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Mesoporous NiCo,0, Nanowire Arrays Grown on Carbon
Textiles as Binder-Free Flexible Electrodes for Energy

Storage

Laifa Shen, Qian Che, Hongsen Li, and Xiaogang Zhang*

Binary metal oxides has been regarded as a promising class of electrode
materials for high-performance energy storage devices since it offers higher
electrochemical activity and higher capacity than mono-metal oxide. Besides,
rational design of electrode architectures is an effective solution to further
enhance electrochemical performance of energy storage devices. Here, the
advanced electrode architectures consisting of carbon textiles uniformally
covered by mesoporous NiCo,0O, nanowire arrays (NWAs) are successfully
fabricated by a simple surfactant-assisted hydrothermal method combined
with a short post annealing treatment, which can be directly applied as
self-supported electrodes for energy storage devices, such as Li-ion bat-
teries, supercapacitors. The as-prepared mesoporous NiCo,0, nanowires
consist of numerous highly crystalline nanoparticles, leaving a large number
of mesopores to alleviate the volume change during the charge/discharge
process. Electrode architectures presented here promise fast electron trans-
port by direct connection to the growth substrate and facile ion diffusion
path provided by both the abundant mesoporous structure in nanowires

and large open spaces between neighboring nanowires, which ensures every
nanowire participates in the ultrafast electrochemical reaction. Benefiting
from the intrinsic materials and architectures features, the unique binder-free
NiCo,0,/carbon textiles exhibit high specific capacity/capacitance, excellent

rate capability, and cycling stability.

1. Introduction

With the increase concerns regarding environmental pollution
caused by vast fossil-fuel consumption and the rapid depletion
of non-renewable resources, ! there has been an ever increasing
and urgent demand seek renewable and clean energy sources.
Energy storage, a key component in energy conversion-storage-
delivery chain, has received worldwide concern and increasing
research interest.>””] Li-ion batteries and supercapacitors are
two major devices for electric energy storage. The fast-growing
market for portable electronics and the development of hybrid
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vehicles require further improvement in
terms of power and energy density of the
energy storage devices. However, carbon
is still the dominant electrode material
for current Li-ion Dbatteries anodes and
commercial supercapacitors, which fails
to meet the stringent requirements for
future large-scale applications.®-1%

Transition metal oxides specially Co;0,
has been extensively studied as a prom-
ising alternative anode materials for
Li-ion batteries, offering at least twice
the capacity of the most common inter-
calation anode material, graphite.l'!"1?]
However, due to the fact that cobalt is
toxic and expensive, importantly, the low
electronic conductivity, serious efforts are
made towards replacing Co;0, partially
by co-friendly and cheaper alternative
metals.!314 Recently spinel nickel cobal-
tice (NiCo,0y,), replacing one cobalt atom
by nickel, has been conceived as a prom-
ising cost effective and scalable alternative
for energy storage owing to its several
inherent advantages, including low cost,
abundant resources and good environ-
mental benignity.">*]  More impor-
tantly, as a binary metal oxide, the spinel
NiCo,0, possesses much better electrical conductivity, at least
two orders of magnitude higher, and higher electrochemical
activity than nickel oxides or cobalt oxides.[?%

Unfortunately, the practical applications of metal oxides
are largely hindered due to poor cycling performance and the
electrodes cannot maintain their integrity over several dis-
charge—charge cycle. Engineering materials at the nanoscale
offers unique electrode properties, such as increased active
surface areas, short ion transport pathways, better accommo-
dation of the strains, resulting in enhance the electrochemical
energy storage properties of Li-ion batteries and supercapaci-
tors.21=2] Several different types of NiCo,0, nanostructures,
including nanoparticles,?l nanoplatelets,?”-?8] nanosheets,?’!
nanowires,3%31 nanotubes,®?l microspheres,**! the formation
of nanocomposites with carbon nanofibers,3 and graphene,*’!
have been recently synthesized and their electrochemical per-
formance is investigated. For example, Lu and co-workers!2®!
synthesized NiCo,0, nanoparticles through an epoxide-
assisted sol-gel method and a largely enhanced capacitance is
achieved. Yang et al.*®l reported the fabrication of NiCo,0,/C
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Figure 1. Schematic illustration of the formation of NiCo,0, NWAs/carbon textiles composite.

nanocomposite through a hydrothermal method and a high
reversible capacity (958.4 mA h g™! under 40 mA g7!) can be
achieved. NiCo,0, nanostructure materials need to be mixed
with polymeric binder and carbon black, and further pressed
onto current collector. However, the addition of conductive
additive and binder inevitably sacrifices overall energy storage
capacity; more importantly, the binder involved will greatly
decrease the electrical conductivity of the electrode materials,
hindering their potential application in high-performance
energy storage devices.[”38]

Recently, self-supported nanowire arrays (NWAs) growing
directly on a current-collecting substrate, such as Li,TisO,
nanowire arrays growing on Ti foil,*”! have been reported to
overcome the drawbacks of mixing with conductive carbon and
have fast charging/discharging. Mesoporous materials, having
high surface areas and abundant pore networks, increase the
electrode—electrolyte interfacial area and alleviate the volume
change during charge/discharge process.***ll Very recently,
NiCo,0, nanowire grown on metals conductive substrates
(nickel foam, Ti foil) have been realized through a simple
hydrothermal process.*>*3l However, these self-supported elec-
trode using metals as current collectors exhibits a rigid elec-
trode structures, which makes the devices less flexible, and they
also have a low energy density. Recently, many metal oxides
electrode materials (e.g., Co3;04, MnO,, NiO, etc.) grown on
carbon textiles as self-supported electrode for application in
supercapacitors.>*#] Furthermore, the NiCo,0, nanowire
prepared in the absence of surfactant exhibits a dense suruc-
ture and smaller surface areas, which hinders the fast ions
mobility and failed to alleviate the volume change during the
charge/discharge process, thus drastically decreasing the rate
performance and cycling stability. Therefore, it will be of great
significance to develop effective methods to grow mesoporous
NiCo,0, nanowire with abundant porous structure directly on
light and flexible substrates for energy storage devices.

In this work, a simple surfactant-assisted hydrothermal
method combined with a post annealing treatment is success-
fully developed to grow mesoporous NiCo,0, NWAs on carbon
textiles with robust adhesion. Mesoporous NiCo,0, nanowires
consist of numerous highly crystalline nanoparticles, leaving
a large number of mesopores for fast ion transport and allevi-
ating the volume change during the charge/discharge process.
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The flexible NiCo,0,/carbon composite textiles can be directly
use as a binder-free electrode for Li-ion batteries and superca-
pacitors, enabling high capacity/capacitance, good cycling sta-
bility and excellent rate performance.

2. Results and Discussion
2.1. Morphology and Structural Analysis

The fabrication processes and the resulting novel electrode
architectures developed in this work are schematically illus-
trated in Figure 1. Carbon textile (CT) templates were woven
by carbon fibers with high flexibility and high conductivity
(Figure S1, Supporting Information), making them as unique
supporting backbones for controlled growth of mesoporous
NiCo,0, NWAs for electrochemical energy storage. Firstly,
at a proper pH level realized by controlling the mass of urea,
well defined NiCo-precursor NWAs can be easily grown on the
highly flexible carbon textiles under hydrothermal condition, as
described by the following three equations:

CO(NHz)z — C3H6N6 + 6NH3 + 3C02 (1)
NH; + H,0 — NH; + OH"~ 2)
Ni?* + 2Co** + 60H~ — NiCo,(OH), 3)

An annealing treatment at 300 °C with a ramping rate of
2 °C min~! is utilized to convert the NiCo-precursor into spinel
NiCo,0, supported on the carbon textiles, as described by the
simple oxidation reaction as follows:

NlCOZ(OH)() + 1/202 — NiC0204 + 3H20 (4)

The as-synthesized product is first characterized by X-ray dif-
fraction (XRD) to identify its crystallographic structure. As seen
from Figure 2a, all of the diffraction peaks of the urchin-like
NiCo,0,4 microsphere specimen could be indexed to the spinel
structure form cubic spinel NiCo,O, phase (JCPDS card no.
20-0781). It is generally believed to adopt a spinel-related struc-
ture in which nickel occupies the octahedral sites and cobalt is
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carbon textiles to form a large-scale con-
formal coating. Higher-magnification SEM
images shown in Figure 3a,b clearly displays
the NiCo,0, naowires grown on the carbon
microfiber cores to form NiCo,0, NWAs/
carbon composite fibers. After annealing
conversion into spinel NiCo,O,, the NiCo,0,
NWAs/carbon textiles composite still keeps
the ordered woven structure of the carbon
textiles substrate. Inset in Figure 3c shows a
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digital photograph of NiCo,0,/carbon textiles
electrode that can be folded and flexed, dem-
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onstrating the good flexibility. An enlarged
view (Figure 3d,e) provides the evidence that
the both the nanowire morphology and the
array feature of the naowires are perfectly
retained after the annealing conversion. This
feature could benefit the penetration of the
electrolyte, which may contribute to the opti-
mization of electrochemical performance.
Typical NiCo,0, nanowires have uniform
diameters of about 150 nm and length up

810 800 790 780 770 380 370
Binding energy (eV)

Figure 2. XRD patterns of a) urchin-like NiCo,04 microsphere and b) NiCo,0, NWAs/carbon
textiles composite. High-resolution XPS spectra of c¢) Co 2p and d) Ni 2p for the NiCo,0,

naowires scratched down from the carbon textiles.

distributed over both octahedral and tetrahedral sites,?? as illus-
trated in the inset of Figure 2a. No residues or contaminants
have been detected, indicating the high purity of the sample. The
XRD patterns of carbon textiles display a typical graphite (002)
and (100) reflection at 26.21° and 43.61°, respectively (Figure S2,
Supporting Information). With the exception of the reflections
owing to carbon textiles, all peaks in Figure 2b could be indexed
to spinel NiCo,0O, phase. Detailed peak broadening analysis of
the (111) XRD reflection using the Scherrer equation indicates
that the average crystallite size is approximately 16 nm; this result
suggests that the nanowires are composed of nanocrystalline
subunits and corroborated by the TEM results. The more detailed
elemental composition and oxidation state of the NiCo,0, naow-
ires are further characterized by X-ray photoelectron (XPS). The
survey spectrum (Figure S3, Supporting Information) indicates
the presence of Ni, Co, and O, as well as C from the reference
and the absence of other impurities. By using a Gaussian fitting
method, the Co 2p emission spectrum (Figure 2c) was best fitted
with two spin-orbit doublets, characteristic of Co?* and Co%*,
and one shakeup satellite (indicated as “Sat.”). The Ni 2p was
also fitted with two spin-orbit doublets, characteristic of Ni** and
Ni**, and two shakeup satellites (Figure 2d). These results show
that the chemical composition of mesoporous NiCo,0, naowires
contain Co?*, Co**, Ni**, and Ni*, which are in good agreement
with the results in the literature for NiCo,0,.134

The morphology of the different product was examined with
scanning electron microscopy (SEM). Figure S4 shows a repre-
sentative low-magnification SEM image of the NiCo-precursor/
CT composite, which clearly displays the well-established tex-
ture structure of the NiCo-precursor NWAs grown on the

Binding energy (eV)
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to several micrometer. In comparison, only
NiCo,0, nanowire-assembled microsphere
will be formed under similar synthesis condi-
tions without the addition of carbon textiles
substrates (Figure 3f).

860 850

Figure 3. a) Low and b) high magnification SEM images of the NiCo-
precursor NWAs/carbon textiles composite, showing all nanowires com-
pletely surrounding the carbon microfiber cores. c,d) Low and e) high
magnification SEM images of the crystalline NiCo,0, NWAs/carbon tex-
tiles composite. f) SEM image of the urchin-like NiCo,04 microsphere
prepared in the absence of carbon textiles.
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Figure 4. a,b) TEM, c) HRTEM images, and d) SAED pattern of the
NiCo,0, naowires scratched down from the carbon textiles.

The morphology and structure of NiCo,0, nanowires are
further elucidated by TEM. As shown in Figure 4a, the needle-
like NiCo,0, nanowires with diameter =150 nm and length up
to several micrometer can be clearly seen, which are in good
agreement with the SEM observation. A higher-magnification
TEM image depicted in Figure 4b further reveals that a typical
NiCo,0, nanowire is actually a porous nanowire composed of
many small nanoparticles of 10-20 nm in diameter instead of
the conventional single-crystal nanowire. Nitrogen isothermal
adsorption-desorption measurements were performed to deter-
mine the porosity of the prepared materials. A unimodal peak

www.afm-journal.de

around 6 nm can be seen in Figure S5 (Supporting Informa-
tion) for the pore size distribution, which further confirms the
mesoporous structure of NiCo,0, nanowire. The formation of
the mesopores could be related to the gas release during the
decomposition of the Ni-Co precursor synthesized using hexa-
methylenetetramine as capping agent. The mesopores struc-
ture enable facile transport of the electrolyte to the surfaces of
NiCo,0,, resulting in rapid charge transfer reactions due to the
shorten ions diffusion paths. A lattice spacing of 0.47 nm was
observed in Figure 4c, in a good agreement with to the theo-
retical interplane spacing of spinel NiCo,0O, (111) planes. The
selected-area electron diffraction (SAED) pattern (Figure 4d)
shows well-defined diffraction rings, which correspond to the
(440), (224), (311), (111), (220), and (400) planes, demonstrating
that the sample is polycrystalline with d-spacing consistent with
the XRD results (Figure 2b).

2.2. Li-lon Batteries Performance

Coin-type cell configuration was used to evaluate the lithium
storage properties of NiCo,0,/carbon textiles as a binder-free
anode, and the results were compared with NiCo,0, micro-
spheres electrode made by the traditional slurry-coating tech-
nique. Figure S6 and Figure 5a show the charge—discharge
profiles of the NiCo,0, microspheres electrode and NiCo,0,/
carbon textiles electrode for the first five cycles at a current den-
sity of 0.2 A g! in the range of 0.05 and 3.0 V, respectively.
The voltage profile of the first-discharge reaction of NiCo,0,
comprises mainly two regions, a large plateau at 1 V asso-
ciated with the irreversible reaction of NiCo,0, and Li* as
Equation 5, which was then followed by a slope till 0.05 V.

The first discharge capacity reached about

3.0 1600 b 1317 mA h g7}, equivalent to =11.8 mol Li
2.5 = Current densities: A g per mole of NiCo,0,. The voltage profile of
Teo1200H 0.2 05 1 2 3 02 the first charge-curve from 0.05-3.0 V does
%2-0 g Mmm,‘ —— not comprise large plateau regions but oply
S5 NiCo,0,fcarbon textiles | . 800 g e N / lines of varying slopes. The initial specific
S0 S R Rz charge capacity is about 1018 mA h g1, cor-
’ = 400l ] oy responding to 77% Coulombic efficiency.
0.5 c —9—NiCo,0,Jcarbon textiles / Besides the irreversibility of Equation 5,
0.0 . . . ) 0 —9—NiCo,0, microspheres i the large irreversible capacity and low Cou-
0 300 600 900 1200 1500 0 10 20 30 40 50 60 70 lombic efficiency for the first cycling is also
Capacity (mAh g') 1600 Cyele number attributed to the formation of solid electrolyte
1600 -_5_Nico,0, N\WAs/carbon textiles (G interface (SEI) film and some undecomposed
o~ —*—NfCozo‘ nafnorodICu foil Ref. 37 7:01200 P —o—NiCozojca-rbon textiles leo phase.[SO]
5’ 1200 —"‘N'?@ms”hems Ref. 48 = i 27 NiCo,0, microspheres For.the followed.discharge process, the
E " R E potential plateau shifts upward to near 1.1
z 800+ \. \*°\\*o\ £ 800 V with a more sloping profile accompa-
g \. ° £ nied by a capacity loss, indicating different
S 400t a © 400 electrochemical reactions as Equations
6,7,8. The first discharge capacity of the

0 20 40
0.1 1 4
Current density (A g )

Figure 5. a) Charge—discharge voltage profiles of NiCo,04/carbon textiles for the first five
cycles at a current density of 0.2 A g™'. b) A comparison of the specific capacity as a function
of current density. c) Comparison of rate capability of NiCo,0,/carbon textiles electrode with
other NiCo,0, based high-rate electrodes reported recently. d) cycling performance at current

densities of 0.5 A g™ of NiCo,0,4/carbon textiles, NiCo,0, microspheres.
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60 80 100
Cycle number

NiCo,0,/carbon textiles electrode is around
1524 mA h gl The initial Coulombic effi-
ciency is around 76%, and it will quickly
increase to 98% after several cycles as shown
in Figure 5a. Besides, the carbon textiles
exhibit quite low capacity (Figure S7, Sup-
porting Information), indicating that the
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carbon textiles makes little contribution to the total specific
capacity of the composite electrode.

NiCo,0, + 8Li" + 8¢~ = Ni + 2Co + 4Li,O (5)
Ni + Li,O = NiO + 2Li* + 2e~ (6)
2Co + 2Li,0 = 2Co0 + 4Lit + 4e~ (7)
2Co0 + 2/3Li,0 = 2/3C030, + 4/3Li" +4/3e” )

The rate performance of NiCo,0, microspheres electrode
and NiCo,0,/carbon textiles electrode at various current density
were compared in Figure 5b. The NiCo,0, microspheres elec-
trode exhibits high initial discharge capacity (1317 mA h g7}),
followed however by a sharp capacity decay with the increase of
current density. NiCo,0,/carbon textiles composite electrode,
however, exhibited much higher lithium-ion storage capacity
and much better rate capability than NiCo,0O4 microsphere elec-
trode. For instance, at a current density 3 A g1, the capacity
of NiCo,0,/carbon textiles electrode was nearly 4 times greater
than NiCo,0, microsphere electrode. We also compared this
work with other NiCo,0, based high-rate electrodes from recent
literature,l”#¥ and the result shown in Figure 5c. The lithium
storage properties of NiCo,0O, NWAs/carbon textiles is much
better than that of NiCo,0, nanorod arrays on Cu substrates,?”]
NiCo,0, microspheres assembled by nanoparticles.*¥! For
example, the discharge capacity of NiCo,O, microspheres
assembled by nanoparticles is 1003 mA h g! at 0.2 A g 1,8l
which is close to the discharge capacity of NiCo,0, NWAs/
carbon textiles. However, the discharge capacity of NiCo,0,
microspheres decreased steeply with increasing the current
density. The capacity (778 mA h g™) obtained by NiCo,0,
NWAs/carbon textiles at 2 A g~! is nearly 2 times greater than
that obtained at a lower current density of 1.6 A g™! for the
NiCo,0, microspheres (393 mA h g™1). Moreover, the NiCo,0,/
carbon textiles electrode possesses better cyclic stability than
NiCo,0O, microsphere electrode. Figure 5d shows the discharge
capacity as a function of cycle number at current densities of
0.5 A g! in the voltage range of 0.05-3.0 V. For the NiCo,0,/
carbon textiles electrode, the discharge capacities for the first
and second cycles at 0.5 A g™! are 1357 and 1012 mA h g7},
respectively. From the second cycle onwards, the discharge
capacity shows only very slow fading. A high discharge capacity
of 854 mA h g1 is still achieved after 100 cycles, corresponding
to =84% of the second discharge capacity. Under the iden-
tical test conditions, NiCo,0, microsphere electrode exhibit
much faster capacity fading, and a capacity of only around
400 mA h gl is left after 100 cycles at 0.5 A g~*. Compared with
those of NiCo,0, electrodes reported in literature, the capacity
retention of the NiCo,0,/carbon textiles prepared in this work
are better. For example, the capacity of NiCo,04 microsphere
assembled by nanoparticles can be maintained at 730 mA h g~!
after 50 cycles, which is about 67% of the reversible capacity.[*®!

The significantly different electrochemical properties for the
two electrodes are attributed to the different electrode architec-
tures. Figure S8 (Supporting Information) are the Nyquist plots
from AC impedance spectroscopy measurements. These plots
clearly show that the diameter of the semicircle of the NiCo,0,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a) NiCo,0, microsphere
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b) NiCo,0,NWAs/Carbon textiles

Binder-free flexible electrode architectures

Figure 6. Schematic drawing of a) the conventional NiCo,O, micro-
spheres electrode and b) binder-free 3D NiCo,04/carbon textiles
electrode.

electrode composed of NiCo,0, microspheres on Cu foil is
much bigger than that of the NiCo,0,/carbon textiles electrode,
indicating that the conventional binder-enriched electrode
increase additional undesirable interparticle resistance, more
importantly, which failed to provide efficient electron transport
between electroactive materials and current collector substrate
(Figure 6a). The electrochemical reaction pathways is different
in our concept of 3D electrode consisting of conductive carbon
textiles (current collector) conformal coated with NiCo,04
NWAs (Figure 6b): 1) The NiCo,0, NWAs directly grown on
the carbon textiles with robust adhesion ensure intimate con-
tacts and effective electron transport between the charge col-
lecting substrates of carbon textiles and the every NiCo,O,
naowires; 2) Loose textures of substrates and large open spaces
between neighboring nanowire arrays making more active
material exposed to the electrolyte that allow the electrolyte to
easily contact with the NiCo,04 nanocrystals, providing hier-
archical pathways for effective ion transport. 3) Mesoporous
NiCo,0, nanowire consisting of numerous highly crystalline
nanoparticles, leaving a large number of mesopores to accom-
modate the strain induced by the volume change during the
electrochemical reactions and shorten the ion-diffusion length;
4) Additionally, avoiding the use of binders or any conducting
additive material in this unique electrode architecture. All of
these factors contribute to the effective ambipolar diffusion of
ion and e~ into/out of NiCo,04 in the NiCo,04 NWAs/carbon
textiles electrode architecture, enabling remarkable rate capa-
bility and good cycling stability.

2.3. Supercapacitors Performance

As another demonstration, the NiCo,0,/carbon textiles were
also used as binder-free electrodes for supercapacitors. The

Adv. Funct. Mater. 2014, 24, 2630-2637
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Figure 7. a) CV curves and b) constant-current charge-discharge voltage profiles of NiCo,0,/
carbon textiles. A comparison of the c) specific capacitance as a function of currentdensity,
d) cycling performance at current densities of 8 A g™' of NiCo,0,/carbon textiles, NiCo,0,
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NiCo,0, microspheres electrode. Specifi-
cally, the carbon textiles supported NiCo,O,
NWAs electrode exhibits excellent pseudo-
capacitance of 1283, 1258, 1188, 1102, and
1010 F g! at current densities of 1, 2, 4, 8,
and 20 A g7}, respectively. This suggests that
about 79% of the SC at 1 A g™! is still retained
when the discharge current density is
increased to 20 A g}, which is much higher
than that in the previous reports, revealing
its good rate capability. However, the specific
capacitances of NiCo,0, microsphere elec-
trode are only 192 F g! at 20 A g™!, corre-
sponding to around 54% retention at 1 A g™L.

Supercapacitor are required to operate
at high current densities and to have a long
cycle life for large scale application. The
long-term cycling performances of for two
different electrodes are recorded as shown
in Figure 7d at a current density of 8 A g%,
Interestingly, the specific capacitance for two
electrodes gradually increases during the
first 500 cycles, which may attributed to the
gradual activation process of the NiCo,0,

microspheres.

pseudocapacitive properties of the NiCo,0,/carbon textiles
are investigated by cyclic voltammetry (CV) and galvanostatic
charge—discharge measurements in three electrode configura-
tions. Figure 7a shows the typical CV curves of the NiCo,0,/
carbon textiles electrode at various scan rates ranged from
5 to 10 mV s7. The shapes of the CV curves clearly confirm
the pseudocapacitive behavior, which is distinct from electric
double-layer capacitance characterized by nearly rectangular CV
curves. Specifically, a pair of well-defined redox peaks can be
observed within —0.05 to 0.45 V (vs SCE) is visible in all the CV
curves, which is mainly attributed to the Faradaic redox reac-
tions related to M-O/M-O-OH, where M refers to Ni or Co.!®!
When increase the scan rate, the peak current increases but
the shapes of these CV curves do not significantly change as
the scan rate increases from 5 to 10 mV s7}, revealing that this
electrode architectures enable fast redox reactions for electro-
chemical energy storage.

Galvanostatic charge—discharge measurements were con-
ducted at various current densities ranging from 1 to 20 A g!
to further evaluate the pseudocapacitive properties of the as-
synthesized self-supported electrode of NiCo,0,/carbon tex-
tiles, and the results are shown in Figure 7b. Evidently, the
existence of plateaus at around 0.3 V in the charge-discharge
curves suggests the typical pseudocapacitive characteristics,
which is in good agreement with the CV curves (Figure 7a).
The specific capacitance is calculated by the formula, C = (IAt)/
(mAV), where I is the discharge current, At is the discharge
time, AV is the voltage range and m is the mass of the active
material. The calculated specific capacitance as a function of
the discharge current density is plotted in Figure 7c, and the
results were compared with the traditional NiCo,0, micro-
sphere electrode. Clearly, the NiCo,0,/carbon textiles electrode
exhibits higher specific capacitance values than binder-enriched

Adv. Funct. Mater. 2014, 24, 2630-2637

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nanoparticles-assembled nanowire. A sig-

nificantly specific capacitance lose can be
seen for NiCo,04 microsphere electrode, only 57% of the ini-
tial capacitance be maintained after 5000 cycles. While for
NiCo,0,/carbon textiles electrode, the specific capacitance is
perfectly retained even after 5000 cycles with a negligible spe-
cific capacitance decay demonstrating its superior cyclic sta-
bility performance. The Coulombic efficiency (calculated from
the discharge—charge capacity) stayed constant at approximately
100%, demonstrating that the perfectly crystalline NiCo,O,
nanowire supported by carbon textiles form a stable conductive
structure on the microscale and that the Faradaic redox reac-
tions is completely reversible even at high current densities. To
the best of our knowledge, such remarkable electrochemical
stability is rarely observed for NiCo,0,#-301]

Based on the above overall electrochemical performance,
the unique NiCo,0, NWAs/ carbon textiles electrode is
apparently superior to many other NiCo,0, electrodes except
NiCo,0, nanosheets supported on Ni foam by Yuan et al.
(Mass loading: 0.8 mg cm™), as can be seen from the Table S1
(Supporting Information). The enormous enhanced specific
capacitance and long-term cycling stability of NiCo,0,/carbon
textiles electrode can be attributed to the unique morphology
and structure of the electrodes architectures. As the NiCo,04
nanowires are composed of nanocrystallites, and possess mes-
oporosity, the transportation of electrolytes through their nan-
ochannels is possibly more feasible for efficient redox reac-
tions during Faradaic charge storage process. The electronic
conductivity of NiCo,0,/carbon textiles are significantly
improved by direct connection to the growth substrate, which
ensures every nanowire participates in the ultrafast electro-
chemical reaction. The above results evidently suggest that
it is appealing to use configuration of the NiCo,0,/carbon
textiles as self-supported electrodes for advanced high-perfor-
mance supercapacitor.
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3. Conclusion

In summary, mesoporous NiCo,0, NWAs were successfully
grown on carbon textiles substrates with robust adhesion
through a general surfactant-assisted hydrothermal method
and combined with a simple post-annealing treatment. The
mesoporous NiCo,0, NWAs supported on carbon textiles are
directly served as a binder-free electrode for high performance
energy storage devices. Electrode design concept presented
here allows each NiCo,04 nanowire to have its own electrical
contact with the carbon fiber substrate and facile ion diffu-
sion path provided by both the abundant mesoporous struc-
ture in nanowires and large open spaces between neighboring
nanowires, which ensures every nanowire participates in the
ultrafast electrochemical reaction. As an anode for Li-ion bat-
teries, the NiCo,0,/carbon textiles exhibits a reversible capacity
of =1012 mA h g! at a current density of 0.5 A g™}, retaining
854 mA h g! after 100 cycles. A high specific capacitances of
1010 F g1 (79% of the capacitance at 1 A g1) at 20 A g and
remarkable cycling stability (No negligible specific capacitance
decay after 5000 cycles at 8 A g™') can be achieved as elec-
trochemical capacitor electrode. More importantly, the elec-
trode design concept can be easily generalized to grown other
mesoporous metal oxides nanostructure on substrates for the
fabrication of high-performance energy-storage devices.

4. Experimental Section

Growth of NiCo,0, NWAs on Carbon Textiles: Carbon textiles was
cleaned by ultrasonically in deionized (DI) water, ethanol for 15 min,
respectively, and then dried in a oven. In a typical process, 5 mmol
CoCly-6H,0, 2.5 mmol of NiCl,;6H,0, 2 mmol hexadecyl trimethyl
ammonium bromide, 9 mmol of urea are dissolved into 50 mL of DI
water to form a transparent pink solution. After putting a piece of
cleaned carbon cloth (4 cm x 4 cm), the solution was then transferred
to a Teflon-lined stainless steel autoclave and kept at 100 °C. After
hydrothermal growth, the carbon textiles covered with NiCo-precursor
NWAs was carefully rinsed several times with de-ionized water and
absolute ethanol with the assistance of ultrasonication, and finally dried
in air. Then, the sample was put in a quartz tube and calcined at 300 °C
for 3 h to get well defined crystallized NiCo,0, NWAs on carbon textiles.
In average, 1.2 mg of NiCo,0O4 naowires is grown per T cm x 1 cm of
carbon textiles, carefully weighted after calcination. NiCo,04 naowire-
assembled microspheres were also prepared in a similar manner without
use of carbon textiles substrate.

Materials Characterization: The crystal structure of the obtained
samples was characterized by X-ray diffraction (XRD) (Bruker D8
advance) with Cu Ko radiation. The X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Perkin-Elmer PHI 550 spectrometer
with Al Koo (1486.6 eV) as the X-ray source. The microstructural
properties were characterized using transmission electron microscopy
(TEM) (TEM, FEI, Tecnai-20, USA), high-resolution transmission
electron microscopy (HRTEM, JEOL JEM-2010), and field-emission
scanning electron microscopy (FESEM, JEOL, JSM-7000). The N,
adsorption—desorption were determined by BET measurements using an
ASAP-2010 surface area analyzer.

Electrochemical Measurement: The carbon textiles-supported NiCo,0O4
NWAs directly acted as the working electrode without any ancillary
materials. For electrochemical measurements of NiCo,0, naowire-
assembled microspheres, the working electrode is consisted of active
material, carbon black (Super-P-Li), and polymer binder (polyvinylidene
fluoride; PVDF) in a weight ratio of 80:10:10. The slurry was pasted to
Ni foam (used in supercapacitor) or Cu foil (used in lithium-ion battery)
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and then dried at 120 °C overnight under vacuum. The supercapacitor
tests were conducted with a CHI 660C electrochemical workstation in an
aqueous KOH electrolyte (6.0 m) with a three electrode cell where Pt foil
serves as the counter electrode and a saturated calomel electrode (SCE)
as the reference electrode. Coin cells were assembled in an argon-filled
glovebox for a lithium-ion battery. Lithium pellets were used for both the
counter and the reference electrodes, and the NiCo,0O4/carbon textiles
was directly used as a working electrode. 1 m LiPFg solution in 1 : 1
(V : V) mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) was used as electrolyte. The cells were galvanostatically charged
and discharged using a Land Battery Tester. Cyclic voltammetry (CV)
studies were carried out on an electrochemical workstation (CH
Instruments, model 660C). The AC impedance spectrum was measured
using a Solatron 1260 impedance analyzer in the frequency range =
1072-10° Hz.
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