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Abstract: Graphene has excellent electromagnetic, mechanical, thermal, and optical properties and
has been widely applied in materials science, biomedicine, physics, energy storage, chemistry,
and textile fields all over the world. In this paper, graphene conductive fabrics were prepared
by the impregnation method, and ascorbic acid was used as a reducing agent. Ammonia-cotton
blended fabric was used as the base material. Results indicated that graphene had been successfully
covered on fabrics according to XRD and SEM analysis. The optimum technological parameters
for preparing graphene conductive fabrics were: impregnation five times, reduction temperature at
95 °C, the ascorbic acid concentration of 0.06 mol/L, and the reduction time was 40 min. A corrosion
study indicated that rGO fabrics could be partly corroded in 3 wt.% NaCl solution, leading to a
decrease in resistivity. However, the conductive ability of rGO fabric changed little with time due to
the good stability of rGO.
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1. Introduction

Textiles have been widely used in daily life due to their many advantages, such as
flammable static electricity [1,2]. With the fast development of technologies and higher
human needs, multifunctional textiles show excellent performance for special require-
ments [3-5]. Conductive fabrics are very important as one part of multifunctional textiles,
and they play key roles in textiles achieving their special function [3,6]. The combination of
graphene and fabrics promotes the fast development of conductive fabrics and increases
their extensive application [7-11].

Graphene comes from graphite and is usually prepared by chemical methods, and
currently, graphene can be large-scale prepared easily due to the improvement in prepara-
tion method [12]. It is well known that graphene has many good characteristics, such as
excellent electromagnetic, mechanical, thermal, and optical [13-17]. So, graphene has been
applied in many areas. Graphene, graphene oxide (GO) and restore oxidation graphene
(rGO) are commonly used to prepare different materials with special aims. Mostly, GO,
and rGO are good choices due to their good dispersibility in water. And GO can be part
reduced to prepare rGO [18]. Therefore, graphene, GO, and rGO can be the ideal materials
for the preparation of conductive fabrics [19-21].

The main methods of used to prepare graphene conductive fabrics include impreg-
nation [22,23], vapour phase deposition [24], electrochemical deposition [25], vacuum
filtration [26] and electrophoresis [27]. Compared to the other methods, the impregnation
method has many advantages, such as easy operation, low energy consumption, and low
pollution. During the preparation process of the graphene conductive fabrics by impregna-
tion, GO is first combined with the fibers and then reduced to rGO. The commonly used
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reduction GO methods can be divided into physical and chemical reductions [28,29]. Ther-
mal reduction [30], ultraviolet reduction [31], and microwave reduction [32] are types of
physical reduction. However, there are still some disadvantages to physical reduction, i.e.,
they are complex to operate, require a high reduction environment (e.g., thermal reduction
in an inert gas environment), and can easily cause damage to the fibers during the reduction
process [33]. Chemical reduction is operated simply and easily controlled [34-36].

In this paper, graphene conductive fabrics were prepared by the impregnation method.
Ammonia-cotton blended fabric with strong mechanical properties is used as the base
material [37]. Graphene conductive fabrics have the advantages of low production cost,
good dispersity, and affinity with fabric. Fabrics attached to GO are reduced by a highly
reducing REDOX method using ascorbic acid, an environmentally friendly reducing agent.
This preparation method is environmentally friendly, with a low cost of raw materials,
no pollution in the preparation process, high-quality products, and high yield [38,39].
The treated fabrics have potential excellent electrical conductivity, anti-electromagnetic
shielding, anti-bacterial, and flame retardant properties [30,40].

2. Experimental
2.1. Reagents and Materials

Ammonia-cotton blended fabric, ascorbic acid, and NaCl were supplied by Shanghai
Sinopharm Group. GO dispersion with a concentration of 0.5 mg/mL was obtained from
Nanjing Xian Feng Nanomaterials Technology Co., LTD (Nanjing, China).

2.2. Preparation of Graphene Conductive Fabrics

The fabric with a size of 1.5 cm X 4 cm was soaked in GO suspension at room
temperature for 30 min and then dried at 60 °C for 25 min [41]. This process was repeated
five times to increase the adsorption capacity of GO. The reduction of the GO-coated fabrics
was carried out at 95 °C in the ascorbic acid. The prepared fabrics were washed with
distilled water several times and then dried in a vacuum at 60 °C.

2.3. Degradation of Graphene Conductive Fabrics

The degradation behavior study of the prepared graphene conductive fabrics was
tested in 3.5 wt.% NaCl solution. Normal oxidation of graphene conductive fabrics in the
air was the control. The prepared graphene conductive fabrics were immersed in a 3.5%
NaCl solution, and the resistivity was measured after 1, 2, and 3 h of testing. The surface
morphologies of graphene conductive fabrics after degradation were observed by SEM.
The resistivity of the prepared graphene conductive fabrics was measured after 24, 48, and
72 h of exposure to air.

2.4. Characterizations

SEM images were conducted using an 800-07334 Feiner desktop scanning electron
microscope produced by PHENOMWORLD (Eindhoven, The Netherlands). XRD produced
by Japanese Science Corporation (Rigaku, Tokyo, Japan) was employed to analyze the
substance and structure of the prepared materials. The 4-probe tester is equipment for
measuring semiconductor resistivity and square resistance using the 4-probe principle.
The advantages of the equipment are simple operation, accurate and fast measurement
data, wide measurement range, and good stability. The resistivity calculation formula is

shown below: S
p= RE 1)

where p was the resistivity, R was the resistance, S was the cross-section area of fabric, and
L was the length of fabric.
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2.5. Electrochemical Measurements

A saturated calomel electrode (SCE) (Smartlab SE R0232, Shanghai Huayu Instru-
ment, Shanghai, China) used as the reference electrode and the platinum electrode as the
counter electrode were employed in a three-electrode system. Cyclic voltammetry (CV)
and charge-discharge tests were carried out to study the electrochemical performance of
the prepared materials.

3. Results and Discussion
3.1. SEM Observation

SEM images corresponding to the microstructure of fabrics are shown in Figures 1 and 2.
Figure 1a—g shows the samples that were dipped 1-7 times at 1500 x g, respectively, and
Figure 2a—g shows the samples that were dipped 1-7 times at 500 x g. Figures 1a and 2a
are used as the control in the morphologies analysis due to the different dipping times.
As shown in Figure 1, a thin monolayer with irregular edges is observed, and rGO is
successfully adhered to the surface of the fabric after dipping. As the dipping times
increase from 1-4, a discontinuous and sparse layer containing rGO on the surface of
fabrics increases successively. However, the graphene lamellar completely covers the
surface of the fibers, and the continuous block and irregular edge on the smooth surface
of fibers appear after the fifth impregnation. When the impregnation times continue to
increase, the surface of the fabric gradually appears the stacking of reduced graphene
oxide, which may have a certain impact on the conductive effect of the fabric. It can
be preliminarily judged that five times impregnation can meet the basic requirements of
preparing graphene conductive fabrics.

Figure 1. SEM images of conductive graphene fabric soaked 1-7 times (1500, (a—g) were soaked
1-7 times respectively).
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Figure 2. SEM images of conductive graphene fabric soaked 1-7 times (500%, (a-g) were soaked
1-7 times respectively).

3.2. XRD Analysis

XRD analysis results of the prepared materials are presented in Figure 3. A low and
sharp diffraction peak at about 11° indicates that GO is attached to the fabric. Meanwhile,
there is a high-intensity diffraction peak at about 22°, demonstrating that most of the
GO-coated on the fabrics has been reduced to rGO. As impregnation times increase, the
graphene diffraction peaks shift to the left. The diffraction peak around 42° can be due
to the stacking of GO, then leading to the formation of a small amount of graphite after
reduction [18,42,43]. The above XRD characteristic peaks fully illustrate the successful
preparation of conductive fabrics, i.e., the graphene oxides have been successfully coated
on the fabrics and then are partly reduced.

There are two active hydroxyl groups on the double bond of the ascorbic acid quinary
ring, and it is easy to dissociate two protons. Most oxygen-containing functional groups
of GO exist in the form of epoxy or hydroxyl groups. In terms of the epoxy group, under
the attack of ascorbic acid, one end forms hydroxyl, and the other end is connected with
ascorbic acid oxygen anion. Then the other hydroxyl on the double bond of the ascorbic
acid five-membered ring is removed from the water molecule by the hydroxyl formed after
the back attack of the ring opening to form an intermediate [44]. Finally, the intermediate
may recover the C=C conjugate system by removing small molecules in the reaction to
obtain rGO, while ascorbic acid is oxidized to dehydroascorbic acid [45]. The reduction of
the hydroxyl group is similar to the epoxy group. The Hydroxyl group is replaced by an
oxygen anion of ascorbic acid, accompanied by a secondary attack on the back, and then
reduced by an elimination reaction. Dehydroascorbic acid is easily further decomposed into
gulonic acid and other oxidation products. From the XRD results, it can be seen that there
are small amounts of oxygen-containing groups in the fabric after ascorbic acid reduction,
and hydrogen bonds can be formed between gulonic acid and oxygen-containing groups,
which destroys the n-7 stacking between graphene layers and makes it more stable.
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Figure 3. X-ray diffraction images of fabric coated by graphene with different impregnation times.

3.3. Effects of Impregnation Times on Fabric Conduction

Four probe tester is used to measure the resistivity of the fabric with different im-
pregnation times, and the corresponding results are shown in Figure 4. For the first
impregnation, the resistivity of treated fabric is high and over the range of the four-probe
tester because of the attachment of little amount of GO on fabrics. The adsorbed graphene is
not enough to form a good conductive layer with a large area. So, the fabrics are almost not
conductive, and the fabric resistivity is large. As the increase of impregnation times from
2 to 5, the resistivity of the fabrics decreases and becomes stable. After the fifth repetition,
the resistivity of the fabrics is around 6.8 (2-m and then changes little. The impregnation
and drying process is repeated, but the resistivity of the fabrics does not decrease signifi-
cantly. With the increase of impregnation times, the amount of graphene oxide adsorbed on
the fabric gradually increases. After reduction, the obtained rGO conductive layer is good,
so the resistivity of the conductive fabric shows a downward trend. When the impregnation
times reached five, it can be seen from Figure 1 that some graphene precipitates appear on
the surface of the fabric, indicating that the adsorbed graphene on the fabric has reached
saturation. Therefore, the resistivity of the fabrics does not decrease significantly with the
increase in impregnation times. The precipitation and stacking of graphene can affect the
electrical conductivity of the fabrics. In conclusion, the best number of impregnation times
for preparing graphene conductive fabrics is five.

3.4. Effects of Reduction Times

Before the reduction of prepared materials, the samples that impregnation five times
are carried out. After different reduction times in ascorbic acid, the resistivities of the
prepared fabrics are measured using the four-probe tester to investigate the relationship
between the reduction time and the resistivity of the fabrics, and the results are shown in
Figure 5. It is seen that the resistivity of the fabrics decreases gradually as the increase of
reduction time. After 40 min, the resistivity of the fabric is around 5.6 Q3-m. So, the reduction
time over 40 min has little effect on the resistivity of the fabrics. The resistivity at reduction
times of 50 and 60 min is slightly higher than that at 40 min. When the reduction time
is short, graphene oxide adsorbed on the fabrics cannot be completely reduced, so the
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conductive layer is incomplete, leading to a large fabric resistivity. With the increase in
reduction time, the adsorbed film of graphene oxides is good when the reduction time
is over 40 min. Therefore, the resistivity of the conductive fabrics is lowest after 40 min.
When the reduction time continues to increase, the formed rGO conductive layer can be
partially damaged at a high temperature, resulting in a slight increase in fabric resistivity.
In conclusion, the best time for reducing GO is 40 min.
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Figure 4. Fabric resistivity with different impregnation times.
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Figure 5. Fabric resistivity of different samples with different reduction times.
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3.5. Effects of Reducing Agent Concentrations on Fabric Resistivity

Effects of the different reducing agent concentrations on fabric resistivity are studied.
The number of impregnation times of GO is five, corresponding to a reduction time of
40 min, and the test temperature is 95 °C. The corresponding results are shown in Figure 6.
The fabric resistivity decreases as the increase of reducing agent concentration. However,
the reducing agent with a concentration of more than 0.06 mol/L has little effect on the
resistivity of the fabrics. When the concentration of ascorbic acid is low, the concentration of
the reducing agent is insufficient to completely reduce the GO adsorbed on the fabric surface.
From the change of resistivity, it can be seen that the ascorbic acid, with a concentration
of 0.06 mol/L, is sufficient to completely reduce GO on the fabrics. Therefore, with the
increase of the ascorbic acid concentration, the resistivity of the fabrics is almost unchanged.
So, the optimal concentration of ascorbic acid as a reducing agent for preparing graphene
conductive fabrics is 0.06 mol/L.

40
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Figure 6. Fabric resistivity of the prepared samples with different reducing agent concentrations.

3.6. Effects of Reduction Temperature on Fabric Resistivity

After impregnation five times, the fabric is immersed in 0.06 mol/L ascorbic acid for
40 min, and the reduction temperature is changed from 45 to 95 °C. The images of different
samples are shown in Figure 7. The resistivity of samples at 45, 55, 65, 70, 75, and 80 °C
cannot be measured. This is because a low temperature causes a slow reaction rate, so a
continuous conductive film on the fabrics has not yet formed, leading to a large resistivity.
As seen in Figure 7, the color of the prepared fabric gradually changes with the increase of
temperature from gray-brown to black-grey, and the reduction degree of samples increases
gradually from 45~90 °C.

The relationship between the resistivity and reduction time is shown in Figure 8. When
the reduction temperature is 90 °C, the GO on fabrics can be completely reduced in 60 min.
As the increase of reduction time, the resistivity of the fabric changes little with a value
of 11 (3-m. This is because the extension of reaction time makes more oxygen-containing
functional groups combine with the oxidation product of ascorbic acid, gulonic acid, rather
than be reduced. Meanwhile, when the reduction temperature is 85 °C, the reduction of
GO has not been complete in 90 min, and the fabric resistivity is slightly higher than that
at 90 °C. As shown in Figures 6 and 8, although the fabric can be completely reduced at
90 °C by prolonging the reduction time, the resistivity at 90 °C is less than that at 95 °C.
Therefore, the optimal reduction temperature is 95 °C.
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Figure 7. SEM images of samples at different reduction temperatures: 500x (a) 45 °C, (b) 55 °C,

() 65 °C, (d) 70 °C, (e) 75 °C, (f) 80 °C, (g) 85 °C, (h) 90 °C.
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Figure 8. Fabric resistivity of prepared samples at different reduction times and temperatures.

3.7. Cyclic Voltammetry Tests

The scanning speeds of CV tests are 50 and 100 mV /s, respectively [46]. The CV curves
of the prepared samples are shown in Figure 9. CV curve shows a regular symmetrical
shape, which indicates that the prepared material has good cyclic properties during the
charging-discharging processes. The reaction on the GO conductive fabric is reversible,
and the conductive fabric has the potential to be a capacitor [47]. It can be seen from the
specific capacitance calculation formula that the specific capacitance is proportional to the
area surrounded by the CV curve. The CV curve of this sample is a waist circle with a small
area. Therefore, the prepared sample capacitance is not sufficient as a supercapacitor, and

it still needs further improvement.



Coatings 2022, 12, 1432

90f13

@), L ®),0 |
0% - 30° -
205} //:"/ 20°

S s| /f - o s

= 1x10 -/,./ = x10° b
= //' =

- o -

= 0 ///',r = ot

//
. PP
-1x10° | ra ,f 1108 |
7
|
10° -x10° |
30 | -30° b
L L L L 1 1 1 1 1 I 1 1

0.6 04 0.2 0.0 0.2 04
E (V) vs. SCE

E (V)vs. SCE

Figure 9. Cyclic voltammetry curves of prepared samples with different scanning rates: (a) 50 mV/s,
(b) 100 mV/s.

3.8. Charge and Discharge Test

Graphene conductive fabric is also investigated by a constant current charge-discharge
test, and the result is shown in Figure 10. The prepared rGO fabrics are charged and
discharged at a current of 10 pA. The discharge starts at the voltage of 0.8 V vs. SCE,
while the charge starts at 0 V vs. SCE. The charging-discharging process can be repeated.
During this process, the electrochemical performance almost does not decay, and the redox
reaction on the graphene fabric is completely reversible. The charge-discharge voltage
changes with time in a symmetrical triangular distribution, but its charge-discharge curve
is not perfectly linear, only quasi-linear. These are mainly because graphene contains some
oxygen-containing functional groups, which can provide a certain amount of pseudocapac-
itor, furtherly confirming the results of CV curves [48,49].
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Figure 10. The charge-discharge curve of the prepared samples.
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3.9. Oxidation of rGO Fabric in Air

To survey the electrochemical behavior and service life of rGO in a different envi-
ronment, the samples are placed naturally in an air environment, and their resistivity is
measured after 24, 48, and 72 h, respectively. The results are shown in Table 1. In this test,
the prepared conductive fabrics are naturally oxidized in the air, and their conductivity
is less affected within a certain time. Graphene oxide is a composite compound on the
surface of graphene that adsorbs a variety of oxygen-containing functional groups. After
chemical reduction (rGO), its conductivity gradually increases, and there is a certain band
gap, which is manifested in semiconductor electrical properties. In reduced graphene oxide,
the original complete graphene structure is isolated from the functional oxygen-containing
defect region, resulting in the migration of electrons between the complete graphene phase
and the defect region, which affects the conductivity of the materials. When GO is reduced
to rGO, its structure has good stability in air and can be stored for a long time [50].

Table 1. The resistivity of rGO fabrics in air with different test times.

The Original 24h 48 h 72h

Fabric resistivity

0/0m 6.44 6.57 6.88 6.91

3.10. Degradation of rGO Fabrics in 3% NaCl Solution

The rGO fabrics are immersed in 3 wt.% NaCl solution to study their degradation
behavior, and the results are shown in Table 2. After immersion for 2 h, the resistivity
almost remains unchanged. It indicates that although the test solution has certain erosion
on the prepared conductive fabrics, it will no longer affect the fabric after 2 h of immersion.
The weak binding of rGO and fabrics can be partially damaged, leading to a decline of
resistivity, but rGO has good stability, so the conductive ability of rGO fabrics changes
little with the increase of test time. So, rGO fabrics in 3 wt.% NaCl solution can only partly
be corroded.

Table 2. The resistivity of conductive fabric soaked in NaCl solution for different times.

Initial 1h 2h 3h

Fabric resistivity

0/0-m 6.39 15.23 21.32 21.64

SEM images of graphene conductive fabrics immersed in NaCl solution at different
times are shown in Figure 11. It can be seen that small white particles can be found on
the surface of the fabrics. The rGO film has a small layer spacing, and the Na* and CI1~
in the solution cannot enter the fabric [51], so the NaCl particles remain in the gaps of the
conductive layer after drying, which also has some effect on the conductive properties of
the fabrics.
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Figure 11. SEM images of graphene conductive fabric immersed in NaCl solution with a different
time (a—c) are immersed for 1, 2, and 3 h, respectively, and imaged at 1500 x magnification; images
(d—f) are the part enlarge of images (a—c), respectively.

4. Conclusions

Graphene conductive fabrics and their technological parameter were investigated.
The optimum number of dips for graphene conductive fabrics prepared by the dipping
method was five. When the number of dips was less than five, the amounts of GO attached
to the fabric were insufficient, so the resistivity was high. However, after dipping more
than five times, the change in resistivity was not obvious. The best reduction temperature
of GO conductive fabric prepared by the impregnation method was 95 °C. When the
reduction temperature was below 95 °C, the reduction time of GO significantly increased.
The optimum reduction time of conductive graphene fabrics was 40 min, and the optimum
concentration of the reducing agent was 0.06 mol/L. CV and charge-discharge tests also
showed the good electrical properties of the prepared samples. The prepared graphene
conductive fabrics partly deteriorated in 3 wt.% NaCl solution because of the partial loss of
their conductivity due to corrosion.
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