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ABSTRACT: A series of flexible nanocomposite electrodes were fabricated by
facile electro-deposition of cobalt and nickel double hydroxide (DH)
nanosheets on porous NiCo,0, nanowires grown radially on carbon fiber
paper (CFP) for high capacity, high energy, and power density supercapacitors.
Among different stoichiometries of Co,Ni;_,DH nanosheets studied,
Coy¢/Nig33 DHs/NiCo,0,/CFP hybrid nanoarchitecture showed the best
cycling stability while maintaining high capacitance of ~1.64 F/cm” at 2 mA/
cm?. This hybrid composite electrode also exhibited excellent rate capability;
the areal capacitance decreased less than 33% as the current density was
increased from 2 to 90 mA/cm? offering excellent specific energy density (~33
Wh/kg) and power density (~41.25 kW/kg) at high cycling rates (up to150

mA/ cmz).
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B ecause of the limited availability of fossil fuel and the
increasingly urgent concerns about environmental impact
of conventional energy technologies, searching for “green” and
renewable energy resources is one of the most pressing
challenges facing us today.'">”* As one of the most promising
type of energy storage device, supercapacitors have attracted
more and more attention in recent years. The unique
advantages of supercapacitors, also known as electrochemical
capacitors, include high-power capability, long cycle lifetime,
and fast charge and discharge rates for many applications, from
portable electronics to hybrid electric vehicles, and to smart
grids 7*''" In general, two types of supercapacitors exist
based on the underlying energy storage mechanism: electrical
double-layer capacitors (EDLCs) and pseudocapacitors. Unlike
EDLCs, which store electrical energy by electrostatic
accumulation of charges in the electric double-layer near
electrode/electrolyte interfaces, pseudocapacitors also make use
of reversible Faradaic reactions that occurred at the electrode
surface, offering much higher specific capacitance than
EDLCs."” Transition metal oxides, hydroxides, and their
compounds are being widely explored for producing super-
capacitors with increased specific capacitance and energy
density because of their low cost, low toxicity, and great
flexibility in structures and morphology.>~"7 However, their
rate capability is usually limited by the inadequate conductivity
to support fast electron transport required by high rates. To
overcome this problem, most efforts have been focused on
using highly conductive carbon materials (such as graphene and
carbon nanotubes) as the backbone to support these
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pseudocapacitive materials,"* > significantly enhancing the
rate capability of the active materials by shortening the distance
of electron transport. However, the tedious fabrication
processes and the high cost limit their practical applications.
Three dimensional (3D) hybrid nanostructures with large
surface area and short diffusion path for electrons and ions are
promising electrode architectures for high-performance super-
capacitors. Recently reported hybrid structures such as MnO,
on Co;0, and Ni(OH)NO; on CoO supported on a metal
substrate showed high specific capacitance and good cycling
stability.”"** However, the performance of these hybrid
materials degraded rapidly as the cycling rate was increased.
Since the conductivity of NiCo,0O, is higher than that of Co,O,
and NiO, NiCo,0, may be used as a backbone to support
active electrode materials.”® Carbon fiber paper (CFP), a
network of microsized carbon fibers, has large surface area, high
porosity, good electric conductivity, and excellent chemical
stability in a wide variety of liquid electrolytes. CFP has been
studied extensively as electrode materials or supporting
substrate for active materials in fuel cells, batteries, and
supercapacitors. Here, we report our findings in design and
synthesis of a new 3D hybrid structures of porous cobalt and
nickel double hydroxide coatings (Co,Ni;_, DHs) on NiCo,O,
nanowires directly grown on CFP. This unique nanostructure
electrode for pesudocapacitors showed high performance and
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Figure 1. Schematic diagram illustrating the processes for growth NiCo,0O, nanowires on CFP and subsequent electro-deposition of Co,Ni;_, DHs
on the NiCo,0, nanowires grown on CFP.

Figure 2. (a) SEM image of CFP before (inset) and after growth of NiCo,O, nanowires. (b) High-magnification SEM image of NiCo,O,, nanowires
grown on CFP. (c) TEM image and HRTEM image (inset) of 2 NiCo,0, nanowires. (d) Diffraction pattern of a NiCo,0, nanowire. (¢) SEM
image of a CoDHs coating on NiCo,0, nanowire grown on CFP. (f) TEM image of CoDHs/NiCo,0, nanowires grown on CFP.

excellent rate capability. The crystalline NiCo,O, nanowires coatings with surface areas accessible to electrolyte, enabling
uniformly grown on CFP were used as the backbone to support full utilization of the Co,Ni,_, DHs and fast electronic and
and provide reliable electrical connection to the Co,Ni,_, DHs ionic conduction through the electrode. The NiCo,0, may also
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Figure 3. (a) Cyclic voltammograms of a Co,sNiys DHs/NiCo,0,/CFP composite electrode in a 3-electrode cell with 1 M KOH aqueous solution
at different scan rates: (1) 1 mV/s; (2) 2 mV/s; (3) S mV/s; (4) 10 mV/s; (S) 20 mV/s. (b) CVs of NiCo,0,/CFP and hybrid composite at a scan
rate of 20 mV/s: (1) NiCo,0,/CFP; (2) Co DHs/NiCo,0,/CFP; (3) Co,¢Niy3; DHs/NiCo,0,/CFP; (4) Co,sNiys DHs/NiCo,0,/CFP; (5)
Coy33Niy¢; DHs/NiCo,0,/CFP. (c) Charge and discharge curves of hybrid composite electrodes at a current density of 20 mA/cm?: (1) NiCo,0,/
CFP; (2) Co DHs/NiCo,0,/CFP; (3) Coq¢,Nig;; DHs/NiCo,0,/CFP; (4) Co,<Niys DHs/NiCo,0,/CFP; (5) Cog33Niy¢; DHs/NiCo,0,/CFP.
(d) Areal capacitances of hybrid composite electrodes at different current densities: (1) NiCo,0,/CFP; (2) Co DHs/NiCo,0,/CFP; (3)
Coy/Nig33 DHs/NiC0,0,/CFP; (4) CoysNigs DHs/NiC0,0,/CFP; (5) Cogs3Nigs; DHs/NiCo,0,/CEP.

function as active materials for charge storage and make
contribution to the capacitance. The demonstrated areal
capacitance (AC) of this hybrid electrode is as high as 2.3 F/
cm? at a current density of 2 mA/cm? It also showed very high
rate stability; the areal capacitance decreased less than 40% as
the current density was increased from 2 to 150 mA/ cm?. The
high capacitance and remarkable rate capability are promising
for supercapacitors with both high energy and power densities.

Figure 1 schematically shows the two-step synthesis of the
hybrid structure: (1) hydrothermal growth of NiCo,O,
nanowires on CFP and (2) electro-deposition of a thin
Co,Ni,_, DHs coating on the NiCo,0, nanowire arrays. The
hydrothermally synthesized NiCo,0, nanowire arrays serve as
the backbone for the subsequent deposition of Co,Ni, , DH
nanosheets.

NiCo,0, nanowire arrays aligned on the carbon fiber were
fabricated by a facile modified hydrothermal process.”* Figure
2a,b shows the morphology and microstructure of the NiCo,O,
nanowires on CFP. It is revealed that high-density NiCo,O,
nanowires were radially grown on the CFP with the length of
~3 pm and diameter of 30—80 nm. After electro-deposition,
the NiCo,0, nanowires are decorated with Co,Ni;_, DHs
coatings (Figure 2e and Supporting Information Figure SIla,b).
The NiCo,0, wire can be distinguished from the Co,Ni,_,
DHs coating under a TEM. (Figure 2f and Supporting
Information Figure SIlc—e) The NiCo,O, nanowires are
highly porous and composed of 10—20 nm nanocrystallites
with pores of 2—4 nm in diameter (Figure 2c). The selected-
area electron diffraction (SAED) pattern and HRTEM image

show that the mesoporous NiCo,0O, nanowires are polycrystal-
line (Figure 2d). The Co,Ni;_, DH thin film coatings on the
surface of NiCo,0, nanowires have a thickness of several
nanometers. The spatial distributions of the elements in the
shell structures were characterized using energy-dispersive
spectroscopy (EDS) in the form of line scan profiles of
individual elements (Co, Ni, and O), as shown in Supporting
Information Figure SI1d—f. The X-ray diffraction pattern shows
that the hybrid structure contains cubic NiCo,0, with a space
group of Fd3m (JCPDS Card No.73-1702), a-Co(OH), and a-
Ni(OH), phase (JCPDS 74-1057 and 38-0715) (Figure SI2
Supporting Information). Because of the unique microstructure
with huge specific area, the 3D NiCo,0,/Co,Ni,_, DHs
architecture has a potential to significantly enhance the
electrochemical performance of the NiCo,0,/Co,Ni,_DHs/
CFP hybrid composite electrode.

Further, Raman spectroscopy was also used to characterize
the phase composition of the NiCo,0,/Co,Ni,_, DHs core/
shell structure. As seen in Supporting Information Figure SI3,
the peaks at 186, 456, 504, and 648 cm™" correspond to Fyp Ey
F,, and A;; modes of the NiCo,O, nanowires, respectively.
After electro-deposition of a CoysNigsDHs coating, a new peak
at 458 cm ™' was observed, corresponding to the stretching Ni—
O (H) bond, and another one at 525 cm™’, attributed to the
Co—0 (A,) symmetric stretching mode. 2%’

We then investigate the electrochemical properties of the
Co,Ni,_,DHs/NiCo,0,/CFP electrodes in a three-electrode
cell with 1 M KOH electrolyte using cyclic voltammetry (CV)
and charge—discharge cycling (Figure 3a and Supporting
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Figure 4. (a) Specific energy and power density of Co,Ni;_, DHn/NiCo0,0,/CFP electrodes evaluated at different charge/discharge rates (current
densities); (1) Co DHs/NiCo,0,/CFP; (2) Co,¢Niy33 DHs/NiCo,0,/CEP; (3) Coy3Nigs DHs/NiCo,0,/CFP; (4) Coy33Nigs; DHs/NiCo,0,/
CFP. (b) Capacity retention of the hybrid composite electrodes evaluated at a constant charge/discharge cycling rate of 2 mA/cm>

Information Figure SI4). Figure 3b shows some typical CV
curves at scan rate of 20 mV/s in a potential window of —0.25
to 0.55 V for a hybrid electrode with CoNi,_, DHs by
electrodeposition for 7 min. The NiCo,O, nanowires on CFP
(NiCo,0,/CFP) showed a weak redox peak at 0.3—0.4 V,
suggesting poor electrochemical performance of NiCo,O,
nanowires. In contrast, the NiCo,0, nanowires coated with a
Co(OH), coating showed a redox peak at 0.1 V, corresponding
to the redox reaction described by eq 1. After doping Ni into
the Co(OH), coating, the redox peak was significantly
enhanced. Further, the anodic peaks in the CV curves shifted
to a more positive potential with the increasing Ni content in
the Co,Ni,_, DHs coating, consistent with a previous report.25
The redox peaks of the Co,Ni;,_, DHs originated mainly from
the Faradaic reactions of the surface oxycation species. In the
alkaline electrolyte, these reactions involve the redox transitions

of hydrous nickel and cobalt oxide based on the equations'®**
Co(OH), + OH™ = CoOOH + H,0 + e~ (1)
CoOOH + OH™ = Co0O, + H,0 + e~ ()
Ni(OH), + OH™ = NiOOH + H,0 + ¢~ (3)

Rate capability is a critical parameter for supercapacitors that
may limit the applicability to many applications. Shown in
Supporting Information Figure SIS is some typical galvanostatic
charge/discharge cycling curves of the as-prepared, 3D
Co,Ni,_,DHs/NiCo,0,/CFP hybrid electrodes at different
current densities. These curves are symmetric, indicating that
the hybrid composite has a good electrochemical capacitive
characteristic and superior reversible redox reaction. The
cycling curves are still symmetrical even at a current density
as high as 150 mA/cm?, an indication of very high rate stability.
The areal capacitance (F/cm?) is calculated from the following
equation

c=Jt

AV
where ] is the current density (A/cm?), t is the discharge time
(s), and AV is the voltage window (V) for the cycling test. The
discharge areal capacitance of the 3D Co,Nj, _,DHs/NiCo,0,/
CFP hybrid composite electrodes at 10 mA/cm? is 0.61, 1.52,
2.17, and 1.88 F/cm? for x = 1, 0.67, 0.5, and 0.33, respectively.
These capacity values are about 1.5, 3.7, 5.3, and 4.6 times the
capacitance of electrode based on pristine NiCo,0O, nanowire
arrays grown on CFP. These results suggest that ordered hybrid

architecture of the pseudocapacitive materials many enhance
capacitance. The areal capacitances at different current densities
are shown in Figure 3d. Among the different ratios of Co to Ni
in the Co,Ni,_, DHs materials, the hybrid composite with a
CoysNiys DHs coating has the highest areal capacitance (~2.3
F/cm?) at a current density 2 mA/cm? The hybrid arrays still
have an areal capacitance of ~1.4 F/ cm? when the current
density was increased to 150 mA/cm’ implying that it can
retain ~60.8% of its initial value when the current density was
increased by 7S5 times. For the hybrid composite with a
Coy33Nigs; DHs coating, the capacity retention is ~67.5%
when the current density was increased from 2 to 90 mA/cm>
From an even higher current density of 10 to 150 mA/ cm?, it
still retained ~51.9% of the initial capacity, which is superior to
that of previous report about the nickel hydroxidenitrate-ZnO
nanowire heterostructure that showed a capacitance retention
of 42% when the current density increase from 15.7 to 157.2 A/
g.”” The capacity retention of hybrid composite with
Cog¢/Nig33 DHs is ~53% at a current density as high as 150
mA/cm’. In addition, the specific capacitances of these three
hybrid electrodes are all over 1500 F/g at current density of 2
mA/cm?® (Supporting Information Figure SI6).

Since it is vital to retain high specific capacitances (or energy
density) at high current density for many applications, we
estimated the energy and power density of our Co,Ni, ,DHs/
NiCo,0,/CFP based supercapacitors under different operating
conditions. As shown in the Ragone plot (Figure 4a), the
hybrid composite with CoysNiysDHs delivered an energy
density of ~58.4 Wh/kg at a power density of ~41.3 kW/kg.
For the hybrid composite with Cog4/Nij;; DHs and
Coy33Nigg; DHs, the highest specific power density was
~41.3 kW/kg with an energy density of ~33.2 Wh/kg and
~47 Wh/kg, respectively. These results are superior to those
reported for the single crystalline Ni(OH), grown on graphene
sheets."” In addition, the specific power density 41.3 kW/kg
may meet the power demand of the PNGV (Partnership for a
New Generation of Vehicles)* for hybrid vehicle systems.

The cycling life of the 3D Co,Ni,_,DHs/NiCo,0O,/CFP
hybrid composite electrodes was evaluated at a current density
of 2 mA/cm” in the potential range of —0.1 to 0.45 V for more
than 2000 cycles, as shown in Figure 4b. Hybrid electrode with
the Coy ¢sNiy 33 DHs coating has better cycling stability than the
one with a Coy sNiys DHs or Cog 33Nij ¢ DHs coating. For the
hybrid electrode with a Cog4Nig3; DHs coating, the
capacitance decreased gradually ~10% at the 200th cycle, and
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then declined another ~8.7% after additional 1800 cycles. The
total capacitance loss after 2000 cycles is ~18.7%, which is
lower than that reported for a single phase Co(OH), and
Ni(OH), grown on nickel foam tested under similar
conditions.>** For the hybrid electrode with a CoysNigs
DHs and Cog3;Nigss DHs coating, the total capacitance loss
after 2000 cycles is ~28 and ~32%, much worse than that for
the one with a CoyNij 33 DHs coating.

Clearly, the 3D Co(Nij3; DHs/NiCo,0,/CFP hybrid
composite seems to be the most promising one among the
compositions studied. While it does not show the highest
electrochemical performance, its high rate capability and
excellent cycling stability make it more suitable for practical
applications. The high performance of the hybrid composite
electrodes is attributed to the following unique features of the
electrode. First, the high conductivity of CFP with appropriate
pore channels allows efficient current collection and rapid
access to the surfaces of the electrochemically active materials.
Second, the porous NiCo,0, nanowire and the ultrathin
coating of Co,Ni;_, DHs offer large surface area with short
electrons and ions diffusion path, thus leading to faster kinetics
and higher utilization of active material.

In conclusion, we have designed and prepared 3D
Co,Ni,_,DHs/NiCo,0,/CFP hybrid composite electrodes
using a facile hydrothermal synthesis and an electrodeposition
process. These hybrid composite electrodes exhibit high
performance in a three-electrode cell. Among the different
ratios of cobalt to nickel in the coating materials, CogNig 33
DHs offers high energy and power density as well as better
cycling life. Furthermore, the unique nanoarchitecture of this
hybrid electrode may be applicable to other chemical and
energy transformation processes such as lithium ion batteries,
water splitting, photodetector, and nonenzymatic biosensors.
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