Cellulose (2020) 27:1763-1771
https://doi.org/10.1007/s10570-019-02884-1

)

Check for
updates

ORIGINAL RESEARCH

Washable, durable and flame retardant conductive textiles
based on reduced graphene oxide modification

Yintao Zhao - Jin Wang - Zengqing Li - Xiangwu Zhang - Mingwei Tian -
Xiansheng Zhang * Xuqing Liu * Lijun Qu - Shifeng Zhu

Received: 12 August 2019/ Accepted: 22 November 2019 /Published online: 2 December 2019

© Springer Nature B.V. 2019

Abstract Graphene has been highlighted in a variety
of wearable electronics and smart textiles applications
due to its unique properties such as high conductivity,
transparency, flexibility and other excellent mechan-
ical performance. Although there have been extensive
efforts for graphene based conductive fibers/yarns,
there are remaining challenges in terms of the
seamless integration between 2D flakes, and reduced
charge transport in a lower carrier concentration.
Unstable resistance probably arises from the creation
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of gaps in the conductive parts of the smart textile.
Also, regional temperatures can get too high, consti-
tuting a fire-safety hazard and endangering the
wearer’s safety. In this work, the synergistic effect
of graphene and flame-retardant materials was inves-
tigated, and a conductive fabric was developed which
is highly conductive and flame retardancy. Graphene
has excellent electrical and thermal conductivity and
acts synergistically with traditional flame-retardants
on common fabrics. The electrical surface resistivity
of hybrid material modified fabrics was as low as
0.54 kQ/sq, so they could serve as safe and highly
conductive conductor in a simple circuit and show
excellent wash-ability. The limiting oxygen index of
the fabric increased from 19 to 32 after modification in
conjunction with the residue at 800 °C increased from
17.9 to 31%, which could be used as safe and highly
conductive materials for smart textiles and wearable
devices.

Keywords Polyester/cotton fabric - Graphene

oxide - Phosphate flame retardant - Electrical surface
resistivity - Flame retardancy

Introduction

Smart textiles have increased exponentially in recent
years, being used in many applications such as health,
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sport, automotive, aerospace and military (Grancari¢
et al. 2018; Gu et al. 2010). To function as smart
textiles, electrical conductivity is a fundamental
essential (Zahid et al. 2017; Qing et al. 2019; Cataldi
et al. 2017). Many studies have been carried out to
fabricate conductive textiles according to these
demands and demonstrated in various applications
(Simorangkir et al. 2018; Atalay et al. 2018; Zhang
and Shi 2019; Huang et al. 2016). Unfortunately, the
risking of combustion of electrically conductive
fabrics in case of unstable resistance was neglected.
For functional textiles, such as fireman garments,
various flame retardants have been used to improve the
flame retardancy and thermal stability of textile
materials such as cotton, polyester/cotton, silk and
wool fabrics (Chen et al. 2019; Pan et al. 2018; Gashti
et al. 2012, 2013a; Gashti and Gashti 2013). However,
the flame-retardant treatment of the wearable elec-
tronics and smart textiles appears rarely in the
literature. The aim of the present work was to impart
electrical conductivity and flame retardancy to
polyester/cotton fabric which is the most widely used
fabric material for apparel and technical applications.

Graphene oxide (GO) is a graphene derivative with
many polar groups that can easily bind with fiber
surfaces (Qu et al. 2019), and it is hydrophilic and can
disperse in water readily (Saxena et al. 2011; Cai et al.
2017). Various reduction methods were developed to
restore its excellent thermal conductivity, electrical
conductivity, and mechanical performance (Gashti
and Almasian 2013; Fathy et al. 2019; Nooralian et al.
2016; Voiry et al. 2016). In recent years, many kinds
of conductive fabrics have been prepared using
reduced graphene oxide (Ding et al. 2019). A cotton
fabric with electrical conductivity was fabricated by
the deposition of graphene oxide dispersion and hot
press reduction, the sheet resistance of modified cotton
fabric reduced to 0.9 k€¥/sq (Ren et al. 2017). Nylon-6
yarns, cotton yarns, polyester yarns, and nonwoven
fabrics with conductivity were prepared successfully
with the addition of graphene oxide and bovine serum
albumin (Yun et al. 2013). Additionally, graphene
oxide together with other substances has been
employed to improve the flame retardancy of materials
(Tian et al. 2016; Liu et al. 2019; Feng et al. 2019). The
flame retardancy of polypropylene nanocomposites
was improved using graphene/multi-walled carbon
nanotubes (Huang et al. 2014). The intumescent flame
retardant poly(butylene succinate) composites with
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good flame retardancy were prepared with the appli-
cation of graphene (Wang et al. 2011). Thermal
stability and flame retardancy of epoxy resin were
significantly improved with the addition of graphene
nanosheets (Liu et al. 2014).

In this study, graphene oxide and phosphorus flame
retardant were chosen to modify polyester/cotton
fabric using the conventional dip-immersion method.
The structure, electrical resistance, flammability and
thermal property of the fabric have been investigated,
and a universal, safe, highly conductive textile mate-
rial was provided to be used in smart textiles and
wearable devices.

Materials and methods
Materials

Polyester/cotton fabric (PET/CO65/35, 238 g/mz) was
purchased from Qingdao Xu Teng Textile Co., Ltd.
Phosphate flame retardant (PFR) was provided by
Qingdao Lianmei chemical industry. Aqueous solu-
tion of GO (5 g/L) was prepared using flake graphite
powder according to modified Hummers’ method
(Zhao et al. 2018). Large flake graphite powder was
kindly provided by Qingdao Huatai Tech Co., Ltd.
Hydrochloric acid (37%), sulfuric acid (98%), and
other reagents were purchased from Tianjin Chemical
Reagent Co. Ltd. The reducing agent powder was
provided by Ji’nan Tian Shuo Chemical Co., Ltd. The
adhesive Goon was provided by Jiahong organic
silicon technology Co., Ltd. The distilled water was
used in the experiment.

Preparation of modified polyester/cotton fabric

The conventional dip-immersion method was used to
modify polyester/cotton fabric. The original fabric
(PET/CO), the fabric with reduced graphene oxide
(PET/CO-rGO), and the fabric treated with flame
retardant (PET/CO-PFR) were chosen as the control
samples. The preparation route of the modified fabric
(PET/CO-rGO-PFR) was shown in Fig. 1. The fabric
was firstly soaked in graphene oxide solution for 2 h to
become yellowish-brown and the fabric was squeezed
with a small rolling mill to dry at room temperature.
Secondly, the fabric was reduced at the temperature of
90 °C for 1.5 h and the color of the fabric changed to
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Fig. 1 Preparation route of PET/CO-rGO-PFR fabric

black, which was caused by the reduction of graphene
oxide. This step could be repeated many times to
obtain better electrical conductivity. Finally, the
sample was dipped and pressed twice in phosphate
flame retardant solution, and dried at 90 °C for
10 min, 150 °C for 3 min. To improve the durability
of the modified fabric, the sample was treated in
adhesive solution (Goon, 10 wt%) for 30 min and
dried at 100 °C for 15 min.

Characterization and measurement

Raman (DXR2, Thermo Scientific, America) spectra
were utilized to analyze the G and D peaks of graphene
oxide and reduced graphene oxide on the modified
fabric. Fourier transform infrared (FTIR) spectra of all
samples were obtained by NICOLET iS5 (Thermo
Scientific, America) within the wavelength
500-4000 cm~ ' (KBr disk). The microstructure of
samples was measured by scanning electron micro-
scope (SEM, EVO18, ZEISS, Germany). Four-point
probe technique (RTS-8, Probes Tech, China) was
utilized to measure the electrical conductivity, the
resistances of ten different positions were gauged to
obtain the average value.

The limiting oxygen index (LOI) was tested
according to ASTMD2863-08 standard, 10 specimens
were prepared for each sample with the size of
5 x 15 cm. Burning behaviors of samples were
measured by vertical flame test (VFT) based on GB/
T5455-1997 with the size of 5 x 12 cm. The thermo
gravimetric analysis (TGA, TG209F3, Tarsus, Ger-
man) was ranged from 50 to 800 °C with the heating
rate 10 °C/min.

Results and discussion

Raman spectroscopy and Fourier transform
infrared spectroscopy

Raman spectra were utilized to analyze the peaks on
PET/CO-GO and PET/CO-rGO. As shown in Fig. 2a,
G peak at 1590 cm™' was higher than D peak at
1310 cm ™" in PET/CO-GO. But the phenomenon is
quite different in Fig. 2b, D peak occupied the
dominant position and the intensity of D peak was
higher than G peak with the ratio of ID/IG was 1.23. It
can be attributed to the diminishment of sp” in average
size during reduction process. New graphitic domains

@ Springer



1766

Cellulose (2020) 27:1763-1771

o

ID/1G:0.91

Intensity (a.u)

T T T T T T T
2000 1800 1600 1400 1200 1000 800 600

Raman shift (cm")

C
1
YA
A"
AT
_ ¥ 1
o 17181 §
é y 1402
8 1580
s
s '
S
=
g
@
s
<
St
[-‘ 1
Y
3295
rGO
——PFR 1022

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm™)

ID/1G:1.23

Intensity (a.u.)

T T T T T T T
2000 1800 1600 1400 1200 1000 800 600
Raman shift (cm™)

lp 1no4

»\_,f——mm
a R
X : g 7
N ¥ '
D '
3] ! 1
- )
p=
=
£
w
=
<
1™
=

——PET/CO

PET/CO-rGO
PET/CO-PFR .
—— PET/CO-rGO-PFR
T T T

T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm™)

Fig. 2 Raman spectrum of a PET/CO-GO and b PET/CO-rGO, and FTIR spectra of ¢ rGO and PFR, d PET/CO, PET/CO-rGO, PET/

CO-PFR and PET/CO-rGO-PFR

established and their increase in number proved the
well reduction of GO (Stankovich et al. 2007).

The characteristic peaks of rGO, PFR, PET/CO,
PET/CO-rGO, PET/CO-PFR and PET/CO-rGO-PFR
were listed in Fig. 2c, d. The peaks of PET/CO
appeared at 1709 cm™', 1238 cm™!, 1104 cm™,
1025 cm™" were corresponding to stretching vibration
of C=0, asymmetric stretching of aromatic ester, ring
asymmetric stretching and stretching vibration of C-O
respectively. The peaks between 3600 and 3000 cm ™"
represented the hydrogen bonded OH stretching
(Carrillo et al. 2004; Alimohammadi et al. 2018;
Palaskar et al. 2011). After the final modification, the
new peaks appeared at 1667 cm™', 1545 cm™',
1420 cm™', 1238 em ™', 1025 cm™', 827 cm™' cor-
responding to the bond stretch of C=C, condensed
aromatic ring O—H, carboxylic O-H, P-O-C aromatic
stretching, C—OH stretching and P-CH, bond, respec-
tively (Carrillo et al. 2004; Palaskar et al. 2011; Gaan
and Sun 2007; Gashti et al. 2013a, b, c; Ren et al. 2007;
Shin et al. 1997). It indicated that the flame retardant
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and rGO were coated on the surface of the fabrics
successfully.

Morphology of polyester/cotton fabric

SEM was used to investigate the micromorphology of
samples and the images are illustrated in Fig. 3. The
surface of PET/CO was smooth without any other
substances seen from Fig. 3al, a2. After modified by
rGO, a thin film could be observed vaguely on the
surface of the fibers (Fig. 3bl, b2). Being treated by
PFR, the surface of fibers was covered with PFR as
shown in Fig. 3cl, c2. When reduced graphene oxide
and PFR were both introduced to the fabric, the
continuous and integrated film was formed on the
surface of the fibers showing the effective combina-
tion of PFR and rGO (Fig. 3d1, d2).
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Fig. 3 SEM images of al, a2 PET/CO, b1, b2 PET/CO-rGO, cl, ¢2 PET/CO-PFR, d1, d2 PET/CO-rGO-PFR

Electrical surface resistivity

As we all know, polyester/cotton fabric was non-
conductive. After once modification, PET/CO-rGO
and PET/CO-rGO-PFR showed small electrical sur-
face resistivity 2.104 k€Q/sq and 2.117 kQ/sq respec-
tively. With the increase of reduction times, the
electrical surface resistivity decreased furtherly. After
being reduced five times, the electrical surface resis-
tivity of fabric reached 0.551 k{/sq and it increased to

0.559 k€Q/sq after adding PFR which indicated that the
existence of PFR showed on negative effect on the
electrical conductivity. To show the practical appli-
cation, light bars and button batteries were connected
by PET/CO-rGO-PFR on T-shirt (Fig. 4a), the con-
necting mode of circuit was exhibited in the left
bottom of Fig. 4a. When the circuit was switched on,
the light bar lightened up.

To improve the washing fastness of PET/CO-rGO-
PFR, the adhesive was used after reduction and the

@ Springer
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Fig. 4 a T-shirts with circuits containing PET/CO-rGO-PFR, and the little picture in a is a circuit connected by PET/CO-rGO-PFR,
b correlation between electrical surface resistivity and washing cycles

electrical surface resistivity changed a little to
0.546 kQ/sq. The relationship between the electrical
surface resistivity and washing cycles was illustrated
in Fig. 4b indicating that PET/CO-rGO-PFR had good
wash resistance with the existence of adhesive.

Flame retardant property

The images of different samples after Vertical flame
test (VFT) were exhibited in Fig. 5a—d. The results
showed that PET/CO-PFR and PET/CO-rGO-PFR
extinguished themselves, while PET/CO and PET/

Fig. 5 Images of the samples after VFT a PET/CO, b PET/CO-rGO, ¢ PET/CO-PFR, d PET/CO-rGO-PFR, and under voltage
connecting e PET/CO, f PET/CO-rGO, g PET/CO-PFR, h PET/CO-rGO-PFR

@ Springer
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CO-rGO kept burning after ignition. The introduction
of tGO decreased the damage length from 3.7 to
3.3 cm compared with PET/CO-PFR. LOI test was
employed to investigate the flame-retardant property
of different samples. LOI values of PET/CO, PET/CO-
rGO, PET/CO-PFR and PET/CO-rGO-PFR were 19,
20.6, 31, 32, respectively, which indicated that rGO
had a synergetic effect on the flame retardancy.

The samples were exerted in the circuit for a long
time as shown in Fig. S5e-h. There were smoke and
spark of the electrically conductive fabric PET/CO-
rGO. After treated by PFR, the circuit operated safely
under the same conditions to avoid the combustion.

Thermal property

Thermal decomposing behaviors of four samples were
evaluated by thermo gravimetric analysis (TGA). TG
and DTG curves were shown in Fig. 6a, b. Figure 6¢, d
were bar graphs of key data in accordance with TG and
DTG curves.

Observing from Fig. 6a, c, the initial decomposi-
tion temperature of untreated PET/CO fabric was
274 °C while the temperatures of PET/CO-PFR and
PET/CO-rGO-PFR were both 127 °C. The existence

of PFR had great effect on the initial decomposition
temperature and the addition of rGO did not change
the result. The existence of rGO promoted the charring
of the fabric and the residues of samples at 800 °C
were 17.9%, 30.7%, 31%, respectively.

As shown in Fig. 6b, there were two peaks in the
DTG curves. The former corresponded to cotton while
the latter to polyester (Rahimi et al. 2011). Figure 6d
gave the specific data about DTG curve, the former
peaks of the sample treated by PFR and the sample
treated by PFR/rGO appeared at 290 °C, which were
lower than the original fabric at 355 °C. But the
decomposition rate slowed down from 0.37 to 0.23%/
°C. As for the second peaks, it slowed down from 1.51
to 1.33%/°C. It indicated that PFR lowered the weight
loss rate and the addition of rGO promoted it furtherly.
It can be interpreted as that phosphorus had a positive
effect on flame retardancy of cellulose fibers including
cotton and promoted the formation of carbon (EI-
Shafei et al. 2015). On the other hand, the reduced
graphene oxide affected the flame retardancy of
polyester for the char formation (Palaskar et al.
2011; Huang et al. 2012).
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Conclusions

In order to develop a non-ignitable electrically con-
ductive fabrics, reduced graphene oxide and phos-
phate flame retardant were used to modify
polyester/cotton fabric. There was cooperative effect
between reduced graphene oxide and the flame
retardant. Low electrical surface resistivity as
0.54 kQ/sq was achieved, and the introduction of
flame-retardant and adhesive had little effect on the
surface resistivity. Also, the modified polyester/cotton
fabric had good fastness to washing. The existence of
rGO improved the flame retardancy compared with the
fabric using PFR only. The value of LOI increased
from 19 to 32 and the vertical flame test indicated that
the damage length reduced to 3.3 cm during the
ignition time, while the original fabric got ruined
entirely. TG and DTG curves showed that thermal
stability of fabric improved significantly with a
decrease in the maximum mass lose rate.
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