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Facile construction of a flexible and wearable
electrode based on the hierarchical structure of
RGO-coated cotton fabric with amorphous Co-
Ni—B alloy

Wei Wang, €2 *2 Jishu Zhang,® Tao Li® and Shuo Wang**®

As an emerging energy storage material, amorphous Co-Ni-B alloy was firstly introduced to construct the
flexible supercapacitor electrode. To ensure the high electrochemical property, amorphous Co—Ni-B alloy
and RGO sheets were combined to form the three-dimensional hierarchical structure on the surface of the
cotton fabric, which was beneficial to enhance the electrochemical property. Notably, the preparation
conditions of this amorphous Co-Ni-B/RGO/fabric electrode were facile and mild with room
temperature and atmospheric pressure, thus avoiding serious damage to the textile fabric because of
high temperature and harsh chemical reactions of most preparation methods. This flexible electrode
exhibited an optimum specific capacitance of 313.9 F g™* at 5 mV s~ and good cycling stability with
specific capacitance retention of 85.0% after 3000 cycles. Such special architecture bestowed this
electrode with nice electrochemical property, in addition to great promising application in the

rsc.li/rsc-advances supercapacitor field.

Introduction

Substantial efforts have been made in the research of flexible
supercapacitors to meet the rapid development of wearable
electronic devices because flexible supercapacitors exhibit
outstanding mechanical flexibility, long lifespan, and high
power capability.'™ The electrochemical property of the super-
capacitor is mainly determined by the performance of the cor-
responding electrode material. Although a considerable mass of
electric double-layer and pseudo-capacitive materials were
developed for textile electrodes, the preparation methods for
most of the flexible electrodes are complicated, time-
consuming, and harsh,>* requiring high temperature, long
time, or hazardous solvent. Therefore, it is vital to explore the
novel electrode materials with high performance, in addition to
the facile, mild, and cost-effective preparation method.

Very recently, amorphous transition metal borides (TMBs)
have emerged as more attractive pseudocapacitive materials
due to their excellent electrochemical activity, special crystal
feature, as well as good thermal stability. The metastable crystal
structure, inherent defects, and sufficient ion diffusion chan-
nels the disordered long-range

resulted from atomic
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arrangement, which endows amorphous TMBs with the
improved electrochemical property. Therefore, the application
of TMBs has been expanded to the energy harnessing field from
luminescence, thermoelectric, and magnetic field."™* For
example, the specific capacitance of amorphous Ni-Co-B was
measured to be 2226.96 F g~ with a current density of 1 Ag™'.1?
Amorphous Co-Fe-B showed a good specific capacitance of 981
F g ' at the current density of 1 A g~ '.** Both of these flexible
electrodes exhibited splendid electrochemical characteristics.
Moreover, the preparation routes of these TMBs are simple,
mild, and cost-effective, only requiring 10 min for the chemical
reaction at room temperature and normal pressure. With these
excellent properties, TMBs will be one of the most promising
electrode materials, and hence an in-depth study is important.
However, only a few reports have focused on the research of the
electrochemical performance of TMBs. Accordingly, the binder-
free composite electrodes fabricated with TMBs for flexible
supercapacitors have rarely been reported.

Cotton fabrics possess intrinsic flexibility, porous structure,
lightweight, low-cost, biocompatibility, and comfortable sensa-
tion; thus, they have been regarded as an ideal platform for
a future flexible electrode.'*'®* However, the electrodes prepared
just with TMBs and cotton fabric possessed low electrochemical
conductivity, poor cycling stability, and low power density due to
the insulating property of the cotton fabric and required to inte-
grate extra conductive materials.”** In this regard, carbon mate-
rials like carbon nanotube and graphene are often introduced as
conductive and double-layer materials to improve electrochemical
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features.” As one of the typical TMBs, amorphous Co-Ni-B has
demonstrated its tempting pseudocapacitive storage properties.™
With these favorable features, amorphous Co-Ni-B was coupled
with carbon materials to construct a hierarchical structure to
impart cotton fabric the nice electrochemical property. Herein, the
cotton fabric with a hierarchical 3D porous structure was primarily
used as a structural backbone. In detail, the dipping-drying
method and chemical reduction method were adopted to
prepare this Co-Ni-B/RGO/fabric composite electrode. Based on
the aforementioned analysis, these preparation conditions were
mild and easy to control with room temperature, normal pressure,
and short reaction time, and were suitable for mass production.
Moreover, these conditions effectively avoid the damages to the
cotton fabric comparable to the high temperature and harsh
chemical reactions of most preparation methods.

Experimental

Materials

Cobalt nitrate hexahydrate (Co(NO;),-6H,0), nickel nitrate
hexahydrate (Ni(NOs),-6H,0), sodium borohydride (NaBH,),
sodium hydroxide (NaOH), and sodium sulfate (Na,SO,) were
purchased from Sinopharm Chemical Reagent Co., Ltd and
used without any further purification. Graphene oxide (GO) was
purchased from Beijing Boyu Co., Ltd. Woven cotton fabric was
purchased from Shaoxing Aobang Textile Company.

Fabrication of RGO/cotton fabric electrode

RGO/cotton fabric electrode was produced with the dip-drying
method according to the previous report.”> GO powder (0.1 g)
was added into 50 mL of double-distilled water and stirred for
30 min. Then, the suspension was sonicated for 30 min to
ensure the complete dispersion of GO. Moreover, the cotton
fabric was treated with 1 mol L™ of NaOH aqueous solution at
100 °C for 1 h to remove impurities and grease. Afterward, the
clean cotton fabric was placed into the aforementioned GO
dispersion for 30 min at room temperature and dried at 60 °C
for 2 h. To increase the payload of GO, this process was repeated
ten times. After that, GO/cotton fabric was immersed into
0.6 mol L™ of NaBH, for 6 h to reduce GO to RGO.

Fabrication of amorphous Co-Ni-B/RGO/cotton fabric
electrode

Co-Ni-B/RGO/cotton fabric electrode was prepared based on
Meng's report.' In detail, Co(NO;),-6H,0 powders and
Ni(NO;),-6H,O powders were firstly mixed under vigorous
stirring in 100 mL deionized water to obtain uniform dispersion
(solution A). Another 25 mmol of NaBH, and 5 mmol of NaOH
were mixed into 50 mL deionized water for 10 min (solution B).
After that, RGO/cotton fabric with a size of 1 x 2 cm” was dipped
into solution A for 30 min. Solution B was then added into solution
A drop by drop. The mixed solution was then stirred for another
10 min. Afterward, the treated cotton fabric was taken out and
carefully washed with doubly distilled water and ethanol. Finally,
Co-Ni-B/RGO/cotton fabric electrode was obtained after being
dried at 60 °C for 12 h. The molar ratio of Co(NO3),6H,O to
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Ni(NOy),-6H,0 was adjusted from 1:2to1:1 to 2 : 1, which was
denoted as Co1-Ni2-B/RGO/cotton fabric, Co1-Ni1-B/RGO/cotton
fabric, and Co2-Ni1-B/RGO/cotton fabric, respectively.

General characterization

The surface morphology of this electrode was examined with
a scanning electron microscope (SEM, SU8010, Hitachi) and
a transmission electron microscope (TEM, JEM-2100). The
elemental distribution was observed using elemental mapping
and energy dispersive spectrometer (SEM-EDS). The selected
area electron diffraction (SAED) patterns from HR-TEM
measurement and X-ray diffractometer (XRD) were employed
to confirm the crystalline structure of Co-Ni-B alloy. X-ray
photoelectron spectrometer (XPS, Thermo Scientific Escalab,
USA) was used to analyze the element compositions and chemical
bonding states of these electrodes. Electrochemical properties of
these electrodes were analyzed by cyclic voltammogram (CV) curve,
galvanostatic charge/discharge curve (GCD), and electrochemical
impedance spectra (EIS) with three-electrode configuration system
(CHI660E Instruments, Chenhua Instruments Corporation,
Shanghai). Specifically, the resultant fiber electrode with a size of
1cm x 1 cm, Ag/AgCl electrode, and Pt foil was used as a working
electrode, reference electrode, and counter electrode, respectively.
Na,SO,, with a concentration of 1 mol L™, was used as an elec-
trolyte. The specific capacitance of these electrodes was obtained
according to the following equation:

1 vo+AV
C= AV LO idV (1)

where C is the specific capacitance, s is the scan rate, m is the
active material mass, and AV is the voltage window.

C=(Ix AYI(AV x m) 2)

where C is the specific capacitance, I is the discharge current
(A), At is discharge time (s), AV is voltage window, and m is the
mass (g) of the active electrode materials.

Results and discussion

The preparation process diagram of Co-Ni-B/RGO/cotton fabric
composite electrode is presented in Fig. 1. The RGO/cotton

25°C,
Stirring

Dip-Dry

o ®
process L

Ni(NO,),-6H,0 ® Co(NO,),-6H,0® NaBH,®

Fig.1 The schematic diagram of the preparation process of Co—Ni-
B/RGO/cotton fabric composite electrode.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XRD patterns: (a) original fabric, RGO/fabric, and Co-Ni-B/RGO/fabric; (b) original fabric and Co-Ni-B/RGO/fabric with different molar

ratio of Co?*/Ni?*.

fabric composite with a size of 1 x 2 ecm® was firstly prepared
through the dip-drying method. In detail, the cotton fabric was
impregnated in 2 g L' of GO solution for 10 cycles, and each
dipping time was 30 min. Then, GO was reduced to RGO with
a NaBH, solution of 0.6 mol L. After that, RGO/fabric was
immersed in the mixture solution containing Co(NOs), 6H,0
and Ni(NOj),-6H,0 in different molar ratios for 10 min.

Subsequently, the aqueous solution containing NaOH and
NaBH, was cautiously added drop by drop. After reacting for
10 min, the Co-Ni-B/RGO/fabric electrode was taken out and
washed several times with doubly distilled water and ethanol.
Finally, the as-made sample was dried at 60 °C for 12 h.

Fig. 2a shows the crystal structure of the original fabric,
RGO/cotton fabric, and Co-Ni-B/RGO/cotton fabric composite

e,

B
b 48 500nm

Fig. 3 SEM images with different magnifications: Co2-Nil-B/RGO/cotton fabric (a and b); Col-Nil-B/RGO/cotton fabric (c and d); Col-Ni2-

B/RGO/cotton fabric (e and f).

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 43109-43116 | 4311


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06988d

Open Access Article. Published on 26 November 2020. Downloaded on 3/10/2026 10:51:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 4

electrode. The XRD patterns of diffraction peaks at 26 = 14.76°,
16.58°, 22.82°, and 34.10° exhibited typical cellulose I charac-
teristics of the cotton fabric.>® After being coated with RGO and
Co-Ni-B alloy, no new diffraction peaks were observed due to
their low amount compared with that of the cotton fabric
substrate. Even after changing the molar ratio of Co**/Ni**, no
new peaks can be seen in Fig. 2b. The forming mechanism of
Co-Ni-B was explained by the following reactions.**?*®

BH, + 3Co*" + 3H,0 < BO,  +3Co + 2H, + 6H*  (3)

BH,™ + 3Ni’* + 3H,0 < BO,™ +3Ni + 2H, 6H"  (4)

View Article Online

Paper

(a) EDS images with molar ratio of Col-Nil-B/RGO/cotton fabric and its corresponding mapping test (b).

BH, + 3H,0 < B+ 2.5H, + OH" (5)

The morphologies of Co-Ni-B/RGO/fabric composite elec-
trodes with different Co/Ni molar ratios, examined with SEM,
are shown in Fig. 3. In our previous report, the surface of RGO/
cotton fabric was covered by a wrinkled RGO sheet of several
micrometers.”® The SEM images with low-magnification
(Fig. 3a, ¢, and e) confirmed that Co-Ni-B nanograins were
uniformly grown on the surface of the RGO/fabric composite.
However, the SEM images of high magnification revealed that

Fig. 5 TEM images of Col-Nil-B/RGO/fabric (a and b) TEM images, (c) HRTEM Image, and (d) SAED pattern.
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Fig. 6 The full scan XPS spectra of Col-Nil-B/RGO/fabric electrode (a);
O 1s (f).

these nanograins were composed of numerous particles, as
shown in Fig. 3b, d, and f. With the ratio of Co>*/Ni** as 2 : 1,
this electrode exhibited the sheet structure, along with a partial
nanoparticle agglomeration (Fig. 3b). Upon changing the Co®"/
Ni*" to 1: 1, this electrode showed many nanoparticles with
intertwined nanoflakes, as displayed in Fig. 3d. The disordered
arrangement of nanoflakes brought about plenty of void spaces,
similar to a network. The three-dimensional hierarchical structure
on the surface of the cotton fabric was beneficial for improving the
kinetics.”**® When Co®'/Ni** ratio was 1:2, the sizes of these
nanoparticles with intertwined nanoflakes decreased compared
with those of the composite electrode prepared with Co>*/Ni*" of
1 : 1. Obviously, the microstructure of this electrode depends on the
molar ratio of Co”/Ni*', thus affecting its electrochemical
performance.

The mapping test clarified that B, Ni, Co, C, and O elements
all existed in this composite. The Co/Ni molar ratio was measured
nearly 1:1.29, which corresponded to Col-Ni1-B/RGO/fabric

This journal is © The Royal Society of Chemistry 2020
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high-resolution XPS spectra of Ni 2p (b), Co 2p (c), B 1s (d) C 1s (e), and

electrode from the EDS test (Fig. 4a). Moreover, the elemental
mapping method was adopted to analyze the elemental distribu-
tion on the surface of this fabric electrode. From Fig. 4b, it was
observed that five elements, Co, Ni, B, C, and O, were uniformly
distributed, suggesting that Co-Ni-B alloy was successfully
attached on the surface of the RGO/fabric composite electrode.
The typical TEM images of Co1-Ni1-B/RGO composite were
captured to examine the structural units on the surface of Co1-
Ni1-B/RGO/cotton fabric. Fig. 5a and b shows that flower-
shaped nanoparticles of 50-60 nm, which scraped off from
the cotton fabric composed of numerous Co-Ni-B nanosheets,
were tightly anchored on the graphene sheets, with the result
being consistent with those of SEM images. The HR-TEM image
of Fig. 5c displayed that no obvious crystal lattice was detected,
thereby demonstrating that Co1-Ni1-B alloy had an amorphous
structure. In addition, the selected area electron diffraction pattern
in Fig. 5d demonstrated the amorphous structure of Co-Ni-B with
diffused and broad rings. This result was consistent with the

RSC Adv, 2020, 10, 43109-43116 | 43113
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Fig. 7
made samples with different Co/Ni molar ratio.

previous reports, in addition to the merit of the disorder long-
range atomic arrangement of Co-Ni-B amorphous materials
leading to an outstanding electrochemical performance.»”

Five elements, Ni, Co, B, C, and O, were detected in the XPS
pattern, as shown in Fig. 6a, which was consistent with the EDS
result. The binding energy peaks of Ni 2p (Fig. 6b) spectrum was
measured at 855.7 eV, 862 eV, 873.5 eV, and 879.4 eV, attrib-
utable to Ni 2p;,, and Ni 2py.,, respectively,'*® thereby indi-
cating elemental and oxidation states of nickel. The XPS peaks
of Co 2p centered at 781.6 eV and 797 eV (Fig. 6¢) were ascribed
as Co 2p3/, and Co 2p4 5, respectively. In addition, the other two
peaks at 785 eV and 802.5 eV were assigned to shake-up satellite
peaks."** This result verified that cobalt was in elemental and
oxidation states. One typical peak at 191.5 eV, observed in the B
1s spectrum (Fig. 6d), corresponded to the oxidation state of
boron, which confirmed the typical characteristics of amor-
phous metal borides exposed to air.'** From Fig. 6e, four
obvious peaks at 288.9 eV, 287.9 eV, 286.6 eV, and 284.5 eV
detected in the C spectrum were ascribed to O-C=0, C=0, C-
O, and C-C, respectively. In addition, one peak at 531.2 eV was
found for absorbed O, in the O 1s spectra, as shown in Fig. 6f.

The effect of the electrode composition on electrochemical
properties was studied with cyclic voltammogram and galva-
nostatic charge/discharge process. From CV curves and GCD
tests (Fig. 7a and b), one can deduce that Co-Ni-B/RGO/fabric
composite electrode exhibited the best electrochemical perfor-
mance with the largest integral area and longest charge-
discharge time due to the high conductivity of RGO and storage

43114 | RSC Adv,, 2020, 10, 43109-43116
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(a) CV and (b) GCD curves of RGO/fabric, Co—Ni—-B/RGO/fabric, and Co—-Ni-B/fabric electrodes; (c) CV and (d) GCD curves of the as-

energy property of amorphous Co-Ni-B alloy." The specific
capacitance of RGO/cotton fabric resulted from the double-layer
mechanism of RGO, whose weakness is the low capacity.**** As
for Co-Ni-B/fabric composite, its specific capacitance origi-
nated from the pseudocapacitance mechanism. However, the
capacity was limited by the insulated cotton fabric substrate. In
other words, the improved electrochemical property of Co-Ni-B/
RGO/fabric was ascribed to the synergistic effect of conductive
graphene sheets and high capacitance of amorphous Co-Ni-B
alloy. Moreover, the special three-dimensional microstructure
was beneficial for the ionic transfer for Co-Ni-B/RGO/fabric
composite electrode.

The relationship between the molar ratio of Co/Ni and the
electrochemical properties was also detected, and the result is
shown in Fig. 7c and d. Clearly, the CV curve of Co1-Ni1-B/
RGO/cotton fabric was nearly the same as that of Co1-Ni2-B/
RGO/cotton fabric, while the closed circle area of Co2-Ni1-B/
RGO/cotton fabric was the smallest. Also, the GCD curves of
these three fabric electrodes were measured with a three-
electrode system. Obviously, the charge-discharge time of
Co02-Ni1-B/RGO/cotton fabric was shorter than those of Col-
Ni1-B/RGO/cotton fabric and Co1-Ni2-B/RGO/cotton fabric. It
seems that the electrochemical performance of Col-Ni2-B/
RGO/cotton fabric was better than that of Co1-Ni1-B/RGO/
cotton fabric due to the longer charge-discharge time.
However, its coulombic efficiency was slightly behind the Co1-
Ni1-B/RGO/cotton fabric.

This journal is © The Royal Society of Chemistry 2020
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Fig.8 (a) CV and (b) GCD curves of Col-Nil-B/RGO/fabric; (c) specific capacitance values calculated from CV curves with different scan rate;

(d) electrochemical impedance spectroscopy; (e) cycle life test; (f) flexibility test.

Based on the analysis, Col-Ni1-B/RGO/fabric exhibited
a stable electrochemical property among these three fabric
electrodes. Therefore, its electrochemical properties were
systematically analysed. From Fig. 8a, no obvious pair of redox
peaks was detected in all CV curves of Co1-Ni1-B/RGO/fabric
electrode with different sweep rates ranging from 5 to 100 mV
s, thereby confirming its double-layer behaviour. All the GCD
curves with different current densities in Fig. 8b were triangular
in shape with the current density of 1 mA cm 2, 0.5 mA cm ™2,
and 0.25 mA cm 2. The specific capacitance of Fig. 8c was
calculated to be 313.9F g ', 1989 F ¢ ', 1344 F¢g ', 74 F g™,
and 42.3 Fg 'atascanrateof 5mvs ', 10mvVs ', 20 mVs
50 mV s, and 100 mV s~ ', respectively. Moreover, the specific

This journal is © The Royal Society of Chemistry 2020

capacitance from galvanic discharge curves was calculated as
276.9 F ¢7',163.5 F g ', and 63.3 F g when the discharge
current was 0.25 mA cm 2, 0.5 mA cm 2, and 1 mA cm 2,
respectively. From Fig. 8d, the equivalent series resistance R
value was 22.5 Q, and charge transfer resistance R, value was 40 Q,
indicating the good electrical conductivity and fast reaction
kinetics. Moreover, consecutive charging/discharging test at 1 mA
em™? for 3000 cycles (Fig. 8e) revealed that this electrode retained
85.0% of initial specific capacitance, probably attributing to the
synergistic effect of amorphous Co-Ni-B alloy and conducive RGO
sheets. Also, this composite fabric electrode showed overlapped CV
curves with variable bending-releasing cycles, as described in
Fig. 8f. Even after 400 times, the CV curve of Co-Ni-B/RGO/fabric

RSC Adv, 2020, 10, 43109-43116 | 43115
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electrode was nearly similar to that of the initial electrode, which
indicated an ideal flexibility performance.

Conclusions

Co-Ni-B/RGO/fabric composite electrode was designed and
fabricated via a facile and mild method at room temperature,
normal pressure, and short reaction time, which helped in
reducing the damage to cotton fabric caused by the harsh
preparation conditions. Note that the three-dimensional
architecture composed of Co-Ni-B nanosheets and RGO
sheets guaranteed the fast diffusion of ions. With these special
features, Co-Ni-B/RGO/fabric electrode showed a good electric
capacity of 313.9 F g~ " with a scan rate of 5 mV s~ . In addition,
this fabric electrode showed proper stability with 85.0% reten-
tion of the specific capacitance after 3000 charge-discharge
cycles.
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