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Emerging fiber-shaped supercapacitors have been considered as promising new-state energy storage
devices for next-generation wearable electronics. However, the limited energy densities arising from the
small specific capacitance and low operating voltage severely restrict their practical application. Here, we
develop a facile and effective method to directly grow dandelion-like molybdenum—nickel—-cobalt
ternary oxide (MNCO) nanowire arrays (NWAs) on carbon nanotube fiber (CNTF) with a high specific
capacitance of 490.7 F cm™> (1840 mF cm™2) at a current density of 1 mA cm~2. Benefiting from the
three-dimensional nanostructure, high conductivity and excellent pseudocapacitance properties, we
successfully fabricate a fiber-shaped asymmetric supercapacitor (FASC) with a maximum operating
voltage of 1.6 V, which is assembled by twisting a MNCO/CNTF positive electrode and thin carbon-
coated VN NWAs on CNTF negative electrode together with KOH/poly(vinyl alcohol) (PVA) as the

gel electrolyte. The optimized FASC delivers a remarkable specific capacitance of 623 F cm™
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Accepted 14th August 2017 (233.7 mF cm™2) and an exceeding energy density of 22.2 mW h cm™ (83.1 uW h cm™2). Additionally, it

exhibits outstanding flexibility with capacitance retention maintained at 90.2% after bending 3500 times.
Thus, the high performance MNCO/CNTF electrode opens a new avenue to fabricate high-performance
FASCs for next-generation wearable energy storage devices.

DOI: 10.1039/c7ta06353a

rsc.li/materials-a

materials have been widely applied as conductive substrates to
fabricate high-performance FSCs.'*" Among these FSCs,

Introduction

As a new type of energy storage device for portable and wearable
electronics, flexible supercapacitors have been attracting
tremendous attention owing to their high power density, fast
charge/discharge capability, long cycle life and outstanding
flexibility."® Compared with conventional two-dimensional
supercapacitors,”>'® fiber-shaped supercapacitors (FSCs) with
tiny volume, extraordinary flexibility and remarkable weav-
ability are particularly intriguing."*"*® Recently, various fibrous
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carbon nanotube fibers (CNTFs) are identified as promising
candidates for fibrous electrodes due to their extraordinary
structural flexibility, remarkable mechanical strength and high
electrical conductivity.>*>

Although extensive efforts have been made to develop high-
performance FSCs, it is still a key challenge to obtain high
energy density without sacrificing their power density and cycle
life for their practical application.**?* According to E = 1/2CV?,
we can clearly see that the energy density (E) can be improved by
increasing the specific capacitance (C) or extending the oper-
ating voltage (V).">'7** Thus, an effective strategy to increase the
energy density is to fabricate asymmetric supercapacitors which
make full utilization of the operational windows of both positive
and negative electrode materials.>*** However, it is difficult for
asymmetric FSCs with low energy density that results from the
material's low specific capacitance to meet the ever-growing
energy demand in wearable electronics. Therefore, it is highly
desirable to synthesize highly capacitive electrode materials.
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Owing to its high specific capacitance, simple and green
synthesis methods and low cost, Co3;0, has been intensively
investigated as one of the most promising positive electrode
materials for high-performance supercapacitors.**** However,
the low conductivity that results in slow electron transfer limits
the electrochemical performance of the as-fabricated super-
capacitors.* To date, an effective strategy to improve the elec-
trochemical performance of Co;0, is to construct complex
oxides ascribing to enhanced electronic conductivity and elec-
trochemical activity with the presence of mixed valence metal
cation.’** Recently, Zhang and co-workers reported zinc-
nickel-cobalt ternary oxide nanowire arrays that directly grew
on nickel foam with a high specific capacitance of 2481.8 F g™ *
at 1 A g '. Compared with according mono-metal oxide and
binary-metal oxide, zinc-nickel-cobalt ternary oxide nanowire
arrays possess higher specific capacitance due to high electrical
conductivity, which is in favor of fast charge transportation at
the electrode/electrolyte interface.”® As is well known, three-
dimensional hierarchical architectures can provide ultrahigh
surface areas, which would benefit electrolyte access to the
electrode and accelerate electron and ion transport.>**>** Here,
a facile and effective method was successfully developed to
directly grow hierarchical dandelion-like molybdenum-nickel-
cobalt ternary oxide (MNCO) nanowire arrays (NWAs) on CNTF
as a novel binder-free electrode. As for the MNCO/CNTF elec-
trode, Co and Ni exhibit ultrahigh capacitive performance and
Mo can improve the electrical conductivity. Therefore, the as-
prepared dandelion-like MNCO is expected to be a promising
alternative to state-of-the-art positive electrode materials.

Herein, we successfully prepared a high-performance and
wearable fiber-shaped asymmetric supercapacitor (FASC) with
a maximum operating voltage of 1.6 V by utilizing hierarchical
dandelion-like MNCO/CNTF as the positive electrode and
VN@C/CNTF as the negative electrode (denoted as VN@C/
CNTF//MNCO/CNTF). The optimized device exhibits a remark-
able specific capacitance of 62.3 F cm ™ (233.7 mF em™>), a high
energy density of 22.2 mW h em™ (83.1 4W h em™>) and an
extraordinary power density of 2133.3 mW cm > (8000 pW cm™2),
which are higher than most reported values for similar FASCs.
Additionally, the as-assembled devices show negligible degrada-
tion of their electrochemical performance after bending 3500
times, demonstrating their excellent flexibility. Thus, this work
opens an avenue to develop high-performance fiber-shaped
energy storage devices for portable and wearable electronics in
the future.

Experimental section

Synthesis of hierarchical dandelion-like MNCO NWAs on
CNTF

The hierarchical dandelion-like MNCO NWAs supported on
CNTFs were synthesized via a simple two-step method
including a facile hydrothermal process and a post annealing
treatment. First, CNTFs were treated in O, plasma for 5 min at
150 W. In a typical process, 0.5296 g ammonium molybdate
tetrahydrate ((NH4)¢M0,0,,-4H,0), 1.7462 g cobalt nitrate
hexahydrate (Co(NOj),-6H,0), 0.87237 g nickel nitrate
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hexahydrate (Ni(NOj3),-6H,0), 0.7207 g urea (CO(NH,),) and
0.1482 g ammonium fluoride (NH,F) were dissolved in 80 ml
deionized water under magnetic stirring for 30 min to form
a homogeneous red solution. Then the prepared aqueous
solution and the pre-treated CNTFs were transferred into
a 100 ml Teflon-lined stainless steel autoclave. The autoclave
was sealed and kept at 130 °C for 5 h and naturally cooled down
to room temperature. Thereafter, the resulting CNTFs covered
with the MNCO precursor were taken out and carefully rinsed
with deionized water several times and then vacuum dried at
60 °C for 12 hours. Finally, the hybrid fibers were directly
annealed in a furnace at 350 °C in air for 4 hours to obtain the
target samples. Simultaneously, CNTF supported Co;0, NWAs
were prepared via a similar approach for comparison.

Fabrication of FASCs

The FASC devices were assembled by utilizing hierarchical
dandelion-like MNCO/CNTFs as positive electrodes and VN@C/
CNTFs as negative electrodes with KOH/poly(vinyl alcohol)
(PVA) gel electrolyte. The KOH/PVA gel electrolyte was prepared
by mixing 11.2 g KOH and 10 g PVA in 100 ml distilled water
with vigorous stirring at 95 °C for 2 h until the mixture became
clear. After that, both MNCO/CNTF and VN@C/CNTF electrodes
were immersed into the KOH/PVA gel electrolyte for 10 min and
subsequently dried at 60 °C for 2 h. Finally, the all-solid-state
device was assembled successfully by twisting these two elec-
trodes together and allowed to dry overnight until the KOH/PVA
gel electrolyte solidified completely.

Materials characterization

Morphology information of the samples was characterized
utilizing a scanning electron microscope (Hitachi S-4800, 5 kV)
and the microstructure was observed on a Tecnai G2 F20 S-Twin
transmission electron microscope (TEM). High-resolution TEM
images were recorded on an FEI Tecnai G2 20 high-resolution
transmission electron microscope at an acceleration voltage of
200 kV. The crystal structure of the samples was identified
utilizing a Rigaku D/MAX2500 V X-ray diffractometer (XRD) with
Cu Ko radiation (A = 1.5418 A). The chemical composition and
oxidation states were analyzed by X-ray photoelectron spec-
troscopy on an ESCALAB MKII X-ray photoelectron spectrom-
eter with non-monochromatized Mg Ka X-rays as the excitation
source.

Results and discussion
Fabrication, structure and morphology of MNCO

Hierarchical dandelion-like MNCO NWAs were directly grown
on CNTF (Fig. S17) via a simple two-step method including
a facile hydrothermal approach and a subsequent annealing
process. As shown in Fig. 1a, the nanowire-assembled dande-
lions are densely and uniformly distributed on the entire
surface of CNTF. Furthermore, the magnified scanning electron
microscope (SEM) image displayed in Fig. 1b clearly demon-
strates that these nanowire-assembled dandelions are well
arranged with a diameter of about 11.3 pm. Significantly, such

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (aand b) Typical SEM images of dandelion-like MNCO NWAs on CNTF at increasing magnifications. (c) TEM image and corresponding EDX
mappings of Co, Ni, Mo and O for an individual MNCO nanowire. (d) High-resolution TEM image of an individual MNCO NW from (c).

aradial arrangement is able to provide an ultrahigh surface area
for rapid reversible faradaic redox reactions, thus improving the
electrochemical performance. Additionally, the energy-
dispersive X-ray spectrometry (EDX) mapping results evidently
identify that the elements Mo, Co, Ni and O are homogeneously
distributed on the whole nanowire (Fig. 1c). As displayed in
Fig. S2,} all X-ray diffraction (XRD) peaks of the MCNO could be
indexed to the spinel Co;0, phase (JCPDS 74-1656). Owing to
the introduction of Mo and Ni, the diffraction peaks shift
slightly and no additional peaks for other phases are
observed.*>*>** As shown in Fig. 1d, the high-resolution trans-
mission electron microscopy (TEM) image reveals clear lattice
fringes and an interplanar spacing of about 0.24 nm, corre-
sponding to the (311) plane of MCNO, which agrees well with
the XRD result. The detailed elemental compositions and elec-
tronic states of the as-prepared MNCO are further analyzed by X-
ray photoelectron spectroscopy (XPS). The survey spectrum
(Fig. S31) and high resolution XPS spectra (Fig. S4t) confirm the
coexistence of Co, Ni, Mo and O, further supporting the
successful preparation of MCNO electrode materials.

Electrochemical behaviors of the MNCO/CNTF electrode

The electrochemical performance of the as-fabricated elec-
trodes was measured with a three-electrode system in 3 M KOH
aqueous electrolyte. The MNCO/CNTF was directly utilized as
the working electrode; a Pt wire and Ag/AgCl were selected as
the counter and reference electrodes, respectively. Fig. 2a
compares the galvanostatic charge-discharge (GCD) curves of

This journal is © The Royal Society of Chemistry 2017

pristine CNTF, Co;0,/CNTF and MNCO/CNTF electrodes at the
same current density of 1 mA cm ™ at a potential sweep window
of 0-0.4 V. It can be clearly seen that the pristine CNTF shows
a much shorter discharge time compared with those covered
with electrochemically active materials, thus indicating the
negligible contribution of CNTF to the capacitance of hybrid
fibers. It should be noted that the discharge time of the MNCO/
CNTF electrode is evidently longer than that of the Co;0,/CNTF
electrode (the structure and morphology of Co;0, are further
confirmed in Fig. S51), indicating its enhanced specific capac-
itance, ascribed to the three-dimensional hierarchical nano-
structure and the low equivalent series resistance in the
electrochemical impedance spectroscopy (EIS) (Fig. S6t) after
the introduction of Ni and Mo elements. Fig. 2b presents the
cyclic voltammetry (CV) curves of the MNCO/CNTF electrode at
various scan rates ranging from 1 to 10 mV s '. All curves
display distinct redox peaks, indicating rapid reversible faradaic
redox reactions on the surface of the electrode. The nonlinear
and asymmetric GCD curves of the MNCO/CNTF electrode are
obtained at different current densities from 1 to 10 mA cm 2,
further implying ideal pseudocapacitive properties (Fig. 2c).
Fig. 2d shows the calculated areal and volumetric specific capac-
itances of the MNCO/CNTF electrode according to the GCD
curves. Notably, a high specific capacitance of 490.7 F ¢m ™3
(1840 mF cm™?) can be achieved at a current density of 1 mA cm ™
and it still maintains 354.7 F cm ™ (1330 mF cm™?) even at
a high charge/discharge current density of 10 mA cm ™2, sug-
gesting excellent rate capability. The long-term cycling

2
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Fig. 2 (a) Comparison of the GCD curves of pristine CNTF, CosO4/CNTF and MNCO/CNTF obtained at a current density of 1 mA cm~2. (b) CV
curves of the MNCO/CNTF electrode at various scan rates. (c) GCD curves of the MNCO/CNTF electrode at different current densities. (d) Areal
and volumetric specific capacitances of the MNCO/CNTF electrode at different current densities.

performance of the MNCO/CNTF fiber electrodes was investi-
gated by GCD analysis at a current density of 2 mA cm™>
(Fig. S7t). Taking the above electrochemical measurement
results into consideration, it is worth noting that the MNCO/
CNTF hybrid fiber can serve as an intriguing electrode for
wearable supercapacitors.

Electrochemical performance of the as-assembled FASCs

To further evaluate the feasibility of the as-fabricated MNCO/
CNTF electrode for practical application, a high-performance
negative material is highly desirable to construct a high-
energy-density asymmetric supercapacitor. Compared with
various pseudocapacitive negative materials such as MoS,,"”
MoO, (ref. 48) and Fe,N,* vanadium nitride (VN) is considered
as one of the most attractive candidates owing to its high
specific capacitance (1340 F g~ ') and extraordinary electrical
conductivity (10° Q m).?** In this regard, we developed a facile
and effective method to directly grow well-aligned three-
dimensional VN NWAs on CNTF. Subsequently, the VN NWAs
were coated with a thin carbon shell (VN@C) to improve their
cycling stability. The homogeneously distributed VN NWAs are
demonstrated by the SEM image in Fig. S8at and the core-shell
structure of the VN@C is exhibited by the TEM images in
Fig. S9.7 Besides, the typical high-resolution TEM image reveals
the well fitted (111) and (200) planes of VN, which agree well
with the crystallites recorded by XRD (Fig. S8bf). Furthermore,
the XPS results further confirm the chemical compositions and

21156 | J. Mater. Chem. A, 2017, 5, 21153-21160

metal oxidation states (Fig. S8%). The electrochemical properties
of the as-fabricated VN@C/CNTF electrode are presented in
Fig. S10.1 It exhibits an operating window between —1.2 and
—0.2 V and a specific capacitance of 965 mF cm™> at a current
density of 1 mA cm™>.

Based on the above results, an all-solid-state FASC was
successfully prepared and the fabrication process is schemati-
cally illustrated Fig. 3. The CNTF served as a current collector
and flexible electrode. First of all, the hierarchical dandelion-
like MNCO/CNTF electrode was fabricated via a simple hydro-
thermal process and post annealing in air at 350 °C for 4 h.
Meanwhile, VO, NWAs were directly synthesized on CNTF by
a hydrothermal approach and soaked with glucose solution for
24 h to form a thin glucose layer. Thereafter, the resulting VO,
NWAs with the thin glucose layer were annealed in ammonia at
600 °C for 2 h to prepare carbon-coated VN NWAs. Finally, the
FASC was successfully assembled by twisting the MNCO/CNTF
and VN@C/CNTF hybrid fibers together after coating them
with a thin layer of KOH/PVA gel electrolyte, which is displayed
in Fig. S11f by the corresponding digital image and low-
magnification SEM image.

Fig. 4a shows the CV curves of the VN@C/CNTF and MNCO/
CNTF electrodes in 3 M KOH at a scan rate of 5 mV s~ to esti-
mate the device's total voltage. Notably, the potential windows of
VN@C/CNTF and MNCO/CNTF fiber electrodes are —1.2 to
—0.2 Vand 0 to 0.4 V, respectively. Thus, it is anticipated that the
operating voltage of the as-assembled device could be extended

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Detailed schematic illustration of the fabrication process for our FASC device.
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Fig. 4 Electrochemical characterization of our FASC device. (a) Comparative CV curves of the VN@C/CNTF and MNCO/CNTF electrodes at
ascan rate of 5mV st in a three-electrode system in 3 M KOH aqueous solution. (b) CV curves of the device with different operating voltages at

a constant scan rate of 25 mV s%. (c) GCD curves of the device collected at different voltages from 0.8 to 1.6 V at a current density of 2 mA cm™2.
(d) Areal specific capacitance and energy density calculated based on the GCD curves obtained at 2 mA cm™*<.

to 1.6 V. Fig. 4b displays the CV curves of the VN@C/CNTF//
MNCO/CNTF FASC device in different potential windows at
a constant scan rate of 25 mV s~ . As expected, our device clearly
exhibits rectangular CV curves even at a high potential window of
up to 1.6 V. Moreover, the nearly symmetric GCD curves collected
at 2 mA cm 2 even at an operating potential as high as 1.6 V
suggest ideal capacitance characteristics and low equivalent
series resistance of our device (Fig. 4c). Fig. 4d demonstrates the
areal specific capacitances and energy densities of the FASC
based on the GCD curves as a function of the potential window.

This journal is © The Royal Society of Chemistry 2017
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2

With the voltage windows of the device extending from 0.8 to
1.6 V, the areal specific capacitance greatly increases from 30.5 to
183.2 mF cm 2 and the energy density significantly improves
from 2.7 to 65.2 y4W h cm 2.

Fig. 5a presents the CV curves of the FASC device with the
working voltage between 0 and 1.6 V at scan rates ranging from 5
to 80 mV s~ . Note that all the curves maintain rectangular shapes
even at a scan rate of 80 mV s~ ', demonstrating the exceptional
capacitive behavior and fast charge-discharge properties of the
FASC device. To further evaluate its electrochemical performance,

J. Mater. Chem. A, 2017, 5, 21153-21160 | 21157
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Fig.5 (a) CV curves of the YN@C/CNTF//MNCO/CNTF FASC at scan rates ranging from 5 to 80 mV s * in the potential window of 0-1.6 V. (b)
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previously reported FASCs. (e) CV curves of the device measured at a scan rate of 5 mV st under different bending angles. (f) Normalized
capacitances of the as-obtained FASC with the bending angles of 90° for 3500 cycles.

GCD curves were collected at different current densities ranging
from 1 to 10 mA cm 2, as illustrated in Fig. 5b. The nearly
symmetric curves again indicate the ideal pseudocapacitive
properties and excellent reversibility of our device. Fig. 5c displays
the areal and volumetric specific capacitance calculated from the
corresponding GCD curves at different current densities. Signifi-
cantly, the FASC device delivers a desirable specific capacitance of
62.3 F cm ™ (233.7 mF cm™?) at a current density of 1 mA cm™>
and still retains a specific capacitance of 37.5 F cm ™3 (140.6 mF cm ™ ?)
even at a high current density of 10 mA c¢cm >, indicating
remarkable rate capability. Fig. 5d compares the volumetric
energy and power densities of our devices to the values of previ-
ously reported FASCs. Owing to the extended operating voltage of
1.6 V and the high specific capacitance, our FASC device displays
a remarkable energy density of 22.2 mW h ecm™> at a power
density of 213.3 mW cm ™ and still retains an excellent energy
density of 13.3 mW h cm ™ even at the high power density of
2133.3 mW cm®, considerably higher than those of previously
reported FASCs, including Fe,N@graphene nanosheets/carbon
fiber//TiN@graphene nanosheets/carbon fiber (0.61 mW h cm™*
at 52.9 mW cm ®),** graphene hydrogel/Cu wire//reduced gra-
phene oxide@MnO,/carbon fiber/(0.63 mW h cm ® at
200 mW cm 3),* CNT-NiCo(OH),/carbon fiber bundle//
activated carbon/carbon fiber bundle (0.84 mW h cm ™ at
19.1 mW cm),%' CuO@AUPd@MnO,/Cu wire//Fe,0;@carbon/
carbon fiber (0.85 mW h em ™ at 100 mW cm>),? self-standing
WO;@polypyrrole — graphene@polypyrrole/polished stainless
wire (1.8 mW h cm™* at 50 mW ¢cm™?).%® Simultaneously, the areal
energy and power densities of our device are illustrated in
Fig. S12.1 Fig. S131 shows the Nyquist plot of our device between

21158 | J. Mater. Chem. A, 2017, 5, 21153-21160

the frequency of 107> and 10° Hz. The low equivalent series
resistance (about 31.7 Q) manifests low internal resistance and
the nearly straight line in the low frequency region depicts the
ideal capacitive behavior. The long-term cycling performance was
measured by GCD analysis at a current density of 2 mA cm >
(Fig. S14t). Our device demonstrates 89.7% capacitance retention
after 3000 cycles, exhibiting outstanding cycling stability. It is very
important to evaluate the flexibility and mechanical stability of
the as-assembled FASC device for its potential application. As
shown in Fig. 5e, the CV curves with negligible change under
a variety of bending angles imply stable mechanical properties.
Moreover, the capacitance of our device still retains 90.2% after
3500 bending cycles at a current density of 1 mA ecm ™ (Fig. 5f),
further confirming its intriguing flexibility.

Conclusion

In summary, hierarchical dandelion-like MNCO NWAs grown
on CNTF with exceptional electrochemical performance have
been successfully developed and directly used as an advanced
positive electrode for high-performance asymmetric super-
capacitors. Significantly, the MCNO/CNTF electrode demon-
strates an ultrahigh specific capacitance of 490.7 F cm?
(1840 mF cm™?) at a current density of 1 mA cm™ >, ascribed to
its unique three-dimensional nano-architecture and extraordi-
nary conductivity. Furthermore, a high-performance and wear-
able FASC with a maximum operating window of 1.6 V has been
successfully assembled by twisting the MNCO/CNTF positive
electrode and VN@C/CNTF negative electrode together after
coating them with a thin layer of KOH/PVA gel electrolyte.

This journal is © The Royal Society of Chemistry 2017
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Our FASC device exhibits a remarkable specific capacitance of
62.3 Fecm ™3 (233.7 mF ecm ™) and an exceeding energy density of
22.2 mW h em ™ (83.1 uW h em™?). In addition, it possesses
outstanding flexibility with the capacitance retention main-
tained at 90.2% after bending 3500 times. Thus, our work
developed a feasible strategy to construct novel fiber electrodes
for high-performance wearable fiber-shaped supercapacitors.
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