protective applications.** Various forms of materials including
fibers, particles, nanowires and fabrics have been developed.
Fabrics offer higher flexibility both in terms of design and
applications and hence are widely functionalized for specific
uses. In addition to fabrics, fibers have also been developed
using conductive polymers such as polyaniline and
polypyrrole.®

Cotton is the most commonly available and used natural
cellulose fiber. Fabrics have been made from cotton since time
immemorial not only for clothing but also as bandages, gauze
and for wide variety of applications. Cotton fabrics are not only
inexpensive, biodegradable and available in different shapes,
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sizes and configurations, they are also easily modifiable and are
hydrophilic. Many attempts have been made to functionalize
cotton fabrics to meet specific needs. Treating cotton fabrics
with silver nanowires provided considerable resistance against
Gram positive and Gram negative bacterial and also able to
efficiently block UV rays with a UV protection factor of 113 and
increase hydrophobicity of the fabrics up to a contact angle of
156°.° ZnO nanoparticles were dyed onto cotton fabrics (up to
10% on weight of the fabrics) resulting in excellent UV resis-
tance up to 20 cycles after washing.” Thermal and flame resis-
tant properties of cotton fabrics were substantially improved
after functionalizing with a novel nitrogen containing carboxyl
functionalized organophosphorous.?

Graphene based materials, particularly graphene oxide has
been extensively used to modify polymers including fabrics.
Synthetic graphene oxide was deposited (up to 19.5%) onto silk
fabrics by dry coating and reducing using r-ascorbic acid solu-
tion. Modified silk fabrics had improved fire resistance, smoke
suppression and sheet resistance. The GO modified silk fabrics
were assembled into a sensitive and flexible sensor for incor-
porating into a wearable device.® GO was dyed onto acrylic yarns
and immobilized and later converted into graphene by treating
with sodium hydrosulfite solution. The modified fibers had
electrical resistivity ranging from 10> to 10" Q cm™".*° Ther-
mally reduced graphene oxide nanosheets were coated onto
flexible carbon fabric for developing supercapacitors. The GO
containing carbon acted as excellent supercapacitors with
capacitance values as high as 70 Fg ' at 5 mv s~ .1t
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Fig. 1 The differences between the dyeing process and dip-drying
process.
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Fig. 2 Dyeing process curve.

Studies have reported the use of graphene and graphene
oxide to modify the functions and stability of cotton fabrics as
well. For instance, flexible conductive cotton fabrics were
developed by depositing graphene oxide dispersion and later
reducing the GO by hot pressing at 180 °C for 60 minutes.
Modified fabrics had good performance even after 400 cycles
with electrical resistance varying from —3500 kQ to —10 kQ."
Instead of GO, graphene nanoribbons were wet coated onto
cotton fabrics with uniform distribution and good interaction.
In addition to increase in strength and modulus by 59 and 61%,
respectively, the fabrics were also conductive and suitable for
fabricating smart textiles."® Using three different approaches
(direct adsorption, radiation induced crosslinking and chem-
ical crosslinking), GO was fixed onto cotton fabrics to improve

Dyeing
S
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their antibacterial performance. An antibacterial activity of up
to 98% before washing and >90% even after 100 washing cycles
was reported.™ Using a simple heat treatment, GO was reduced
onto cotton fabrics to obtain good electrical conductivity,
surface hydrophobicity and ultraviolet protection even after
considerable bending and washing.*®

However, most conductive GO-based fabrics are fabricated
by dip-drying process, and there are no reports on dyeing GO
particles onto cotton fabrics to improve conductive stability and
other properties, including infrared adsorption and UV resis-
tance. In the dyeing process, the free enthalpy of graphene
sheets in water is lower, the direction of graphene sheets in
water is easier, and the arrangement of graphene flakes on the
fiber surface is more uniform and regular compared to dip-
drying process, the differences between the two methods are
shown in Fig. 1. In this paper, cotton fabrics have been dyed
with GO of two distinct sizes and the morphology, structure,
conductive stability in the drawing, bending and friction
process and other properties (infrared adsorption and UV
resistance) of modified fabrics have been studied.

2. Experiment section

2.1. Materials

Graphite powder (particle size < 30 pm) was purchased from
Sino pharm Chemical Reagent Co. Ltd., China. Commercial
100% cotton woven fabrics (plain weave, 560 x 276,109 g m™?),
other agents, chemicals including sulfuric acid (H,SO,,
98 wt%), hydrogen peroxide (H,0,, 30 wt%), NaOH, hydrazine
hydrate (N,H,-H,0), sodium nitrate (NaNO;) and potassium
permanganate (KMnO,), were supplied by the Sino pharm
Chemical Reagent Co. Ltd., Shanghai, China. Deionized water
was used for all the experiments in this study.

2.2.

2.2.1. Preparation of GO. GO was prepared using the
modified Hummers' method.*® The specific preparation process
is as follows: precisely 5 g of graphite, potassium persulfate (5
2), phosphorus pentoxide (5 g) and concentrated sulfuric acid
(98 wt%, 50 mL) were added into a beaker, and then slowly
heated up to 80 °C for 5 h. After stirring with deionized water,
the mixture was allowed to stand, and the supernatant was
removed by layering and later filtered by adding water and

Experimental
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S

Fig. 3 The appearance of cotton fabric before and after dyeing and reduction treatments.
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Fig. 4 Morphology of cotton fabrics dyed by GO of different particle sizes: (a) SEM image of 100% cotton fabric; (b) cotton woven fabric dyed by
macro GO; (c) cotton fabric dyed by 75 macro/25 superfine GO; (d) cotton fabric dyed by 50 macro/50 superfine GO; (e) cotton fabric dyed by 25

macro/75 superfine GO; (f) cotton fabric dyed by superfine GO.

drying. The product obtained was called pre-oxidized graphite.
Concentrated sulfuric acid (98 wt%, 46 mL) and sodium nitrate
(1 g) were added in an ice water bath and thoroughly mixed. The
pre-oxidized graphite was then slowly added to the beaker and
stirred until dissolution. The potassium permanganate (6 g) was
added to the beaker in batches and was left to react for 2 h (45
°C), conditioned for 30 min and later combined with 5%
sulfuric acid and centrifuged for 10 min. The produced ob-
tained was washed repeatedly with deionized water until the pH
became neutral resulting in the GO required for further studies.

2.2.2. Treated cotton fabrics by dyeing. The cotton fabric
was immersed in a known concentration of GO solution at room
temperature for 30 min and the dyeing was performed at 100 °C
and pH of 10 with a bath ratio of 1 : 30. The dyeing time was

maintained at 60 min. After dyeing, the fabrics were reduced by
hydrazine hydrate at 90 °C for 3 h and then washed with cold
water to dry. The dyeing process curve and the appearance of
the fabric before and after dyeing is shown in Fig. 3 and 2,
respectively.

2.3. Characterization

The morphology of the prepared GO samples was analyzed by
field emission scanning electron microscopy (FE-SEM). The
prepared GO was tested for changes in the carboxyl group
content using X-ray photoelectron spectroscopy (XPS). The
electrical conductivity of the fabric was tested using a universal
meter. The thermal conductivity of the fabric was tested using
an infrared thermal imager (FLK-TIR32 9HZ, Fluke, USA). The
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Fig. 5 Size distribution of GO with different proportions of macro/superfine particles: (a) macro GO; (b) 75 macro/25 superfine GO; (c) 50
macro/50 superfine GO; (d) 25 macro/75 superfine GO; (e) superfine GO.
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Fig. 6 Carboxyl content on cotton fabrics dyed using different ratios
of macro/superfine GO.

UV resistance of the fabric was tested in an UV tester (UV-2000,
Labsphere Inc. USA).

3. Results and discussion

3.1. Morphology of GO

Considerable changes can be observed in the surface features of
cotton fibers before and after treating with GO of different
particle sizes as shown in Fig. 4. Untreated fibers have smooth
and clear appearance (a). The surface of cotton fiber treated
with pure macro GO becomes more rougher, and show
considerable amounts of deposits on the surface (b). With
increasing the ratio of superfine size GO in the blend makes the
surface smoother gradually (as shown in (c) and (d)), especially
for the cotton fiber dyed with a ratio of 50 macro/50 superfine
GO as shown in Fig. 4(d), there is almost no stacking
phenomenon and has an unique ridged shape morphology.
However, as the proportion of the superfine layers increases
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Fig. 7 Volume specific resistance of cotton fabric dyed with GO of
different sizes.
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Fig. 8 Increase in the specific resistance of cotton fabrics after various

washing cycles.

further, there is a peeling phenomenon in Fig. 4(e), and also
deposited unevenly on the surface of fiber by pure superfine GO
in Fig. 4(f). With the increase of the proportion of superfine GO,
there are strong -7 conjugation and van der Waals interaction
between GO sheets enlarging the specific surface area, and
therefore, it is prone to agglomeration. This formation has
a direct relationship with subsequent performance.
Combining macro GO particles with superfine ones
increases their average size as seen from Fig. 5. Without any
superfine particles, the size of GO is 1467 nm, and decreases to
759 nm when the proportion is 25 macro/75 superfine GO, the
average particle size of pure superfine GO is about 530 nm.

3.2. Carboxyl content of GO surface

A progressive decrease in carboxyl content on the surface of the
fibers occurs as the ratio of the smaller size GO increases. As
seen from Fig. 6, highest carboxyl group content of 40% was
obtained when the macro GO was used. The number of func-
tional groups decrease because of the formation of layers and
also due to oxidation'”*® which decreases the number of groups.
Also, large sized particles not only have higher number of
carboxyl group content but also have better sorption on the
fibers due to their higher polarity. Although the smaller GO has
lower number of carboxyl group content, they have a larger
specific surface area and also tend to form aggregates. When the
macro and superfine pieces of GO are mixed, the aggregation on
the fiber surface can be reduced. An optimum ratio of small and
large particles is necessary to achieve the desired properties.

3.3. Electrical performance of cotton fabrics

3.3.1. Electrical resistance of dyed fabrics. Electrical
resistance of the dyed fabrics was heavily dependent on the
size of the GO particles. It can be seen from the Fig. 7 that the
specific resistance of the cotton fabric dyed with macro GO is
the smallest, which is 1800 Q cm, and with 75/25 GO is 2300
Q. cm, which are much smaller than the resistivity require-
ment of the conductive fiber (10’ Q cm). It can be prepared

RSC Adv, 2020, 10, 11982-11989 | 11985
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Fig. 9 SEM images of dyed cotton fiber before and after multiple washing: (a) dyed by macro GO before washing; (b) dyed by macro GO after
washing; (c) dyed by 75 macro/25 superfine GO before washing; (d) dyed by 75 macro/25 superfine GO after washing.

antistatic fabrics for use in special occasions and conductive deteriorates, mainly due to the lower conductive ability of
fabrics resistant to electromagnetic radiation. As the propor- superfine GO sheets compared with that of macro GO sheets.™
tion of the superfine GO increases, the electrical conductivity This result provides an important research basis for the design
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Fig. 10 Pictures of electromechanical properties of dyed fabrics: (a) bending-conductivity of dyed cotton fabrics by multiple bending at different
angles; (b) tensile-conductivity of dyed cotton fabrics; (c) SEM images of dyed fabrics dyed with 75 macro/25 superfine GO by bending 1000
times at 180°; (d) partial enlarged detail.
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and preparation of new flexible materials with excellent
conductivity-stability.

3.3.2. Durability to washing. Properties imparted to the
cotton fabrics after assembly GO on cotton fiber should be
resistant to washing. Resistance of the fabrics increased
considerably after washing particularly for the those containing
only larger sized GO. Resistance increased from 1800 to 13 000
Q cm (622%) after 20 washing cycles for the fabrics containing
larger GO. Reduction in conductivity (increase in resistance)
was lower for the fabrics treated with blended GO. As seen from
Fig. 8, the change in resistance was from 2300 to 7300 Q cm
(217%) when a blend of 75/25 of macro and superfine GO are
used. The cotton fabric assembled with macro GO sheets has
good conductivity, but the partial aggregations of reduced GO
will fall off in the process of washing, resulting in the decrease
of electrical conductivity. Nevertheless, by adding superfine GO,
continuous and stable assemblies of macro and superfine gra-
phene can be formed after reduction, which is beneficial to
prevent the falling off of macro graphene sheets, thus
improving the conductivity stability of the resulting materials.

Progressive removal of GO from the surface of the fibers with
increase in washing cycles is evident from the SEM images
shown in Fig. 9. Fabrics dyed with larger GO show considerable
differences in morphology (Fig. 9(a and b)), whereas those dyed
with 75/25 graphene particles have similar morphology before

MAX =342
AVE=320

MIN=30.6
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and after washing (Fig. 9(c and d)). This result can prove that the
regularity of graphene assembly on the surface of cotton fiber is
conducive to the stability of conductivity.

3.3.3. Electromechanical properties of dyed fabrics. Dura-
bility of GO to bending and stretching was excellent as seen
from Fig. 10. There was no apparent change in resistance of the
fabrics even when bent at 90° for 1000 times. Decrease in
resistance was more prominent when fabrics were bent at 135°
particularly above 500 cycles. Resistance of the weft yarns was
higher and more stable than warp yarns, indicating that the
electrical properties of the warp direction are more excellent.
That is because when the fabrics were drawn, the fibers
squeezed together and flattened and finally the warp and weft
fibers formed an integrated hole with no observable gaps. This
process could change the contact area from point-to-point to
line-to-line and finally face-to-face, resulting in an increase in
motion space of electrons* and an improvement in transfer
rate. The SEM images (Fig. 10(c and d)) show that the graphene
oxide layer on the surface of the fiber still exists after several
times of bending, and will not fall off. It also shows that GO can
be assembled regularly on the surface of cotton fiber by dyeing.

3.4. Applications of GO modified cotton fabrics

3.4.1. Infrared absorption. The dyed cotton fabric and the
undyed cotton fabric are processed to form a T-shirt and the

Fig. 11 The infrared thermal imaging of model wearing T-shirt: (a) the photo of a model wearing T-shirt; (b) the front data of T-shirt; (c) the back

data of T-shirt.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Ultraviolet resistance of cotton fabrics dyed with GO

Washing cycles
Numerical
value Undyed After dyed 2 4 6 8 10
Tyval/% 8.46 1.04 1.09 1.12 1.16 1.17 1.16
Tyve/% 4.25 0.88 0.92 0.97 0.98 0.98 0.99
AVE UPF 19.04 108.24 105.37 103.59 103.40 102.60 102.95

photo of the T-shirt worn by the human body is shown in
Fig. 11(a), where in the front piece of the T-shirt is a cotton
fabric dyed with GO. The back piece is an undyed cotton fabric.
The infrared absorption test data of this T-shirt is shown in
Fig. 11(b) and (c). From the data analysis, the maximum
temperature of the front is 34.2 °C, the lowest temperature is
30.6 °C, the average temperature is 32 °C (shown in Fig. 11(b));
and the maximum temperature of the back part is 37.4 °C, the
lowest is 32.2 °C and the average temperature of the human
body is 33.9 °C (shown in Fig. 11(c)). Mainly due to the wearing
of the dyed fabric, the infrared rays emitted by the human body
itself are absorbed by the GO, resulting in a decrease in
temperature. The back sheet is free of dyed fabric and the
infrared light emitted by the human body is converted into heat
energy, which causes the surface temperature to rise. The
conclusion shows that the addition of GO can change the
infrared radiation characteristics of the human body, reduced
the infrared emissivity of fabric, and attenuate the energy
generated by the infrared radiation of the human body,**> and
thereby reducing the probability of the target human body
being detected and achieving the stealth effect, especially suit-
able for processing infrared stealth functional textiles.

3.4.2. Ultraviolet resistance. After dyed with 75 macro/25
superfine, the GO was present on the fabrics is about 1.25%
by calculation. When washing 2 to 10 cycles. The details of UV
resistance are as shown in Table 1. The dyed cotton fabric and
the undyed cotton fabric are processed to form a T-shirt in
Fig. 12. From Table 1 and Fig. 12, it can be seen that GO treated
fabrics were able to provide substantial increase in UV

Fig. 12 The side photo of the model wearing T-shirt containing 1.25%
GO (75% macro/25% superfine).

1988 | RSC Adv, 2020, 10, 11982-11989

absorption. Untreated fabrics had average UPF of only 19
compared to 108 for treated fabrics. Such high UV resistance is
due to the ability of GO to absorb and reflect UV light. Extent of
UV resistance provided by the dyed fabrics could be rated
excellent (UPF > 40) as per ASTM D6603-2012. Previous studies
on increasing UV resistance of fabrics using GO have also
shown similar results.*

4. Conclusions

In our work, a simple approach of assembly of GO on cotton
fiber through dyeing has been used to impart excellent
conductive stability, infrared absorption and UV resistance. The
extent of improvement in properties was dependent on the size
of the GO used: the large size (macro) particles assembled on
the fiber surface makes it have good electrical conductivity,
whereas blended with superfine particles can make the surface
smoother of fiber, and has better conductivity with a volume
specific resistance of 2300 Q cm. GO on the fabrics was resistant
towashing and bending up to 1000 times. A high UPF of 102 was
imparted after dyeing with GO even after 10 washing cycles. In
addition, the dyed fabrics showed heat infrared absorption
capability when worn on the body. GO dyed cotton fabrics show
potential for use in electronics, space, medical and other
applications.
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