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cobalt—iron—boron alloy for wearable electronics

Wei Wang - Tao Li * Yinyin Sun * Leigen Liu - Jianbing Wu - Gang Yang *

Baojiang Liu

Received: 5 April 2020/ Accepted: 28 May 2020/ Published online: 5 June 2020

© Springer Nature B.V. 2020

Abstract Developing a novel flexible textile-based
electrode with splendid electrochemical performance
for seamless embedding in smart clothing remains a
huge challenge. In this work, amorphous Co-Fe-B
alloy@RGO@cotton fabric flexible electrode with
outstanding electrochemical properties was prepared
through dipping-drying method and chemical reduc-
tion method at room temperature. The electrochemical
performance of this resultant composite material could
be controlled by adjusting the Co/Fe molar ratio. With
the molar ratio of Co/Fe 2:1, this flexible electrode
demonstrated the maximum specific capacitance
302.6 F/g at the scan rate 5 mV/s. Even after 3000
cycles of charge and discharge or being folded for 300
times, the fabric flexible electrode also maintained the
high specific capacitance retention, showing its supe-
rior stability and flexibility. In brief, this flexible Co—
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Fe-B@RGO @cotton fabric electrode with easy fab-
rication, low-cost, and splendid electrochemical per-
formance offers promising prospects in the field of
flexible and wearable electronics.

Keywords Amorphous - Fabric flexible electrode -
Co-Fe-B @RGO @fabric

Introduction

Flexible wearable electronic equipment is developing
rapidly because its use has brought about great
changes to people’s lives like the application of
Google Glass, implantable medical devices and so on
(Allison et al. 2017; Li et al. 2019a, b; Tebyetekerwa
et al. 2019). As an important and indispensable part,
flexible and lightweight energy storage devices with
outstanding electrochemical performance must be
developed to meet the growing requirements of these
personalized electronic technologies (Li et al.
2019a, b; Shen et al. 2017). Thereinto, supercapacitor
is considered as one of the most promising power
storage system due to its appealing properties like
ultrahigh power delivery and excellent life cycle (Heo
et al. 2018; Liu et al. 2018; Sung et al. 2018). Also
developing suitable flexible substrates and novel
electrode active materials with high electrochemical
performance are two critical factors to design and
prepare flexible supercapacitor.
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Numerous flexible and lightweight substrates
involved paper (Dong et al. 2016; Lin et al. 2017),
film (Chen et al. 2018; Hu et al. 2018; Luo et al. 2018,;
Nystrom et al. 2015; Zhang et al. 2015), spong
(Akanksha et al. 2019; Kyu et al. 2017), textile (Lima
et al. 2018), carbon fabric (Sun et al. 2019; Wang et al.
2019a, b) and other flexible materials (Liang et al.
2018; Qiu et al.2015; Wang et al. 2014a, b) were
extensively studied to prepare the flexible electrode.
Textile fabrics have been regarded as the ideal
candidate for the flexible electrode on account of their
porous nature, three-dimensional (3D) structure, large
surface area and desirable mechanical property (Jeong
et al. 2019; Liu et al. 2018). Moreover, textile-based
capacitors could be seamlessly integrated with cloth-
ing and garment. However, the fabric is the typical
non-conductor with the specific resistance of 10°-~10’
Q/sq (Zhao et al. 2017). Therefore, it is indispensable
to endow traditional fabric with high conductivity to
obtain high performance electrode.

Carbon materials involving carbon nanotube (Li
et al. 2019a, b), activated carbon (Xu et al. 2017) and
graphene (Chee et al. 2016; Feng et al. 2018) are one
kind of the most applied active materials in the
fabrication of textile-based supercapacitor. This use
not only attributed to their good electrical conductiv-
ity, but also their double layer capacitance properties.
Among these carbon materials, graphene is deemed to
a splendid conductive material and double layer
capacitor material for energy storage devices because
of its salient features, such as large specific surface
area, stable chemical properties and corrosion resis-
tance (Li et al. 2019a, b; Wang et al.2014a, b; Xing
et al. 2019). The large amount of hydroxyl and
carboxyl on the structure of graphene is conducive to
depositing it on the surface of the fabric surface
(Kowalczyk et al. 2017). Therefore, research on
graphene/textile composite electrode is growing
rapidly, and lots of devices with high performance
have been reported. Graphene/cotton fabric electrode
with specific capacitance of 40 F/g was prepared via
dipping-drying method in Xu’s report (Xu et al. 2015a,
b). Xing’s research team also prepared RGO-coated
fabric with high potential window and excellent
cycling stability through dry-coating method, fol-
lowed by chemical and microwave reduction (Li et al.
2019a, b). However, the lower energy density of
graphene/cotton cannot meet the requirements for
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wearable electronic system resulting from energy
storage mechanism of dual-layer materials.

To fabricate high performance electrode, pseudo-
capacitive active substances like transition metal
compound or conductive polymer are widely used to
combine with carbon materials because of their high
energy densities (Chen et al. 2017; Xiang et al. 2017).
Among them, transition metal compound materials
contained metal oxides, metal hydroxides, metal
sulphides and metal selenides, have been demon-
strated to display outstanding electrochemical prop-
erty (Senthilkumar et al. 2016; Wen et al. 2016; Yang
et al. 2014). Recently, the application of transition
metal boride (boron alloy) also has been extended to
wearable electronics from the field of electrocatalysis,
luminescence, oxygen evolution reaction and thermo-
electric (Raula et al. 2012; Wang et al. 2019a, b; 2015,
Zhou et al. 2012). Transition metal borides like Ni-Co-
B, Ni-B and Co-Fe-B have been confirmed to exhibit
super electrochemical performance accompanied by
the efficient ion and electron transport ability (Li et al.
2018a, b; Meng et al. 2019; Qin et al. 2018). Set
current density as 1 A/g, the specific capacitance of
amorphous Co-Fe-B alloy could reach 981F/g,
showing prominent -electrochemical performance
(Meng et al. 2019). The specific capacity of Ni-B
alloy was up to 137.9 mAh/g, which was ascribed to
large surface area and inherent abundant defects.
Notably, these metal borides were all amorphous
materials with long-range disordered and short-range
ordered property (Qin et al. 2018). According to
previous literature (Li et al. 2018a, b; Sayyed et al.
2017), larger surface area, more grain boundaries and
ion diffusion channels of amorphous materials are
beneficial for improving the electrochemical perfor-
mance (Li et al. 2018a, b). However, up to date, only
these reports focused on the energy storage properties
of amorphous boron alloy. With these remarkable
electrical conductivity, outstanding electrochemical
reactivity, easy to process and low-cost nature,
amorphous transition metal borides should be paid
more effort to further expand their application and
develop their charging and discharging mechanism.

In this paper, Co-Fe-B amorphous material
attached on RGO coated textile was firstly fabricated
by a facile dipping-drying method, followed with
chemical reduction technology. The preparation con-
ditions are simple and mild, avoiding the damage of
heat treatment to mechanical properties of textile
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fabric. The morphologies and electrochemical perfor-
mances of as-made electrodes with different Co/Fe
ratios were systematically investigated. The optimum
electrode exhibited high specific capacitance and good
cycle stability. This novel amorphous ternary Co—Fe—
B alloy@RGO@textile electrode is a promising
candidate for cost-effective practical application in
the field of wearable electronic.

Experimental procedure
Materials

Sodium hydroxide (NaOH), sodium borohydride
(NaBH,), sodium sulfate (Na,SQO,), cobalt nitrate
hexahydrate (Co(NOs3),-6H,O) and ferric chloride
hexahydrate (FeCl;-6H,0) were obtained from Sino-
pharm Chemical Reagent Co., Ltd. All reagents were
of AR grade without any further processing. Graphene
oxide (GO) was purchased from Beijing Boyu Co.,
Ltd. Woven cotton fabric was purchased from Shaox-
ing Aobang Textile Company.

Preparation of RGO @cotton fabric composite

RGO@cotton fabric composite electrode was pre-
pared using dipping-drying method according to
previous report (Xu et al. 2015a, b). 1 g of GO
powders were added into 0.5L of double-distilled
water under stirring. The above suspension was
sonicated for 30 min. And the commercial cotton
fabric was rinsed using NaOH aqueous solution
(1 mol/L) at 100 °C for 1 h. After being washed and
dried, the treated fabric was immersed into GO
dispersion for 30 min at normal temperature, and then
dried at 60 °C for 2 h. This dipping-drying process was
repeated for ten times to increase the load amount of
GO. Finally, 0.6 mol/L of NaBH, was used as
reductant to prepare RGO@cotton fabric composite.

Preparation of amorphous Co-Fe-B
alloy@RGO @cotton fabric electrodes

The preparation method of Co-Fe-B @RGO @cotton
fabric electrode was modified based on Meng’s report
(Meng et al. 2019). Detailed process was as followed:

Co(NOs),-6H,O powders and FeCl;-6H,O powders
were dissolved in 100 mL deionized water to form
clear solution A. 5 mmol NaOH and 25 mmol NaBH,4
were added into 50 mL deionized water to form
solution B. Then, RGO @cotton fabric with size of 1*2
cm? was immersed into solution A for 30 min.
Therewith, solution B was slowly added into solution
A drop by drop. The resulting solution was magnet-
ically stirred for another 10 min. Finally, Co—Fe-B
@RGO@cotton fabric electrode was washed with
double-distilled water and ethanol to eliminate possi-
ble impurities thoroughly, then dried at 60 °C for 12 h.
The total molar of Co®" and Fe*>" was 6 mmol. The
molar ratio of Co/Fe was set as 1:2, 1:1, 2:1, and 3:1,
corresponded to as-made sample Col-Fe2-
B@RGO@coton fabric, Col-Fel-B@RGO @cotton
fabric, Co2-Fel-B@RGO @cotton fabric, and Co3—
Fel-B@RGO@cotton fabric, respectively.

Characterization

The surface sheet conductivity of fabric electrode was
measured using four-point probe tester (RTS-8). The
surface morphology of textile electrode was measured
on the scanning electron microscopy (SEM, SU8010,
Hitachi) and a JEM-2100 transmission electron
microscope (TEM). The elemental distribution of as-
prepared sample was analyzed via elemental mapping
and energy dispersive spectrometer (SEM-EDS).
Selected area electron diffraction (SAED) pattern
was obtained from HR-TEM measurement. The
crystal structure of textile electrode was detected by
using an X-ray diffractometer (XRD) with Cu Ko
(40KV, 200 mA) wavelength. X-ray photoelectron
spectrometry (XPS, Thermo Scientific Escalab, USA)
measurement was adopted to detect element compo-
sitions and chemical bonding states of textile elec-
trode. The three-electrodes configuration (CHI660E
Instruments) was used to measure cyclic voltammo-
gram curves (CV) and galvanostatic charge/discharge
curve (GCD) of fabric electrode in 1 mol/L Na,SO,
electrolyte with Ag/AgCl electrode, Pt foil and fabric
electrode as reference electrode, counter electrode and
working electrode, respectively. Electrochemical
impedance spectra (EIS) was recorded in the fre-
quency range from 100 kHz to 0.1 Hz.
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Results and discussion

Structure of amorphous Co-Fe—-B
alloy@RGO@cotton fabric electrode

Schematic diagram to prepare amorphous Co—Fe-B
alloy @RGO@cotton fabric is shown in Fig. 1. As the
conductive agent and double layer energy storage
material, RGO nanosheets were uniformly deposited
on the surface of cotton fabric substrate using dipping-
drying method. Then, amorphous Co-Fe-B alloy
evenly distributed onto the surface of RGO @cotton
fabric through a facile chemical reduction method.
The whole preparation process was carried out at room
temperature, greatly reducing the damage to the
mechanical properties of fabrics.

The morphologies and structures of textile elec-
trodes with different Co/Fe molar ratio were measured
with a scanning electron microscope, and results are
shown in Fig. 2. Clearly, RGO sheet with a size of
several micrometers coated on the fabric was of a
wavy and wrinkled structure due to the deformation
upon the exfoliation and restacking process from
Fig. 2. After being introduced Col-Fe2-B alloy, large
sheet structure appears to be stripped into smaller
pieces with a few nanometer on the fabric substrate, as
shown in Fig. 3a, b and c. Changing Co/Fe molar ratio
from 1:2 to 1:1, the nanosheet structure transformed
into nanospheres with average diameters of 50-80 nm
(Fig. 3d, e and f). Interestingly, these two kinds of
morphologies included nanosheets and nanospheres
were both detected in the as-made fabric electrode

Co(NO,):6H,0 @

FeCl,-6H,0
NaBH,

with the Co/Fe molar ratio 2:1. As indicated in Fig. 3g,
h and i, some nanospheres filled in the gaps between
the nanosheets, which were favorable for exposing to
electrolyte and shortening the distance of ion diffusion
transportation. As for Co3-Fel-B@RGO@fabric
electrode, many nanospheres were wrapped by
nanosheets, as shown in Fig. 3j, k and 1. Co3-Fel—
B@RGO@fabric electrode was of flocculent-like
structure. This result showed that the content ratio of
cobalt and iron played an important role in the forming
of this material structure. With the increase of cobalt
content, the single structure of the material becomes
an obvious graded structure.

XRD patterns of textile electrodes with different
Co/Fe molar ratio and original fabric are shown in
Fig. 4. Obviously, the diffraction peaks at
20 = 14.36°, 16.36°, 22.60° and 33.98° were indexed
as cellulose I of cotton fabric. As for textile electrodes
with different Co/Fe molar ratio, no significant
diffraction peaks of amorphous Co-Fe-B alloy and
RGO were detected due to much weaker diffraction
peaks compared with those of fabric substrate. The
forming mechanism of Co-Fe-B was based on the
following reactions (Sayyed et al. 2017; Wei et al.
2018).

BH, + 3Co*" + 3H,0 — BO, + 3Co + 2H,
+6H" (1)

BH + 3Fe*" + 3H,0 — BO, + 3Fe + 2H, + 6H"
(2)

Y
o

Fig. 1 Schematic synthesis of amorphous Co—Fe-B alloy @RGO @fabric electrode
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Fig. 2 SEM images of RGO @fabric material

S00nm

Fig. 3 SEM images with different magnification: Col-Fe2-B@RGO @cotton fabric (a, b, ¢); Col-Fel-B@RGO @cotton fabric (d, e,
f); Co2-Fel-B@RGO@cotton fabric (g, h, i); and Co3-Fel-B@RGO @cotton fabric (j, k, 1)
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Co3-Fel-B@RGO@fabric

P

Co2-Fel-B@RGO@fabric
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Fig. 4 XRD patterns of original fabric and fabric electrodes
with different Co/Fe molar ratio

BH; +3H,0 — B+ OH™ + 2.5H, (3)

Furthermore, EDS patterns of these fabric elec-
trodes with different Co/Fe molar ratio were also
conducted to verify the existence of Co—Fe-B, and the
results are shown in Fig. 5a—d. Evidently, Fe, Co and
B signals were originated from Co—Fe—B alloy. C and
O peaks were ascribed to RGO and cotton fabric. The
molar ratio of Co/Fe for different samples almost
corresponded well to the proportion in the precursor
mixture. For example, the molar ratio of Co/Fe of
Co2-Fel-B@RGO @fabric sample was close to 2:1 of
the feed ratio. In addition, the elemental mapping
analysis was also performed to characterize the
distribution of these elements on the electrode surface,
and the corresponding pictures are shown in Fig. Se.

| weight(wt.%) | (%)

14.03 16.28
62.40 67.36
17.97 14.56
2.43 0.56

3.17 0.70

Fig.5 EDS results of the as-made samples a Col-Fe2-B@RGO @fabric; b Col-Fel-B@RGO @fabric; ¢ Co2-Fel-B@RGO @fabric;
d Co3-Fel-B@RGO @fabric; e elemental mapping of Co2-Fel-B@RGO @fabric sample
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The elements of Co, Fe and B were uniformly
distributed on the surface of RGO @fabric composite,
suggesting that Co-Fe-B alloy was successfully
attached on the RGO@fabric surface, which was
consistent with the above SEM results.

The surface element composition and element
valence of this Co2-Fel-B@RGO @fabric electrode

were determined using XPS technology. All binding
energies obtained were calibrated according to C 1 s
peak from graphitic carbon at 284.55 eV. The full
survey spectrum of Co2-Fel-B alloy @RGO @fabric
composite was shown in Fig. 6a. The high-resolution
XPS spectral signals of different element are shown in
Fig. 6b—f. As indicated in Fig. 6b, four peaks at

(a)

Ols

Co2p3

OKL1

Co2s

Cls

Intensity(a.u.)

(b)

Intensity(a.u.)

- Co2p3/2

Co2p

: Co2p1/2

T T L) L) L) L)
¥ ¥ v v J v 810 805 800 795 790 785 780 775
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Binding energy(eV) inding energy(eV)
(c) (d)
Fe2p :Fe2pl/2 . Fe2p3/2
5 3
g S
::. 4§.
2 ;]
E =
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Binding energy(eV) Binding energy(eV)

(e)

Intensity(a.u.)

T T
294 292 290

T
288

T T
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Fig. 6 XPS spectra of as-made sample with Co/Fe of 2:1 a full scan spectra; b Co 2p; ¢ Fe 2p;dB 1s;eC 1 s
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781.2 eV, 786 eV, 796.74 eV and 803.45 eV are
observed in the Co2p spectrum of Co2-Fel—
B @RGO@fabric composite. The peaks at 796.74 eV
and 781.2 eV were attributable to Co2pl/2 and
Co2p3/2 in the Co 2p spectrum. Peaks at 786 eV and
803.45 eV were assigned to shake-up satellite peaks.
This result showed that cobalt existed in elemental and
oxidation states. In Fig. 6¢c, XPS peaks of Fe 2p
centered at 711.8 eV and 725.7 eV were assigned to
Fe 2p3/2 and Fe 2p1/2, respectively. In addition, other
three weak peaks of 713.9 eV, 718.3 eV and 730.6 eV
were characterized as satellite peaks of Fe2p spectrum,
suggesting the presence of both elemental and oxi-
dized states. The Bls spectrum of Co2-Fel-B
alloy@RGO @fabric composite displayed one peak
at 192.17 eV, which showed that boron was in
oxidized states (Sayyed et al. 2017). In the high-
resolution XPS spectra of Cls (Fig. 6e), four peaks at
289.2 eV, 288.3 eV, 286.5 eV and 285.6 eV were in
agreement with O-C = 0O, C =0, C-O and C-C,
respectively. The peaks of C=0 and O-C=0
reflected the existence of RGO (Xiang et al. 2017).
Based on the above results, Co-Fe-B and RGO were
confirmed to coexist in the Co2-Fel-B@RGO @fab-
ric electrode composite.

Figure 7 depicts TEM images for the structure and
composition units of Co2-Fel-B@RGO composite
on the surface of fabric. Before TEM measurement,
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the Co2-Fel-B@RGO@fabric electrode was treated
with ultrasound for 1 h to make Co2-Fel-B and RGO
drop from off the cotton fabric. From Fig. 7a—c, Co—
Fe—-B alloy was well anchored on the surface of RGO.
It also proved that this product consisted of loose
flower-like morphology. From HR-TEM image in
Fig. 7c, no obvious crystal lattice can be detected.
This result showed that Co2-Fel-B alloy was of the
amorphous structure. Also, SAED image in Fig. 7d
clearly presented the broad and diffused halo ring
which verified the amorphous nature of Co2-Fel-B
alloy rather than well-defined single crystal. These
conclusions were consistent with the results observed
from SEM. According to previous reports, the essen-
tial defects or vacancies and long-range atomic
arrangement disorder of the amorphous materials
were beneficial for their excellent electrochemical
performance (Li et al. 2018a, b; Meng et al. 2019).

Electrochemical property of amorphous Co—Fe-B
alloy @RGO@cotton fabric electrode

The effect of Co/Fe molar ratios on the electrochem-
ical performances of as-made fabric electrodes were
analyzed with a three-electrode configuration, and the
result is shown in Fig. 8a. CV curves of these fabric
electrodes exhibited the approximately symmetric and
rectangular shape, showing the good capacitor

10 1/nm

Fig. 7 TEM images of Co2-Fel-B@RGO @fabric. a, b TEM images, c HRTEM Image, d SAED pattern
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Fig. 8 a CV and b GCD curves of as-made samples with
different Co/Fe molar; ¢ CV and d GCD curves of Co2-Fel-
B@RGO@fabric samples with different raw reactant

characteristic. Increasing the molar ratio of Co/Fe,
specific capacitance first increased and then decreased.
CV area of Co2-Fel-B@RGO @fabric electrode was
the largest among these four fabric electrode, indicat-
ing the best specific capacitance. Charge—discharge
curves of these four fabric electrodes at the same
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current density (0.5 mA/cm?) are depicted in Fig. 8b.
It was clear that Co2-Fe1-B @RGO @fabric electrode
was of the longest charge—discharge time, showing it
was of the best capacitive behavior. Maybe that the
spherical and lamellar mixed structure of Co2-Fel—
B@RGO@fabric electrode were favorable for
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exposing to electrolyte and shortening the distance of
ion diffusion transportation.

To investigate the effect of the concentration of raw
reactant on the electrochemical performance, CV and
GCD curves of Co2-Fel-B@RGO @fabric electrode
with different concentration were compared, (10 mV/
s; Fig. 8c and d). Obviously, Co2-Fel-B@RGO@-
fabric electrode with the concentration of 0.08 mol/L
had the maximum integral CV area and the longest
charge—discharge time, indicating the optimum elec-
trochemical performance. Based on these results
mentioned above, we deduced that the fabric electrode
with the Co/Fe ratio 2:1 and the raw reactant
concentration of 0.08 mol/L exhibited the best capac-
itive behavior.

Cyclic voltammogram curves of RGO @fabric
electrode, Co2-Fel-B@RGO@fabric electrode and
Co2-Fel-B @fabric electrode at the same scan rate of
10 mV/s were also measured to clarify the effect of
electrode structure on electrochemical characters. As
shown in Fig. 8e and f, CV curve area of Co2-Fel-
B@RGO@fabric electrode was the largest among
these three electrode, and this electrode also exhibited
a longer discharge time than Co2-Fel-B@fabric
electrode and RGO @fabric electrode. The low capac-
ity of RGO@fabric electrode was ascribed to the
double-layer mechanism. Although the specific capac-
itance of amorphous Co—Fe—B alloy was high (Meng
et al. 2019), the cotton fabric is an insulator which
resulted in a low electrochemical performance. There-
fore, the combination of graphene sheets and amor-
phous Co2-Fel-B created a synergistic effect to
enhance the electrochemical capacitance. Generally,
conductivity, crystalline structure and morphology of
electrodes play the key effect on their electrochemical
performance. The best electrochemical performance
of Co2-Fel-B@RGO@fabric was ascribed to its
loose hierarchy nanostructure, which provide a high-
speed pathway for ionic transportation to enhance
electrochemical reaction. In addition, the incorpora-
tion of RGO could significantly improve electrical

Table 1 The sheet resistance of different samples

conductivity of composite electrode (as shown in
Table 1), thus facilitating the transport of charge
carriers. Moreover, amorphous Co-Fe-B alloy also
had been confirmed to exhibit the good conductivity in
previous report (Meng et al. 2019). Therefore, the
synergistic effect of Co—Fe-B and RGO is beneficial
for the high conductivity of Co2-Fel-
B @RGO@fabric.

In addition, CV curves of Co2-Fel-B@RGO@-
fabric composite material at variable scan rates from
5 mV/s to 50 mV/s are shown in Fig. 9a. All these
curves were of nearly rectangular shape, indicating the
outstanding electrochemical capacitor behavior even
at higher scan rate of 50 mV/s. The specific capaci-
tances were calculated from the CV curves were
approximately 302.6F/g, 196F/g, 141F/g and 77.2F/g,
corresponding to scan rate 5 mV/s, 10 mV/s, 20 mV/s
and 50 mV/s, respectively (Fig. 9b). As expected, the
specific capacitance decreased as the scan rate
increased. Figure 9c showed the GCD curves of
Co2-Fel-B@RGO@fabric electrode under different
current density. The composite electrode presented
nearly similar curve shapes at current densities of
0.25 mA/cm?, 0.5 mA/cm? and 1 mA/cm?, demon-
strating an ideal capacitor behaviour. To further study
energy storage mechanism of Co2-Fel-B@RGO@-
fabric electrode, EIS measurement was studied. From
the inset of Fig. 9d, the simulation circuit was fitted
according to EIS spectra with Zview software.
According to the previous reports (Allison et al.
2017; Liet al. 2019a, b, 2018a), Rs, Rct, CPE and Zw
are four important parameters to analyze the ion
transport ability of as-made electrode. Rs is the
intercept of compressed arc at real axis, meaning the
solution resistance resulted from the electrolyte. Rct is
the diameter of the semiarc, depicting the charge
transfer resistance arising from the interface between
electrode and electrolyte, CPE is the constant phase
unit and Zw is the Warburg diffusion resistance (Wan
et al. 2017; Xu et al. 2015a, b). As for Co2-Fel—
B@RGO@fabric, Rs value is 20.02 Q, showing a

Sample RGO @fabric Co2-Fel-B@RGO Co2-Fel-B @fabric
@fabric
Sheet resistance 201 Q/sq 142 Q/sq -
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Fig. 9 The capacity of Co2-Fel-B@RGO@fabric electrode.
a CV curves at different scan rates; b specific capacitance values
calculated from CV curves with different scan rate; ¢ GCD

splendid electrode conductivity, while Rct is about
37.58 Q, indicating a fast charge transfer during the
electrochemical reaction. The 45° Warburg region
exhibited a short projected length in the medium-

Cycle numbers

curves at different current densities; d Electrochemical
impedance spectroscopy; e flexibility test; f Cycle life test

frequency, meaning a short ion-diffusion. In low
frequency region, Co2-Fel-B @RGO @fabric exhib-
ited the vertical line, showing the good capacitive
behavior (Wan et al. 2017). To further explain the best
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Fig. 10 Electrochemical impedance spectroscopy of RGO @fabric and Co2-Fel-B @fabric

ion transport ability of Co2-Fel-B@RGO@fabric
electrode, EIS results of RGO @fabric and Co2-Fel—-
B @fabric were also provided, as shown in Fig. 10. Rs
and Rct of Co2-Fel-B@fabric composite electrode
were 115.8 Q and 170.4 Q, while those of RGO @-
fabric composite electrode were 42.8Q and 262.5Q.
Clearly, Co2—-Fel-B @RGO @fabric has the smallest
Rs (20.02Q) value and Rct (37.58Q), meaning the
highest electrode conductivity and fastest charge
transfer. In low frequency region, Co2-Fel-
B @RGO@fabric also exhibited the most vertical line,
showing the optimum capacitive behavior. This result
mentioned above demonstrated that Co2-Fel-
B@RGO@fabric flexible electrode was of the best
electronic transport ability among these three samples.

The flexibility of Co2-Fel-B@RGO @fabric elec-
trode was studied through bending tests, and the result
is presented in Fig. 9e. It was significant that the
composite fabric electrode was of excellent bending
properties due to overlapped CV curves at different
bending cycles. Even being bended for 300 times, CV
curve of the electrode was basically identical with that
before being bended, suggesting a superior excellent
flexibility performance of this electrode.

GCD measurement was also adopted to study the
electrochemical stability of as-fabricated Co-Fe—B B
alloy @RGO@fabric electrode, and the results are
observed in Fig. 9f. The test was performed for 3000
cycles in 1 mol/L of Na,SO, solution at a current
density of 1 mA/cm?, which demonstrated excellent
cycling stability. After 3000 cycles, the capacitance

@ Springer

retention of Co2-Fel-B @RGO @fabric electrode was
over 85%.

Conclusion

In summary, amorphous Co—Fe—B alloy @RGO @fab-
ric flexible electrode was firstly designed through
simple dipping-drying method combined with chem-
ical reduction at room temperature. Compared with
RGO@fabric and Co-Fe-B alloy@fabric electrode,
amorphous Co-Fe-B alloy@RGO@fabric electrode
showed a maximum specific capacity of 302.6F/g
when the scan rate was 5 mV/s. The enhanced
capacity of this electrode was mainly due to synergis-
tic effect of high conductivity, more accessible
electroactive sites, and rapid electron collection effi-
ciency. This amorphous Co—Fe-B alloy @RGO @fab-
ric electrode also showed excellent flexibility because
it could be bent for 300 times without obvious loss of
capacitive performance. Based on the results men-
tioned above, this novel flexible electrode has a
promising application in wearable energy storage
device.
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