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Holey nickel hydroxide (Ni(OH),) nanosheets with a mean thickness
of 2 nm are facilely synthesized, and then embedded in carbon nano-
tube (CNT) scaffolds to construct a hybrid fiber electrode, which
shows a high volumetric capacitance of 335.9 F cm™ at 0.8 A cm™>
and superior rate performance. The hybrid supercapacitor made
from the Ni(OH),/CNT fiber can deliver a high specific capacitance of
24.8 F cm™ and an energy density of 5.8 mW h cm™ with outstand-

ing mechanical stability under repeated bending conditions.

With the rapid development of flexible and wearable electronic
devices, there are increasing demands for compatible energy
storage systems that are lightweight, flexible, and even
weavable.® A fiber-shaped supercapacitor is considered as
one of the most promising candidates to power wearable elec-
tronic devices,'® which has already been successfully demon-
strated based on a number of fibrous materials, e.g., metallic
wires,"" carbon fibers (CFs),'*> graphene fibers'® and carbon
nanotube (CNT) fibers."* However, the critical challenge in
fiber-shaped supercapacitors remains to be their low energy
density. Based on the equation E = 1CV? (where E, C, and V rep-
resent energy density, capacitance, and cell voltage, respect-
ively), E is determined by the capacitance of the fiber electrode
as well as the cell voltage, which can be widened via an asym-
metric device design.’>'®
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A common strategy to increase the capacitance of the fiber
electrode is to incorporate electrochemically active materials
with conductive filaments (e.g., carbonaceous fibers) using, for
example, hydrothermal or electrochemical deposition to form
a core-shell structure.’®>* Although the active materials offer
enlarged capacitance, the performance of the fiber electrodes
is still far away from satisfactory. The critical issues include:
(1) often only the shell is active while the bulk core of the fiber
does not participate in the electrochemical charge-discharge
processes,”*>° and (2) the shell active material is not efficien-
tly utilized due to its poor conductivity, thus the loading
capacity of the active material is limited.>* Therefore, the areal/
volumetric capacitances and rate capability of the hybrid fiber
electrode are significantly compromised. Moreover, owing to
the rigidness and brittleness of the shell active materials, the
mechanical robustness of the hybrid fiber is poor.>” As a step
forward, microstructural design of hybrid fibers has been
demonstrated as a promising strategy to achieve the synergistic
interaction between conductive filaments and active nano-
materials. Recently, an amorphous MnO,@CNT fiber was
developed, in which the homogeneously dispersed MnO,
nanoparticles offer high pseudocapacitance while the CNT
scaffold provides the hybrid fiber with good electrical conduc-
tivity and mechanical robustness.>® This hybrid fiber electrode
exhibited improved rate performance compared to the core-
shell counterparts, whereas due to the low theoretical capaci-
tance and the loading amount of MnO, nanoparticles, the
fiber performance remains unsatisfactory. Ideally, the active
materials should be of low resistance, large accessible surface
area, high theoretical capacitance, earth abundance and non-
toxicity, for instance Ni(OH),.>*?°7®

In this study, ultrathin Ni(OH), nanosheets with a holey
structure and small lateral sizes were successfully synthesized
by a fast-precipitation method, and then the as-prepared
nanosheets were incorporated into an interconnected and
well-aligned carbon nanotube (CNT) scaffold using a scrolling
method to obtain highly flexible Ni(OH),/CNT fibers.”® Owing
to the thin thickness, small lateral size and the holey structure
of Ni(OH), nanosheets, the excellent mechanical and electrical
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properties of the CNT scaffold, as well as the unique micro-
structure of the hybrid fiber, the Ni(OH),/CNT fiber electrode
exhibited an optimal volumetric capacitance of 335.9 F cm™
at 0.8 A cm ™ with excellent rate performance, retaining 81.5%
of the initial capacitance at a charge-discharge current density
of 8.0 A cm™>. The Ni(OH),/CNT fiber was further utilized as
the positive electrode to construct a wearable solid-state hybrid
supercapacitor, which could deliver a high specific capacitance
of 24.8 F em™ at 1.0 A cm™ and an energy density of 5.8
mW h em™ at a power density of 0.6 W cm ™ with outstanding
mechanical stability.

Holey Ni(OH), nanosheets were prepared based on a facile
fast-precipitation method similar to our previous study.*® The
thickness of Ni(OH), nanosheets was found to be ~2 nm by
atomic force microscopy (AFM) (Fig. S17). The as-prepared
Ni(OH), nanosheet ink in ethanol at a concentration of 1
mg mL™' had a zeta potential of 61.99 mV (Fig. S21), and is
highly stable without any precipitation for more than one
month (Fig. 1a). The crystal structure of the Ni(OH),
nanosheets was characterized by X-ray diffraction (XRD). As
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Fig. 1 (a) Photograph of Ni(OH), nanosheets that are uniformly dis-
persed in ethanol at a concentration of 1 mg mL™%. (b) XRD pattern of
the as-prepared Ni(OH), nanosheets. (c) TEM image of holey Ni(OH),
nanosheets. (d) HRTEM image of the Ni(OH), nanosheet. The marked
lattice distance of 0.19 nm can be assigned to the (102) plane. (e) N,
adsorption/desorption isotherms and (f) the corresponding pore size
distribution of Ni(OH), nanosheets.
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shown in Fig. 1b, the diffraction peaks at 19.32, 33.06, 38.90,
52.08, 59.06, and 62.68° can be well ascribed to the diffrac-
tions of the (001), (100), (101), (102), (110), and (111) planes
of p-Ni(OH), (JCPDS: 14-0117). Fig. 1c displays a typical trans-
mission electron microscopy (TEM) image of the Ni(OH),
nanosheets, which clearly illustrates the ultrathin feature of
the nanosheets with an average lateral size of ~34 nm. In
addition, the high-resolution TEM (HRTEM) image (Fig. 1d)
reveals the holey microstructure of Ni(OH), nanosheets,
which was further evidenced by the N, adsorption/desorption
isotherms (Fig. 1e); the specific surface area of the Ni(OH),
nanosheets is 95 m> g~'. The average pore size is about
10 nm (Fig. 1f), which is in good agreement with the TEM
observation.

The as-prepared Ni(OH), nanosheets were incorporated
into an interconnected and well-aligned CNT scaffold to
obtain highly flexible Ni(OH),/CNT hybrid fibers. Owing to the
intimate interaction between CNTs, a highly-aligned CNT film
could be continuously pulled out from the vertical CNT array,
which was grown by chemical-vapor deposition (Fig. S31).***
As schematically shown in Fig. 2a, four layers of the CNT films
(width of ca. 1.6 mm and a length of ca. 7 cm) were stacked
and then laid on a polytetrafluoroethylene (PTFE) substrate.
The Ni(OH), nanosheets dispersed in ethanol were drop-cast
on the stacked CNT film. The loading amount of Ni(OH),
nanosheets could be readily adjusted by repeating the casting
cycles. The resulting hybrid film was peeled off the PTFE sub-
strate, and subsequently scrolled into a hybrid fiber (Ni(OH),/
CNT fiber) by using an electric motor at a rotating speed of
200 rpm for 3 min. The CNTs in the hybrid fiber maintained
their good alignment (Fig. 2b). The energy dispersive X-ray
spectroscopy (EDS) spectra (Fig. 2b) display a homogeneous
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Fig. 2 (a) Schematic illustration showing the fabrication of the Ni(OH),/
CNT hybrid fiber. (b) SEM image and EDS mapping of the Ni(OH),/CNT
fiber. (c) The conductivity of the Ni(OH),/CNT hybrid fiber with different
loading amounts of Ni(OH), nanosheets (20, 40, 60 and 80 wt%). The
statistics was obtained from 3 samples for each data point.
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distribution of the Ni, O and C elements across the entire
hybrid fiber, indicating that Ni(OH), nanosheets were homo-
geneously incorporated into the helical corridors in the
twisted CNT filaments. Because of the porous feature of the
CNT scaffold, the embedded Ni(OH), nanosheets with a high
specific surface area can be easily accessible by electrolytic
ions, while at the same time the well-aligned CNT scaffold pro-
vides the hybrid fiber with good mechanical robustness and a
fast electron transport pathway. In contrast to commercial
carbon fibers, the Ni(OH),/CNT hybrid fiber exhibits high flexi-
bility and can be easily knotted (Fig. S41). The conductivity of
the Ni(OH),/CNT fiber was measured as a function of the
loading amounts of holey Ni(OH), nanosheets. The bare CNT
fiber shows a conductivity of 204 S em™, which slowly
decreases with the increase in the loading of Ni(OH),
nanosheets (Fig. 2c).

The electrochemical performance of the Ni(OH),/CNT
hybrid fiber electrode was evaluated by cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) measurements in a
three-electrode configuration in 1 M KOH solution. Pt foil and
Ag/AgCl (in saturated KCI solution) were used as the counter
and reference electrodes, respectively. The CV peaks (Fig. 3a)
located at 0.45 and 0.28 V vs. Ag/AgCl correspond to the redox
reaction between Ni(OH), and NiOOH, following the reaction
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Fig. 3 (a) CV curves of the Ni(OH),/CNT hybrid fiber electrode with
different loading amounts of Ni(OH), nanosheets (20, 40, 60, and
80 wt%) at a scan rate of 5 mV s~ in 1 M KOH. (b) Volumetric capaci-
tance (C,) and gravimetric capacitance (Cy) of the Ni(OH),/CNT fiber
electrode as a function of the loading amount of Ni(OH), nanosheets,
respectively. (c) Galvanostatic charge—discharge (GCD) curves of the
Ni(OH),/CNT fiber electrode at current densities of 0.8, 1.4, 2.0, 5.0, and
8.0 A cm™® with 40 wt% of Ni(OH), nanosheets. (d) Current density
dependent C, of the Ni(OH),/CNT fiber electrode. (e) Schematic illus-
tration showing the mechanism of efficient ion- and electron-transport.
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of Ni(OH), + OH™ = NiOOH + H,0 + e~.***® The maximum
volumetric current density of the Ni(OH),/CNT fiber electrode
was obtained with 40 wt% of Ni(OH), loading. The CV curve of
the Ni(OH),/CNT hybrid fiber (40 wt%) slightly distorted at
100 mV s~' compared to that measured at 5 mV s~ (Fig. S57).
The capacity was calculated in terms of specific volumetric
capacitance (C,, F em™) and gravimetric capacitance (Cy, F g7')
based on the GCD measurements at different current den-
sities as shown in Fig. 3b. The C, calculated based on the
mass of Ni(OH), nanosheets reaches as high as 1201.4 F g™" at
5.0 A g7! for the Ni(OH),/CNT fiber with 20 wt% of Ni(OH),
nanosheets, demonstrating the effective utilization of
Ni(OH),.*”*° With a further increase in the mass loading of
Ni(OH), nanosheets, C, keeps decreasing, reaching 780.2 F g*
for the Ni(OH),/CNT fiber with 80 wt% of Ni(OH), nanosheets
due to increased charge transport resistance. By tuning the
composition of the Ni(OH),/CNT fiber, the optimal C, of 319.6
F cm™ (at a current density of 2.0 A cm™) could be obtained
for the Ni(OH),/CNT fiber with 40 wt% of Ni(OH), nanosheets.
The GCD curves of the Ni(OH),/CNT fiber electrode with
40 wt% of Ni(OH), nanosheets were measured at different
current densities ranging from 0.8 to 8.0 A em™* (Fig. 3c), and
the calculated Cy falls from 335.9 to 273.7 F cm ™ with a high
capacitance retention of 81.5% (Fig. 3d). In addition, the
Ni(OH),/CNT fiber electrode shows excellent electrochemical
stability with a capacitance retention of 96.3% after 4000
charge-discharge cycles at 5.0 A cm™ (Fig. S671), and Ni(OH),
remained well hosted in the fiber which is evidenced by SEM
imaging and EDS mapping (Fig. S7t). The high capacitance,
excellent rate performance and cycling stability of the Ni(OH),/
CNT fiber electrode can be ascribed to the following three
factors (Fig. 3e): (1) Ni(OH), has a high theoretical capaci-
tance; (2) the interconnected and well-aligned CNT scaffold
offers high mechanical strength and excellent electrical con-
ductivity (Fig. 2c); and (3) the ultrathin and holey Ni(OH),
nanosheets provide large accessible active surface, allowing
fast ion-transport as evidenced by the electrochemical impe-
dance spectroscopy (EIS) measurement, in which the slope
only changes slightly in the high frequency regime as com-
pared to that of the bare CNT fiber electrode (Fig. S87), indicat-
ing efficient ion transport. It is noteworthy that, to the best of
our knowledge, the Ni(OH),/CNT fiber exhibits a record high
capacitance (335.9 F cm ™ at 0.8 A cm ™), which is superior to
the recently reported MnO,/CNT fiber (154.7 F em™ at 2.3
A em™?),>° rGO/SWCNT fiber (210 F em™ at 0.75 A cm™3),>!
PEDOT/CNT fiber (169 F em™ at 0.01 V s7')** and rGO/CNT
fiber (158 F cm™ at 0.1 mA cm ™ ?).>?

Using the same method, graphene oxide (GO) nanosheets
could also be incorporated into the CNT scaffold with a GO
loading amount of 90 wt%. After obtaining the GO/CNT
fiber, GO was chemically reduced by hydroiodic acid (HI) to
give the rGO/CNT fiber, which has a diameter of ~27 pm
and is highly flexible and robust (Fig. 4a). The rGO/CNT
fiber electrode was also electrochemically characterized in a
three-electrode configuration using 1 M KOH solution as the
electrolyte. As shown in Fig. 4b, the CV curve measured at

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) SEM image of the rGO/CNT fiber. (b) CV curve of the rGO/
CNT fiber electrode with 90 wt% of rGO loading at a scan rate of 5
mV s~ in 1 M KOH. (c) GCD curves of the rGO/CNT fiber electrode at
current densities of 0.3, 0.5, 1.0, 2.0, and 5.0 A cm™>. (d) Current density
dependent Cy of the rGO/CNT fiber electrode.

5 mV s™' is nearly rectangular within a potential window of
0 to —0.8 V. Based on the GCD curves measured at charge-
discharge current densities from 0.3 to 5.0 A cm™> (Fig. 4c),
the Cy of the rGO/CNT fiber electrode decreased from 61.0
to 43.8 F cm™® (Fig. 4d) with a capacitance retention of
71.8%.

Employing the Ni(OH),/CNT fiber and the rGO/CNT fiber
as the positive and negative electrode, respectively, the
working voltage of the hybrid supercapacitor can reach as high
as 1.3 V (Fig. 5a). The specific volumetric capacitance calcu-
lated from the GCD curves (Fig. 5b) at charge-discharge
current densities ranging from 0.4 to 2.0 A cm™> falls between
28.1 and 20.2 F em ™ (Fig. 5¢) with a capacitance retention of
71.9%. Fig. 5d shows the Ragone plot, which compares the
performance of our hybrid supercapacitor with those recently
reported in the literature.”® The performance of our fiber-
supercapacitor is superior to the commercial 63 V per 220 uF
electrolytic capacitor’®> and 3 V per 300 uF Al electrolytic
capacitor,®® as well as the fiber-based supercapacitors such as
CF@MnO, fibers,”” MoS,-TGO/CNT fibers,'* MnO,@CNT
fibers,”® PEDOT/CNT biscrolled yarn,”> CoAl LDH@CF,’® and
Ni(OH),/Ni fiber,”® but slightly lower than Ni(OH),/CF.*°
Additionally, our hybrid supercapacitor, which was woven in a
glove, exhibits excellent flexibility (Fig. 5e), and the hybrid
device also demonstrates good cycling stability with a capaci-
tance retention of 93.8% over 3000 cycles (Fig. 5f). The hybrid
device does not show any capacitance fading even after 5000
bending-unbending cycles at a current density of 0.8 A cm™>
(Fig. S91). As a demonstration of practical application, four
hybrid supercapacitors were connected in series, which could
be used to lighten up a red light emitting diode (LED)

(Fig. S107).
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Fig. 5 (a) CV curve of the hybrid supercapacitor based on Ni(OH),/CNT

and rGO/CNT fiber electrodes at a scan rate of 5 mV s™2. (b) GCD curves

of the hybrid supercapacitor at current densities of 0.4 to 2.0 A cm™.

(c) Current density dependent C, of the hybrid supercapacitor.
(d) Ragone plot to compare the volumetric energy density (Ey) and
power density (Py) with previously reported studies. (e) Performance of
the fiber-shaped supercapacitor at different bending angles (0°-90°-0°).
(f) Cycling stability of the hybrid supercapacitor at a current density of
1.0Acm™.

Conclusions

In summary, we have designed a superior fiber electrode based
on ultrathin holey Ni(OH), nanosheets embedded into an
interconnected and well-aligned CNT scaffold. Thanks to the
combined effects of the good mechanical and electrical pro-
perties of the CNT scaffold as well as the ultrathin and holey
characteristics of Ni(OH), nanosheets, the Ni(OH),/CNT fiber
exhibits high volumetric capacitance and excellent rate per-
formance. The solid-state hybrid supercapacitor based on a
Ni(OH),/CNT fiber anode and an rGO/CNT fiber cathode was
then fabricated and woven in a glove, which exhibited a wide
voltage window with high capacitance and excellent flexibility.
It is anticipated that the flexible fiber-supercapacitor fabri-
cated in this work should benefit novel applications in wear-
able electronics.

Experimental section

Ni(NO;),-6H,0 (99.9%, AR grade), NaOH (99.98%, AR grade),
KOH (99.98%, AR grade) and ethanol (>99.7%) were purchased
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from Shanghai Ling Feng Chemical Reagent Co., Ltd. Poly
(vinyl alcohol) (PVA, MW 85 000 to 124 000) was obtained from
Sigma-Aldrich. All chemicals were used as received.

The holey Ni(OH), nanosheets were prepared using a fast-
precipitation method similar to our previous study. Briefly, a
solution containing 1.5 mmol of Ni(NO3), was quickly added
into 20 mL of NaOH aqueous solution (0.15 M) under vigorous
stirring. Subsequently, the precipitate was centrifuged and
ultrasonically washed four times with deionized (DI) water.
The obtained suspension can be stably re-dispersed in
ethanol. GO nanosheets were prepared by a modified
Hummer’s method according to our previous study, and then
dispersed in ethanol with a concentration of 5 mg mL™".**

The interconnected and well-alignhed CNT scaffold was
pulled out from a vertical CNT array, which was grown by
chemical vapor deposition in a quartz tube furnace at 750 °C
for 10 min. The areal density of the CNT scaffold was found to
be ~2.12 pg cm™>. Four layers of CNT films with a width of
~1.6 mm and a length of ~8 cm were first stacked onto a PTFE
substrate. By measuring the area of the stacked CNT films, the
mass of CNTs can be calculated, and the loading level of active
materials in the fiber can be tuned by controlling the amount
of Ni(OH), ink. The Ni(OH), nanosheets dispersed in ethanol
with a concentration of 1 mg mL™" was drop-cast onto the CNT
scaffold. Subsequently, the hybrid film was peeled off the
PTFE substrate and scrolled into fiber with a motor rotating at
200 rpm for 2 min. The GO/CNT fiber was fabricated in a
similar way and immersed in hydroiodic acid (HI, 55 wt%,
Sigma Aldrich, ACS reagent) at room temperature for 12 h to
reduce GO to form rGO/CNTs.

Similar to our previous study,'* solid-state fiber-based
supercapacitors were fabricated and tested in a two-electrode
configuration using the Ni(OH),/CNT and rGO/CNT fiber as
the positive and negative electrode, respectively. PVA-KOH gel,
which was prepared by mixing KOH (1 M, 10 mL) with PVA
powder followed by heating at 90 °C with vigorous stirring, was
used as the solid electrolyte. The hybrid device was sealed in a
thermal plastic tube with a piece of nonwoven fabric as a
separator. Ag paste applied at both ends of the fibers served as
the conductive pads for electrochemical measurements.

Scanning electron microscopy (SEM) images were obtained
on a field-emission scanning electron microscope (JEOL,
JSM-6700F, Japan). Transmission electron spectroscopy (TEM)
images were taken with a JEOL-2100F at an acceleration
voltage of 200 kV. The phase analyses of the samples were per-
formed by X-ray diffraction (XRD) on a Rigaku-Ultima IIT with
Cu Ka radiation (4 = 1.5418 A). N, adsorption-desorption iso-
therms of Ni(OH), nanosheets were measured at 77 K using a
Quantachrome Autosorb-6b static volumetric instrument. The
samples were first degassed under high vacuum (<0.01 mbar).
The specific surface area was calculated by the Brunauer—
Emmett-Teller (BET) method. The electrical conductivity of
fibers was measured in a two-probe configuration using a
Keithley 2400. Ag paste was applied at both ends of the hybrid
fibers for electrical wiring. The electrochemical measurements
were obtained on a CHI 660D electrochemical workstation.
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Ag/AgCl (saturated KCl) and Pt wire were used as a reference
and counter electrode, respectively. The specific volumetric
capacitance (Cy) and gravimetric capacitance (C,) of the fiber
electrodes were calculated from the galvanostatic charge-dis-
charge curves according to the equation Cy = [i/(dV/dt)]/Viiper
and C, = [i/(dV/dt)]/mxion),, where 7 is the discharge current,
dv/dt is the slope of the discharge curve, and Viper and myi(omn)
, refer to the volume of the fiber electrode and the loading
amount of Ni(OH), nanosheets, respectively. The specific volu-
metric capacitance (Cy) of the fiber-based hybrid super-
capacitor was calculated from the galvanostatic charge-dis-
charge curves according to the equation Cy = [i/(dV/d¢)]/Viotar,
where Vo refers to the total volume of two fibers.
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