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Conductive yarns were successfully prepared through the assembly and reduction of graphene oxide on
the surface of viscose yarns and the relationship between network structure of yarn assembles and
electromechanical properties of knitted or weave fabrics was analyzed. The loop and interlacing struc-
ture, which were provided by knitted and weave fabrics respectively, could result in different electrical
properties under external stress because of the change of volume or contacting resistors of yarn as-
sembles. Herein, the stitch structure of fabrics was simulated as circuit model consisted of volume
resistance or contact resistors. Based on such models and volume and contacting resistors of yarns, the
simulated results agreed reasonably with the experimental data and major trends of both results were
consistent. In addition, with the deformation of topology structure of fabrics under drawing, the fineness
of yarns and densities of fabrics became changed, causing the increase or decrease of transfer rate of
electrons along the yarns. The results provided a theory basis for the design and preparation of flexible
conductive devices with the potential applications of energy storage/conversion, wearable sensor,
transparent conducting films, flexible cell and so on.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

During the past few decades, fibers made of carbon materials
(carbon nanotubes or graphene) or coated with conductive mate-
rials have been used as flexible conductive devices with applica-
tions in energy storage/conversion, wearable sensor, flexible solar
cells and so on [1-8]. Different conductive fibers, including carbon
nanotube (CNT) fibers, graphene fibers, MnO,/Zn,;Sn04/carbon fi-
bers, MnO;/activated carbon fibers and so on, have been fabricated
through wet spinning, dipping-drying treatments or roll-to-roll
approach [9].

Some researchers have reported that neat CNT or graphene fi-
bers could be fabricated through wet spinning and capable of
making electrodes and solar cells [10—12]. The CNT fibers prepared
by B. Vigolo et al., in 2000 exhibited excellent electrical conduc-
tivity (1000 S/m). Unlike the traditional strategies of continuous
fibers built up from one-dimensional CNTs, C. Gao et al. first
fabricated neat graphene fibers through the solution-based liquid
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crystal phase spinning of graphene oxide solutions and followed by
chemical reduction of HI solution. These graphene fibers showed an
electrical conductivity of 2 x 10 S/m. The most promising appli-
cations of graphene fibers are mainly attributed to fiber/woven
fabric supercapacitors.

X. Li et al. have fabricated the MnO,/Zn;Sn0O4/carbon fibers
hybrid composite by facile coating ultrathin films of MnO, to
Zn,;Sn04 nanowires grown on carbon fibers. The characteristics
offer the excellent rate capability with specific energy of 36.8 Wh/
kg and specific power of 32 kW/kg at density of 40 A/g respectively,
and 1.2% loss of its initial specific capacitance after 1000 cycles.
These composites are promising for next generation super-
capacitors [13]. In addition, they have also fabricated highly
conductive and flexible MnO-/activated carbon fibers composites,
and observed the excellent electrochemical performance of com-
posites [14].

Among kinds of flexible conductive materials, the fibers coated
with graphene through dipping, drying and reducing process have
attracted attention because of higher conductive efficiency and
better strain capacity under external force [15—19]. When these
fibers make electrically conducting assemblies, excellent electrical


mailto:zhuanghuanxia818@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2016.12.063&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2016.12.063
http://dx.doi.org/10.1016/j.carbon.2016.12.063
http://dx.doi.org/10.1016/j.carbon.2016.12.063
SH-USER1
Text Box
HPSTAR
477-2017


732 H. Ma et al. / Carbon 114 (2017) 731739

properties can be observed. Fabric electrodes with various distri-
butions of resistors can be assembled, displaying different volume
and contact resistance. In a fabric electrode, the whole resistance
was found to be in parallel-series to the connection of contacting
resistance of yarns, and for the single yarns, the resistance was a
parallel connection of the volume resistance. When the fabric
electrode was stressed, the topology of yarn assemblies and the
appearance of the yarn in contact positions transformed, resulting
in a change in volume and contacting resistors, until finally the
whole resistance of the fabric decreased or increased, depending on
stress direction. Thus, good understanding of the relationship be-
tween electromechanical properties and network structure of yarn
assemblies is the key to the successful design and preparation of
flexible conductive devices.

H. Zhang et al. have studied the electromechanical properties of
knitted fabrics composed of carbon fibers using a model of weft
plain knitting, and established a linear resistance-strain relation-
ship. This relationship was influenced by loop network structure,
and improved by series topology of fabrics, resulting in improve-
ment of the sensitivity of the sensors. In addition, the resistance of
the carbon fabric sharply decreased from about 3.5 x 10 Q to about
1.2 x 10* Q when the knitted fabrics has a maximum strain level at
20% due to the change of numbers of the contacting electrical re-
sistors [20].

Besides the network structure of fiber assemblies, the defor-
mation of fibers also affects the electrical resistance of resulting
systems [21,22]. In our work, the electrical properties of viscose
yarns with graphene coatings under tension were characterized
and simulation models were established. Based on such models, the
simulated equivalent resistance of fabrics could be calculated and
were used to compare with the experimental data. In addition, the
stitch structure of knitted and weave fabrics composed of
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Fig. 1. The model of loops of knitted viscose fabrics. (A colour version of this figure can
be viewed online.)

identical loops, whose equivalent resistance could be analyzed by
Kirchhloff's law [24]. As shown in Fig. 1, each loop was made up of
four contacting resistors (Rc) and five volume resistors (Rv), and
such nine resistors formed three closed circuits.

The voltage of three closed circuits was calculated by the
following Eq (1):

]3(RC]2 + RV]z) + I4Rvy1 — Iz(RCn + RV11) =0
)=0

. . . Ig(Rc Rvsy) — I4Rv, — I5(Rc3; + Rv 1
conductive yarns was analyzed. Moreover, the relationship be- IS(R 52+ R 32) [4 R2l %( 3 ]7 U 31 M
> , g 2(Req + Rvyp) +1I5(Rezp +Rvsg) =
tween electromechanical properties and stitch structure of both
fabrics was also explored. Resistor matrix could then be calculated as:
. RC“ + RVH + RC]Z + RV12 + RV21 7RV21 7RC1] — RV“
RXU = 7RV21 RVZ] =+ RC32 + RV32 + RC31 =+ RV31 7RC31 — RV31 (2)
—RC]] — RV]] —RC31 — RV3] RC” + RV11 + RC3] + RV3]
2. Materials and methods From Eq (2), Rc and Rv could be calculated, and finally, the re-
sistivity of fabrics could be obtained according to the network
2.1. Model of knitted or weave fabrics structure of the fabrics (Fig. 1) and expressed as:
. RC‘H +RV]1 +RC12 —|—RV12 +RV21 —RCH —RV]]
Rxj = |: : (3)

—RC1] — RV]]

Viscose, which was regenerated from cellulose, had large
deformation under stress due to breakage of hydrogen bonds be-
tween glucose chains and slippage of chains, resulting in a decrease
of fiber cross-section [23]. In our work, unit resistivity of knitted or
woven fabrics was composed of volume and contacting resistors,
and two different models were built.

The stitch structure of knitted fabrics consisted of many

Rci1 + Rvq1 + Rc3p + Rvsg + ... + Rcpp + Rvppg

where n is odd.

In plain weave fabrics (Fig. 2), the stitch structure was different
from that of knitted fabrics. Due to the presence of interlacing, the
contact resistance was negligible, and the whole resistance of the
fabric was related only to the volume resistance. According to these
studies, H. Zhang et al. has established a model of electrical network
and studied the electromechanical properties of polypyrrole-
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Fig. 2. The model of interlaced structure and weave fabrics. (A colour version of this figure can be viewed online.)

coated plain weave fabrics under uniaxial tension [25]. In our work,
the electromechanical properties of weave fabrics composed of
graphene-coated viscose yarns in diagonal direction were explored
by combining theoretical and experimental analysis. Here, the
volume resistor was divided into two sections according to warp
and weft, and the resistance of warp and weft was simply repre-
sented by Rp and Rt respectively. An interlace point of warp and
weft was considered as one unit, which included two Rp and two
Rt.

The resultant resistance of three closed circuits could be ob-
tained by the following Eq (4):

(Rty1 + Rpsy)ip — Rty1i3 =0 (4)

{ (Rt12 +Rpsy )it — Rp3qi3 =0
—Rp31i1 — Rty1ip + (Rp3g +Rtyq)i3 =U

Based on Eq (4), the resistance matrix could be calculated as:

. |Rtiz+Rp3;; O —Rps;
R - O Rt11 + Rp32 —Rt11 (5)
—Rp3; —Rt1q Rp3; +Rtyq

From Eq (5), Rp and Rt could be determined, and the resulting
resistance of fabrics could be expressed as:

For the preparation of reduced graphene oxide (RGO) coated
viscose yarns, flake graphene was first treated to obtain gra-
phene oxide (GO) according to the modified Hummer’s method
[26]. After that, GO coated viscose yarns (GO-VY) were prepared
through dipping-drying treatments (twelve cycles) of GO dis-
persions on the viscose yarns. Then, RGO coated viscose yarns
(RGO-VY) were prepared through the reducing treatment of GO-
VY with the introduction of N;H4-H,O solutions (3%). Finally,
conductive knitted and woven fabrics could be obtained
through the knitting or weaving of RGO-VY. In this manuscript,
the amount (11.55%) of RGO onto the surface of yarns was
calculated by TG curves of viscose fabric and RGO coated
viscose fabric.

2.3. Characterization

A HITACHI S-4800 scanning electron microscope was used to
characterize the morphology of the conductive fabrics using an
acceleration voltage of 1 kV. Before characterization, fabric samples
were coated with Au, employing an E1010 sputter coater (HITACHI,
Japan). XPS measurements of viscose fabric, GO and GO coated
viscose fabric were carried out on a spectrometer (XSAM800, Kra-
tos, UK) operated at 1486.6 eV.

To evaluate electromechanical properties of conductive knitted

Rty1 + Rpgy  —Rpgo 0 0 0 0 —Rty
—Rp42 Rt33 -+ Rp42 —Rt33 0 0 0 0
0 —Rt33 Rt33 + Rp3s  —Rpag 0 0 0
R"=10 0 —Rp3y Rtys +Rpsy  —Riys 0 0 (6)
0 0 0 —Rtys Rtg5 + Rpyg  —Rpog 0
—Rty; 0 0 0 0 0 -+ Rty +Rpgy +Rtyq +Rp3y

2.2. Materials and preparation

Commercial viscose yarns were kindly provided by Suzhou
Shuishan Industrial Co., Ltd, Jiangsu. Before usage, sodium hydrate
(NaOH) solutions were used to remove the oil impurities. Flake
graphene and other reagents, including sulfuric acid (H,SO4, 98%),
hydrogen peroxide (H,0,, 30%), hydrazine hydrate (N,H4-H50),
sodium nitrate (NaNOs) and potassium permanganate (KMnOy)
were all supplied by Sinopharm Chemical Reagent Co., Ltd.

and woven fabrics, a three-dimensional video microscope system
(KH-1300, HIROX, Japan) was used to record the change of stitch
structure under stress. The tensile strength was recorded in situ by a
2715 materials testing machine for yarns and a 5566 materials
testing machine for fabrics (Instron, America). The resistivity of
yarns and fabrics was measured with a 2010 multimeter (Keithley,
America) according to the International Electro Technical Com-
mission 93—1980, which was similar with the method reported by
some researchers [27].
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Fig. 3. XPS deconvoluted C1s component of viscose fabric, GO and GO coated viscose fabric.
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Table 1
The related results summarized from XPS images.
Samples C—C (at%) C—0 (at%) C=0 (at%)
284.6 eV 2859 eV 287.1 eV
Viscose fabric 43.27 43.62 13.11
GO 45.80 6.61 47.59
GO coated viscose fabric 46.24 36.91 16.85

3. Results and discussion
3.1. Morphology and electromechanical properties of RGO-VY
To confirm the presence of GO on yarn, the XPS images have

been provided (Fig. 3) and the results are summarized in Table 1. As
shown in Table 1, the C—0% of viscose fabric, GO and GO coated

Fig. 4. SEM images of original RGO-VY (A) and RGO-VY after the drawing treatment at different strain rate of 15% (B), 30% (C) and 45% (D). (A colour version of this figure can be

viewed online.)
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Fig. 5. Tensile strength and resistance of RGO-VY under strain.
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Fig. 6. The model of hook yarn. (A colour version of this figure can be viewed online.)

2Rv +Rc —Rc —Rv
R = —Rc 2Rv+Rc —Rv (7)
—Rv —Rv 2Rv
Rc = /29.25Rv? _R (8)
’ Rv

viscose fabric were 43.62%, 6.61% and 36.91% respectively, and
meantime, the C=0 % of viscose fabric, GO and GO coated viscose
fabric were 13.11%, 47.59% and 16.85% respectively. The decrease of
C—0% and increase of C=0 % of GO coated viscose fabric compared
with that of viscose fabric both suggests attachment of the GO onto
the surface of viscose fabric.

Fig. 4 shows the surface of RGO-VY before and after the drawing
treatment at strain rates of 15%, 30% and 45%. As shown in Fig. 4A, it
was observed that viscose yarns were uniformly coated into RGO
films. After the drawing treatment, the morphology of RGO films
was not obviously changed at strain rate of 15% and 30%. However,
under further drawing, RGO layers on the surface of yarns slipped
and the packing structure between layers became loose at strain
rate of 45%, resulting in the decrease of contacting area among RGO
layers or between RGO layers and viscose yarns (Seen from
Fig. 4B—D). Some researchers have reported that RGO can adhere to
the fabrics through strong hydrogen interactions, causing the

H. Ma et al. / Carbon 114 (2017) 731739

stability of assembly structure of RGO layers [28,29].

Strain-tensile strength and strain-resistance curves of RGO-VY
yarns are shown in Fig. 5. The initial resistance value of RGO-VY
was 89.22 kQ. At a strain rate of 23.67%, the resistance became
slightly decreased to 84.28 kQ. With further strain, the resistance of
RGO-VY sharply increased to 96.81 k2 at the maximum strain value
of 62.25%. The results demonstrate that before the onset of material
failure, the resistance exhibited an initial decline followed by an
ascent.

According to Fig. 1, the unit loop of knitted fabrics was composed
of four hook points and five line segments, and the simulated
model of each hook is illustrated in Fig. 6. The closed circuit is
comprised of four volume resistors and one contacting resistor.
According to Kirchhloff's law, R* is given by Eq (7) and the calcu-
lation of Rc follows in Eq (8). Strain-tensile strength and strain-
resistance curves of RGO-VY knitted fabrics are plotted in Fig. 7.

Initially upon strain the hook resistance R retained an average
value of 27.32 + 0.63 kQ. At 39.33% strain, R increased sharply to a
maximum value of 76.94 kQ. The resulting contacting resistance,
Rc, had an initial value of 281.78 k), and decreased with strain. At
25.88% strain, Rc = 266.18 kQ. With further strain, Rc rose slightly.
Upon yarn fracturing, Rc = 271.84 kQ, which was still smaller than
the initial value. These results provide experimental verification for
the theoretical analysis of the fabric resistance.

3.2. Electromechanical properties of conductive yarns assembles

The resistance of the fabrics could be simulated and compared
to experimental data (Figs. 8 and 9).

When knitted fabrics were drawn under transverse direction
(Fig. 8A), the experimental value of the resistance slightly
decreased from 8.75 kQ to a minimum of 8.42 kQ. At higher strain,
the resistance increased up to 12.96 kQ, at which point the strain
was 160.23% and the fabric fractured. During longitudinal drawing
of fabrics (Fig. 8B), the resistance increased from 11.98 kQ to
15.34 kQ, when the fabrics fractured (at a strain of 149.451%). The
woven fabrics exhibited a similar tendency under diagonal strain as
compared with the longitudinal drawing of knitted fabrics, and the
resistance changed from 0.96 kQ to 1.66 kQ until the fracture of the
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Fig. 7. R and Rc of hook site under strain. (A colour version of this figure can be viewed online.)
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Fig. 8. Simulated and experimental results of knitted fabrics under transverse (A) and longitudinal strain (B). (A colour version of this figure can be viewed online.)

fabric as shown in Fig. 9.

The simulated results agreed reasonably with the experimental
data (Figs. 8 and 9). The major trends of both simulated and
experimental data were consistent but had certain errors, which
may be caused by several reasons. (1) The fabrics were treated as
whole conductors in the simulation process, while in reality they
were composed of many fibers. (2) In the simulation process, the
hook sites and hook resistance were treated as static. In fact, during
strain of the knitted fabric, the hook sites slid relative to one
another and the resistance was dynamic. (3) The loops of knitted
fabrics and warp and weft of woven fabrics were treated as two-
dimensional plane models, when in fact the stitch structure oc-
cupies a three-dimensional spatial model and the yarn segments

were curved. (4) The fitting results of woven fabrics were poorer
than those of knitted fabrics; this was mainly due to the fact that
the angle of warp and weft was assumed to be constant when in
actuality it will deform upon strain. In addition, the contacting
resistance in woven model was ignored due to high complexity in
the calculation.

3.3. Deformation analysis of drawing fabrics

Fig. 10 shows the change of stitch structure of knitted fabrics
during strain. During transverse strain, loops were observed to
flatten, while during longitudinal strain the loops were found to
strain until they became lanky. A similar work by Wu et al.
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explained the computer simulation method for predicting the
deformation behavior of fundamental weft-knitted fabrics [30].

For both tensile processes, the morphology of yarn segments
changed from curved to linear with strain. Upon further drawing
the yarns became attenuated, resulting in a decrease of transfer rate
of electrons [31]. In the hook points, due to the increased strain, the
contacting area of yarns increased, accelerating the movement of
electrons [32]. It was concluded that the electrical properties of
conductive fabrics could be controlled by changing the character-
istics of yarns or the stitch structure of loops with different sizes
and/or tightness.

During strain of woven fabrics (Fig. 11), while drawing in a di-
agonal direction, the migration of warp and weft was observed and
the stitch density increased. When the fabrics were further drawn,
the fibers squeezed together and flattened, and finally the warp and
weft fibers formed an integrated whole with no observable gaps.
This process could change the contact area from point-to-point to
line-to-line and finally to face-to-face, resulting in an increase of
motion space of electrons and an improvement in transfer rate [25].
Thus, controlling the density of warp and weft is key to controlling
electrical properties when designing conducting woven fabrics. In
particular, fabrics with high densities exhibited smaller resistivity.

Model

l Model
\

Drawing

Fig. 11. Change of stitch structure of weave fabrics in the drawing process. (A colour version of this figure can be viewed online.)
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4. Conclusions

In our work, conductive viscose yarns were prepared through
the coating of graphene oxide and reduction of hydrazine hydrate,
and after that, knitted and woven fabrics could be obtained. Based
on the Rv and Rc of yarns and models of both fabric types, simu-
lation results of equivalent resistance of both fabrics could be ob-
tained. These agreed reasonably with the experimental data and
major trends of both results were consistent. In addition, when
knitted fabrics were drawn, the morphology of yarn segments
changed from curved to linear, and with further drawing, the yarns
became attenuated, resulting in a decrease in transfer rate of
electrons. For the hook points of knitted fabrics, the contacting area
between yarns was elevated during strain, accelerating the move-
ment of electrons. The fibers of the woven fabrics were squeezed
together and flattened when the fabrics were drawn until finally
the warp and weft yarns formed an integrated whole. This was
found to change the fiber contacts from point-to-point to line-to-
line and finally face-to-face, resulting in an increase of motion
space of electrons and improvement of transfer rate. The findings
presented here provide a fundamental guide to help the design of
flexible conductive fabrics with controllable electromechanical
properties.
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