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ABSTRACT: The design and development of nanomaterials has
become central to the advancement of pseudocapacitive performance.
Many one-dimensional nanostructures (1D NSs), two-dimensional
nanostructures (2D NSs), and three-dimensional hierarchical
structures (3D HSs) composed of these building blocks have been
synthesized as pseudocapacitive materials via different methods.
However, due to the unclear assembly mechanism of these NSs,
reports of HSs simultaneously assembled from two or more types of
NSs are rare. In this article, NiCo,0, multiple hierarchical structures
(MHSs) composed of 1D nanowires and 2D nanosheets are simply
grown on Ni foam using an ordered two-step hydrothermal synthesis followed by annealing processing. The low-dimensional
nanowire is found to hold priority in the growth order, rather than the high-dimensional nanosheet, thus effectively promoting
the integration of these different NSs in the assembly of the NiCo,0, MHSs. With vast electroactive surface area and favorable
mesoporous architecture, the NiCo,0, MHSs exhibit a high specific capacitance of up to 2623.3 F g™, scaled to the active mass
of the NiCo,0, sample at a current density of 1 A g". A nearly constant rate performance of 68% is achieved at a current density
ranging from 1 to 40 A g™', and the sample retains approximately 94% of its maximum capacitance even after 3000 continuous
charge—discharge cycles at a consistently high current density of 10 A g™".
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1. INTRODUCTION

Supercapacitors are becoming a new force in the field of
electrical energy storage because of their ultrahigh power
density, capacity for fast charge—discharge, and durability.' ™
Those concurrently possessing enhanced energy density and
rate performance may be comparable with Li ion batteries, fuel
cells, and other power supplies. In theory, the fast multielectron
Faradaic redox reaction of pseudocapacitors predicts a much
higher specific capacitance (and thus higher energy density)
than that observed in double-layer capacitors, whose
capacitance mainly results from the electrostatic adsorption of
ions at the electrode/electrolyte interface."® Many different
electrode materials have been studied for use in pseudocapa-
citors, including metal oxides*” and metal sulfides;'”'! the
capacitive properties of the categories vary greatly because of
their different pseudocapacitive natures. Moreover, the
capacitive performance of each category is affected by the
size, morphology, and electrode preparation methods, which
also differ widely across the categories."> For example, at very
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high rates, the diffusion channels of those electrode materials
without suitable pore architectures may collapse, badly
weakening the rate capability and limiting the potential
applications."'* Consequently, whether through the selection
and preparation of novel electrode materials or by the design of
novel microstructures/nanostructures (MSs/NSs), many efforts
have been devoted to improving the performance of
pseudocapacitors in binder-bearing and binder-free electrode
systems.

The spinel NiCo,O,, a binary oxide, is currently popular as
an electrode material due to its outstanding electronic
conductivity, multiple convertible valence states, and easily
controllable morphologies.ls_17 To date, the different
syntheses of one-dimensional (1D) nanowires,"®"” two-dimen-
sional (2D) nanosheets,'”** and three-dimensional (3D)
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hierarchical structures (HSs)'%*! composed of nanowires and
nanosheets have demonstrated superior capacitive properties
compared with some other single-component and multi-
component metal oxides, including even the noble metal
oxide RuQ,. One-dimensional NiCo,0O, nanowires provide
short transport pathways for electrons and ions, improving the
kinetics of diffusion and facilitating the rate capability in
return.'® Two-dimensional NiCo,0, nanosheets, with two
dimensions outside the nanometric size range, tend to cross-
link with each other. Thus, the large, opened “V-type” space is
formed, which serves as a robust reservoir for ions and provides
numerous electroactive sites for redox reactions as a result of its
very high surface area.'””* A 3D HS that is formed from these
nanoscale structural units would inherit the above-mentioned
advantages while also providing additional benefits, such as
improved stability, uniform porosity, and resistance to
aggregation.23’24 Urchinlike and flowerlike NiCo,O, HSs are
most often reported;*">* > these are composed of nanowires
and nanosheets, respectively, in a one-pot synthesis. However,
due to the unclear assembly mechanism of these NSs, there has
been a gap in the study of multiple hierarchical structures
(MHSs) composed of two or more types of NSs (eg,
nanoparticles, nanowires, and nanosheets). It is anticipated that
in such a MHS, the high-dimensional NSs could provide the
“backbone” mechanical strength and enough attachment points
for the low-dimensional NSs, thus allowing the latter to fill
around the former ones. More significantly, these MHSs could
improve the “composite system” by combining or even
magnifying the advantages of each component.

This work represents the first reported synthesis of the
NiCo,0, MHS (denoted as NCO?2), which is constructed of
1D nanowires and 2D nanosheets in a two-step hydrothermal
growth process followed by a postannealing treatment. To
investigate the assembly mechanism of the NiCo,0, MHS, a
one-step hydrothermal process and an order-transposed, two-
step hydrothermal process were also conducted to synthesize
the NiCo,0, samples (denoted as NCO1 and NCO3,
respectively). For the binder-free electrode, nickel foam was
used as substrate for the in situ growth. The current-carrying
capability was enhanced through an appropriate tableting
process. Intriguingly, the series of investigations demonstrate
that the successful production of this MHS largely depends on
the order of hydrothermal steps, during which the 2D
nanosheets tend to be embraced by 1D nanowires. Due to its
unique structure, the NiCo,O, MHS yields a high initial
discharge capacity of 2623.3 F g~', which remains as high as
1785.5 F g~! for a 40-fold-enlarged current density and displays
excellent cycling performance (1993 F ¢! at 10 A g™" after
3000 cycles). More importantly, our present work further
extends the research on hierarchical structures and may shed
some light on the design of advanced energy materials.

2. EXPERIMENTAL SECTION

Materials Preparation. All reagents were of analytical grade and
used as received without further purification. The nickel foam (1 cm X
1 cm) was cleaned by sequential sonication in acetone, 6 M HC],
deionized (DI) water, and absolute ethanol for 20 min each. Our
approach for fabricating NiCo,0, MHSs on nickel foam substrate as
pseudocapacitive electrode involves two key steps, as shown in Scheme
1. In the first hydrothermal process, 2.883 g of urea, 0.951 g of NiCl,-
6H,0, and 1.903 g of CoCl,-6H,0 were dissolved in 75 mL of DI
water with constant stirring for 30 min. After a piece of the pretreated
nickel foam was added, the solution was ultrasonically agitated for
another 30 min, sealed in a 100 mL, Teflon-lined, stainless autoclave,

Scheme 1. Schematic Illustration of the Two-Step
Hydrothermal Synthesis of NiCo,0, MHSs on Nickel Foam
Substrate
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and maintained at 120 °C for 7 h. After cooling to room temperature
naturally, the sample was cleaned by ultrasonication in both DI water
and absolute ethanol for 5 min each, vacuum-dried at 80 °C for 6 h,
and annealed at 350 °C in a muffle furnace for 3 h. The obtained
product is referred to as NCOL.

In the second hydrothermal process, the nickel foam covered with
the as-grown precursor of NCO1 was considered the substrate and
boiled at 120 °C for 7 h in a mixed solution with 25 mL of DI water
and S0 mL of ethanol, 1.442 g of urea, 0.476 g of NiCl,-6H,0, and
0.952 g of CoCl,-6H,0. After undergoing the vacuum-drying and
thermal treatment described above, the product resulting from the
NCOL1 precursor was considered to be transformed into the NiCo,0,
MHS and is referred to as NCO2.

The production of NCO3 was accomplished by merely switching
the order of the hydrothermal processes: the product of the “second
hydrothermal process”, conducted on the cleaned nickel foam, was
then used in the “first hydrothermal process” to complete the synthesis
of the NCO3. The NiCo,0, loadings on nickel foam were 1.22, 2.09,
and 2.31 mg cm™> for NCO1, NCO2, and NCO3, respectively. For a
direct comparison of the prepared samples to the pure nickel foam
electrodes, the pretreated nickel foams (1 cm X 1 cm) were subjected
to the same conditions as the prepared samples, with the notable
absence of the cobalt and nickel sources.

Material Characterizations. The structures of the products were
examined via X-ray diffraction (XRD; Bruker, D8-Advance) using Cu
Ka radiation (1 = 1.5406 A). The morphologies of the samples were
characterized by scanning electron microscopy (SEM; Hitachi, S-
3400N), field-emission scanning electron microscopy (FESEM; FEI,
Quanta 650), and transmission electron microscopy (TEM; JEOL,
JEM-2100F). Elemental composition analyses of the products were
performed using an energy dispersive X-ray (EDX) attachment. The
surface area and pore size distribution analyses were conducted using
the Brunauer—Emmett—Teller (BET) method and the Barrett—
Joyner—Halenda (BJH) method (Quantachrome, Quadrasorb SI),
respectively.

Electrochemical Measurements. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements were
performed using a potentiostat/galvanostat (Ametek, PAR 2273). EIS
tests were performed within a frequency range of 0.01—105 Hz at
amplitude of 5 mV versus the open circuit potential. The galvanostatic
charge—discharge (CD) measurements were conducted on an
electrochemical analyzer (Chenhua, CHI 660C). All experiments
were investigated in a three-compartment cell containing 3 M KOH
aqueous solution as the electrolyte. The nickel foam (1 ¢cm X 1 cm)
coated with electroactive materials was pressed at 10 MPa for 60 s and
used as the working electrode. An Hg/HgO electrode was used as the
reference electrode, and a piece of platinum net was employed as the
counter electrode. To minimize the errors due to an iR drop in the
electrolyte, the reference electrode was connected to the cell via a
double salt bridge system and a Luggin capillary.””?® After cell
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assembly, the working electrode was impregnated within the
electrolyte for 2 h under vacuum conditions to ensure that the
electrode was wetted thoroughly.

3. RESULTS AND DISCUSSION

The formation mechanism of the NiCo,0, samples is explained
as follows: the decomposition and hydrolysis of urea during the
hydrothermal synthesis lead to the release of OH™ and CO;*~
ions. The generated ions then interact with metal ions, which
results in the precipitation of metal carbonate hydroxide. With
the annealing treatment, metal carbonate hydroxide salts were
decomposed into metal oxides, accompanied by the release of
gaseous CO, and H,O. The involved chemical reactions are
represented in eqs 1—5:*°

CO(NH,), + H,0 — 2NH, + CO, (1)
CO, + H,0 — CO,”” + 2H" @)
NH,-H,0 — NH," + OH~ 3)

2(Co**, Ni**) + CO,*™ + 20H™ + nH,0
— (Co, Ni),CO;(OH), -nH,0 (4)

A
(Co, Ni),CO,(OH),-nH,0 — NiCo,0, + H,0 + CO,
(s)
The phase purity of the as-prepared samples (NCO1, NCO?2,

and NCO3), supported on nickel foam, was characterized using
XRD, as shown in Figure 1. Except for the three typical peaks

A NiCo0,

--------- Ni foam

Intensity / a.u.

10 20 30 40 50 60 70 80
2 Theta / deg.

Figure 1. XRD spectra of as-prepared samples on Ni foam and the
standard pattern of cubic NiCo,0, (JCPDS Card No. 73-1702).

derived from the nickel foam substrate, all of the samples
obtained by thermal decomposition of the precursors show an
X-ray diffraction pattern corresponding to the cubic lattice of
the Fd3m space group of the NiCo,O, spinel structure (JCPDS
Card No. 73-1702, a = 8.114 A). The EDX elemental
composition and quantitative analyses of the three samples
(Supporting Information, Figures S1—S3) confirm the
predominant chemical constituents and stoichiometric ratio of
Ni, Co, and O, which corroborates the XRD studies. The XRD
patterns of the pure nickel foam electrodes indicate no chemical
change of metal nickel after the hydrothermal syntheses and
annealing (Supporting Information, Figure S4). The overall
morphologies of the NiCo,O, samples were then observed
using SEM and FESEM. After the first hydrothermal process

and the following annealing treatment, the NiCo,0, nanowires
(NCOL1) uniformly cover the substrate (Supporting Informa-
tion, Figure SS). The final product of one of the two-step
strategies, namely the NiCo,0, MHS (NCO2), is vividly
depicted in FESEM images. As observed, the MHS is tightly
grown against the nickel foam, without leaving uncovered
nickel foam (Figure 2a and Figure S6 in the Supporting
Information). At high magnification, the MHS is analogous to
an assembly of microspheres with diameters of approximately
4—6 pum (Figure 2b,c). These microspheres all possess a 3D
architecture, in which the 2D nanosheets run through the
whole while the 1D nanowires encircle the nanosheet
backbone. Further information about the NiCo,0, MHS is
obtained from TEM images. Figure 2d shows the features of an
individual nanosheet that was exfoliated after intense ultra-
sonication. Many 1D nanowires are distributed in multiple
orientations around the 2D nanosheet, which agrees with the
SEM images. The integration of the two NSs is more distinct in
Figure 2e. Figure 2f shows the corresponding high-resolution
TEM (HRTEM) image of the nanosheet (shown in lighter
color in Figure 2e). The clearly revealed lattice fringes with
interplanar distances of ~0.47 and ~0.29 nm correspond to the
(111) and (220) planes of spinel-structured NiCo,O,,
respectively. Figure 2g shows a higher magnification TEM
image of the nanowire (shown in darker color in Figure 2e),
which is a porous structure with an estimated diameter of 50—
100 nm. An HRTEM image of the nanowire tip is presented in
Figure 2h. The corresponding lattice fringes can be well
indexed to the (311) crystal faces with d-spacing values of
~0.25 nm. Additionally, the clear diffraction spot array in the
selected area electron diffraction (SAED) pattern (Figure 2i)
indicates the polycrystalline features of NCO2.”’ The
diffraction rings can be assigned to the (111), (220), (311),
(222), (400), and (422) planes of the spinel-structured
NiCo,0,, which is in agreement with the XRD analyses.

To investigate the formation process of the 3D NiCo,O,
MHSs, a series of time-dependent experiments were performed
during the second hydrothermal growth step. The morphology
of the precursor was monitored by FESEM, which showed that
the nanowire precursor of NCO1 was grown directly on the
smooth surface of the nickel foam (Supporting Information,
Figure S7). The formation of these nanowire arrays arises from
heterogeneous nucleation and growth via the hydrolysis of urea
in aqueous solution, which lowers the interfacial nucleation
energy on the substrate. Moreover, the nanowires are
interconnected, forming numerous pore paths and open spaces
for the permeation and recrystallization of solute during the
next hydrothermal growth phase. Observation continued as the
substrate began the next hydrothermal growth process. When
the reaction was quenched after 1 h, some nubby or sheet-type
structures were found to nucleate and form an uneven layer
among the interspaces between the nanowires (Figure 3a,b).
When the reaction time was increased to 3 h, many nanosheets
were discovered in the beginnings of formation and drilling out
from the nanowire arrays (Figure 3c,d). The nanosheets also
seemed to possess a “winding effect” on the nanowires,
impelling the latter to encircle the former. Further increasing
the reaction time to 5 h revealed the continued growth of the
nanosheets and the formation of connections, tending toward
the microspheres. As a consequence, the nanowires became
dense and melted into one with the nanosheets (Figure 3e,f).
Eventually, with constant growth, the microspheres became
increasingly plump and finally formed into MHSs. In contrast
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Figure 2. (a—c) FESEM images at different magnifications of NiCo,0, MHSs (NCO2) on Ni foam; (d—h) TEM and HRTEM images of the
nanosheet and nanowire exfoliated after intense ultrasonication; (i) corresponding SAED pattern of the nanosheet and nanowire.

Figure 3. FESEM images of Ni—Co-based intermediate obtained after
the second hydrothermal growth with different reaction times: (a, b) 1,
(c,d) 3, and (e, f) S h.

to the above results, a new two-step strategy, consisting of a
reversal of the order of the hydrothermal processes, was also
conducted to prove that the formation of the NiCo,O, MHS
closely relies on the growth sequence of the different NSs. The
morphology of the final product (NCO3) was analyzed using
SEM (Supporting Information, Figure S8). As observed, many
independent urchinlike and flowerlike NiCo,0, HSs are mixed

together on the nickel foam (Supporting Information, Figure
S8a). The first layer on the Ni foam surface is a bed of
nanosheet arrays (Supporting Information, Figure S8b). The
close-ups of the separate urchinlike and flowerlike NiCo,O,
HSs are shown in the Supporting Information (Figure S8c,d),
suggesting no integration between the nanosheets and
nanowires in an order-transposed, two-step hydrothermal
process. Given the discussion above, the two-step hydrothermal
strategy, in which the low-dimensional NSs growth phase
precedes that of the high-dimensional NSs, is an important
aspect of the crystal growth process for the NiCo,0, MHS.
Figure 4a shows the N, adsorption—desorption isotherms of
the as-made NiCo,0, samples. All of the curves exhibit type IV
isotherms with hysteresis loops of different sizes (Figure 4a),
which reflects the propensity of mesoporous material to
facilitate capillary condensation during the desorption process.
The BET surface area of the NiCo,0, MHS is calculated to be
the highest (104.8, 118.3, and 42.4 m* g™' for NCO1, NCO2,
and NCO3, respectively). Figure 4b shows the corresponding
pore size distribution which is calculated from the BJH method
using the desorption branch of the nitrogen isotherm. The
samples NCO2 and NCO3, which incorporate both nanowires
and nanosheets, have greater mesoporosity, with wider pore
size distribution compared with the nanowire arrays (NCO1).
The mesopore sizes of NCO2 and NCO3 have two main
centered domains at 2—4 and 11—13 nm. However, the pore
volume of NCO2 is significantly higher than that of NCO3,
which is consistent with the BET surface area. These results
indicate that the MHSs could both obtain a developed
mesoporous structure by introducing the nanosheets and
achieve a relatively higher specific area in an ordered assembly.
Furthermore, the appealing textural properties may not only
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Figure 4. (a) Nitrogen adsorption—desorption isotherms and (b)
corresponding pore size distribution curves of as-prepared samples.

permit easy ion access of the electrode/electrolyte interface but
also ensure a high electroactive surface area for redox
reactions.>**°

EIS measurements were carried out to elucidate the effect of
the pore architecture and morphology of the mesoporous
NiCo,0, MHS on electrochemical performance. Figure 5
presents the Nyquist and Bode plots of the three samples after
the 20th cycle. The measured impedance spectra were fitted
using an equivalent circuit (Figure Sd), which consisted of a
bulk solution resistance R,, charge-transfer resistance R,
constant phase angle element Q (or CPE), pseudocapacitive
element C,, from the redox process, and W (Warburg
impedance). As observed in Figure Sa—c, the fit matches the
EIS data very well. In the high-frequency region, the NiCo,O,
MHS shows a much more inconspicuous loop from an
expanded view (in the upper part of Figure Sa—c), which
indicates the minimal charge-transfer resistance between the
electroactive material and the electrolyte interface. Charge-
transfer resistance is generally related to the electroactive
surface area (a combination of the specific surface area and
electrical conductivity) of the electrode materials. The
electroactive surface area increased with increasing specific
surface area and electrical conductivity. A larger electroactive
surface area indicates a lower charge-transfer resistance.”"*>
The lowest calculated value of R, (0.4901, 0.0364, and 0.9624
Q for NCO1, NCO2, and NCO3, respectively) corresponds to
the largest electroactive surface area of NCO2 because all of the
samples share the outstanding electronic conductivity of
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NiCo0,0,. The rapid transition from the loop to the near-
vertical line in the Nyquist plots at low frequencies indicates the
low ion diffusive resistance within the mesoporous materials. It
is generally recognized that these larger mesopores are always
more conducive to transport and diffusion processes. However,
NCO1 has the lowest Warburg impedance (0.3567 Q),
followed by NCO2 (0.5144 Q), with the highest for NCO3
(0.8838 Q). This result can be explained by the following: (i)
the nanosheets’ larger mesopores provide a bigger volume for
free ion transport,"” while (ii) the smaller nanowire mesopores
have a strong electrolyte wettability and short path length,
which are more favorable for the electrolyte permeation and
diffusion,"®*® and, last, (iii) the MHSs assembled, rather than
mixed, by the two NSs well balance the advantages of both and
obtain a moderate Warburg impedance. Furthermore, this
complementary micromechanism of ionic transport based on
the pore architecture makes more OH™ reach the large surface
of the MHS for electron transfer, allowing the facile
interconversion of O, < OH™ and thereby ensuring the
highest electroactive surface area.*

The dependences of the real (C’') and imaginary (C”)
components of capacitance on the operating frequency are
shown in Figure Sef The capacitance (C’) increased with
decreasing frequency in the low-frequency region (Figure Se).
The sharp decrease of capacitance is ascribed to the poor
accessibility of electrolyte ions within the deeper pores of the
NSs at high frequencies.** NCO2 exhibited a much higher
capacitance than did the others across the full frequency range
of 0.01—1 Hz because the vast electroactive surface area enables
much more involvement of the electrode materials in the
Faraday reactions. The sharp peak in the graph of the
frequency-dependent imaginary component of capacitance
(C") conveys a maximum capacitance (C”) at a frequency f,,
(Figure Sf), which corresponds to the relaxation time constant
7 = 1/f, (inset in Figure 5f).>> A lower value of 7 always
indicates faster access of the exposed surface of the
electrode.>**® Similar to W, a middling numerical value of 7
also emphasizes the significant contribution of the nanowires,
which vastly accelerate the permeation of the ions. Overall, the
MHSs are endowed with both a high electroactive surface area
and beneficial pore architecture. This distinctive pore
architecture may be particularly useful in preserving the smooth
flow of ions at high rates through channels while also alleviating
the structural damage caused by volume expansion during high-
rate charge—discharge or cycling processes.

To study the applicability of the NiCo,0, MHS in
supercapacitors, we investigated and compared the capacitive
properties of NCO1, NCO2, and NCO3. Figure 6a shows the
cyclic voltammetric (CV) curves of the three samples and that
of a pure nickel foam electrode at a scan rate of 10 mV s,
With two typical redox peaks in a potential window of 0—0.5 V,
the shapes of all of the curves indicate pseudocapacitive
characteristics. However, the intensity of the redox couple
attributed to the reversible reaction of Ni(II)/Ni(IIl) on the
nickel surface is much smaller than that of the NiCo,0O,-based
electrodes, indicating that the Ni foam contributes little to the
total capacitance of the electrodes. Due to the difference in
electrode polarization behavior, which is closely related to the
physical morphology of the electrode material, there are visible
variations in the redox peak positions of the CV curves for the
three samples.*”*® The two typical redox peaks are mainly
attributed to the Faradaic redox reactions related to M—O/M—
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O-OH (where M represents Ni or Co).>” The reversible
reactions in the alkaline electrolyte are given in eqs 6 and 7.

NiCo,0, + OH™ + H,0 < NiOOH + 2CoOOH + e~
(6)
CoOOH + OH™ < CoO, + H,0 + ¢~ )

Among the three electrodes, NCO2 has shown the largest
current response as well as the largest integral area of the CV
curve, indicating the largest pseudocapacitance. The CVs of the
pure nickel foam electrode and the three samples were also
studied at scan rates ranging from 1 to 40 mV s~ (Supporting
Information, Figure S9). The current responses increase with
the increasing scan rates, and the shapes of the CV curves
remain basically unchanged. To quantitatively evaluate and
compare the electrochemical performance of the three samples,
the specific capacitance (Cg,) is calculated from the CV
measurements using the following equation:*”

1 14
A T fv v (8)

where Cj, is the specific capacitance (F g™"), m is the mass of
the active electrode material (g), v is the potential scan rate
(mV s7'), V; and V; are the integration limits of the
voltammetric curve (V), and I(V) denotes the response current

11399

(mA). The corresponding values are shown in Figure 6b. The
NiCo,0, MHS exhibits the highest value of C, at varied scan
rates, and NCO3 has the lowest. In particular, the specific
capacitances of 1518.9, 2368.1, and 1071.3 F g_1 are obtained at
a scan rate of 10 mV s™' for NCO1, NCO2, and NCO3,
respectively. In addition, the area capacitance of the pure nickel
foam electrode and those of the three samples were calculated
using a variation of eq 8 in which m is replaced by the area of
the electrode. Table S1 in the Supporting Information
quantifies the contribution of the nickel foam to the area
capacitance, which can also be considered negligible.

Further investigation of the capacitive property was
conducted using galvanostatic charge—discharge (CD) meas-
urements (Figure 6c and Figure S10 in the Supporting
Information). Each of the CD curves has two voltage plateaus
that precisely agree with the two typical redox peaks in CV
curves within the potential window of 0—0.5 V. The discharge
time decreased with increasing current density (Supporting
Information, Figure S10). This can be attributed to the
increasingly fast electronic and ionic transport rates, which
reduce the effective interaction between the ijons and the
electrode and thereby lead to the attenuation of capacitance.
Numerical calculations of the specific capacitance (C) during
the galvanostatic charge—discharge processes are based on the
following equation:
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Figure 6. Electrochemical performances of the as-prepared samples: (a) CV curves (after 10 cycles) of the three samples at a scan rate of 10 mV s™';
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(b) specific capacitance derived from the CV measurements at scan rates of 1,2, 5, 10, 20, 30, and 40 mV s™%; (c) CD curves (after 10 cycles) of the
three samples at a current density of 10 A g™'; (d) specific capacitance derived from the discharge curves at current densities of 1, 2, 5, 10, 20, 30, and
40 A g'; (e) Ragone plot of the estimated energy density and power density at various charge—discharge rates; and (f) cycling performance of the

three samples measured at a current density of 10 A g™\,
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where C is the specific capacitance (F g™'), I represents the
discharge current (A), and m, AV, and At designate the mass of
active materials (g), potential drop (V) during discharge, and
total discharge time (s), respectively. Consistent with the CV
results, the NiCo,0, MHS displays highest specific capacitance.
To illustrate, at a current density of 10 A g~ (Figure 6¢), the
three samples deliver capacitances of 1154.3, 2121.3, and
1045.8 F g~! for NCO1, NCO2, and NCO3, respectively. The
rate performance, which directly depends on the attenuation of
capacitance observed in CD measurements, is reflected in
Figure 6d. The specific capacitance of the NiCo,O, MHS is
calculated to be 2623.3 F ¢! at a current density of 1 A g™".
However, the value is much smaller for NCO1 and NCO3
(1479.7 and 1285.1 F g, respectively). It is worthwhile to
note that the specific capacitance of NCO2 is 2037.8 F g™' at a
high current density of 20 A g_l, which is ~78% of that at 1 A
g~". For NCO1 and NCO3, the corresponding values are only
1031.6 and 964 F g' at 20 A ¢!, and the capacitance
retentions are 70 and 75%, respectively. Furthermore, NOC2
can still retain 1785.5 F ¢! specific capacitance (~68%
retention), even at a current density as high as 40 A g”".
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Comparable values at the same current density are 854.7 F g™
(~58% retention) for NCOl and 8682 F g' (~68%
retention) for NCO3.

In view of the high capacitance and excellent rate capability,
we further investigated the indicators of energy density (E) and
power density (P), which are calculated from the discharge
curves according to eqs 10 and 11.

_ 1 2
E= 72 C(av) (10)

P= 3600£

At (11)
where E is the specific energy density (Wh kg™"), C refers to
the specific capacitance (F g™') derived from CD measure-
ments, AV is the potential drop (V) during discharge, P
represents the power density (W kg™'), and At is the duration
for a full discharge (s). The Ragone plots based on the
calculation are presented in Figure 6e. As observed, the energy
density of NCO2 steadily decreases from 91.1 to 62 Wh kg_l,
with increasing power density from 250 to 10 000 W kg™". In
contrast, the other two samples exhibit much lower energy
density (51.4—29.7 and 44.6—31.7 Wh kg™' for NCO1 and

NCO2, respectively) as the discharge current increases from 1

dx.doi.org/10.1021/am501988s | ACS Appl. Mater. Interfaces 2014, 6, 11394—11402



ACS Applied Materials & Interfaces

Research Article

to 40 A g Thus, the NiCo,0, MHS can deliver an ultrahigh
energy density while maintaining its inherently high power
output, suggesting great potential as an electrode material for
use in supercapacitors. To examine the electrode persistence
and stability when working at high rates, we investigated the
cycle performance of the NiCo,0, MHS through CD
measurements at a 10 A g~' current density for 3000 cycles
(Figure 6f). During the course of prolonged cycling, we record
1 of every 100 cycles, with the fourth cycle as the first point. As
depicted, the fourth, 1504th, and 3000th cycles show the
explicit differences caused by the gradual decrease in
capacitance with cycling (Supporting Information, Figure
S11). After 1500 cycles, the specific capacitance remains nearly
unchanged. Values calculated from discharge curves show
approximately 12.2, 6.6, and 5.9% losses in specific capacitance
after 3000 cycles for NCO1, NCO2, and NCO3, respectively.
This slow deterioration, together with the high specific
capacitance (2133.4, 1983.9, and 1993 F g™' for the fourth,
1504th, and 3000th cycles, respectively) at a high rate, reveals
the excellent cycling performance of NCO2. After charging—
discharging for 3000 cycles, the morphology and structure of
the MHSs can be largely retained with only slight aggregation
observed (Supporting Information, Figure S12). Moreover,
with the exception of NCO3, no peeling of the NiCo,O,
sample from the electrode surface was observed after the long-
term cycling (Supporting Information, Figure S13). The
observed peeling may be attributed to the failed integration
of the nanowires and nanosheets in the order-transposed
hydrothermal growth. As a result, those independent HSs
cannot provide good mechanical adhesion with each other.

The above electrochemical measurements demonstrate that
the NiCo,0, MHS embodies a major improvement on the
electrochemical performance of nickel—cobalt oxide, which is
remarkably comparable with previously reported studies of
NiCo,0, MSs/NSs (Supporting Information, Table S2). These
prominent enhancements radically consist of the ground-
breaking integration of 1D and 2D NSs, in which both could
boost the capacitive property via two-way promotion and
interaction. Foremost, the high specific surface area of
nanosheets encircled by nanowires, resulting from an ordered
assembly, could expose as many electrode materials for the
faradic reaction as possible. The relatively large open spaces
between nanosheets provide a huge volume for permeation and
storage of electrolyte in the 3D architectures. At the same time,
the low-dimensional nanowires, with their correspondingly
smaller mesopores, further facilitate the permeation and
diffusion of the ions, fully wetting the exposed surface of
electrode materials. Not only will this ensure abundant
electroactive sites for redox reactions and, consequently, a
higher specific capacitance, but it will also guarantee the
excellent rate and cycling performance of the NiCo,O, MHS
due to the arresting pore architectures and the complementary
micromechanism of ionic transport. Moreover, this simple
binder-free electrode system, based on an in situ growth and
tableting processing, might be more practical in high perform-
ance supercapacitors. Taken individually, these MHSs may
serve as independent “workshops”, which efficiently contribute
to the total electrochemical performance. Conversely, these
MHSs are also closely associated with each other, easily
transporting electrons from the substrate and forming a
powerful conductive network, thereby promoting the efficient
functioning of these “workshops”.

4. CONCLUSION

In summary, we have successfully synthesized NiCo,O, MHSs
consisting of 1D nanowires and 2D nanosheets on nickel foam
via a simple and controlled hydrothermal method. The low-
dimensional nanowire is found to hold priority in the growth
order, rather than the high-dimensional nanosheet, for the
effective integration of these different NSs into the NiCo,O,
MHS assembly. It is found that the NiCo,0, MHS shows
superior specific capacitances of 2623.3 and 1785.5 F ¢! under
current densities of 1 and 40 A g~', respectively, with an
excellent cycling stability (only 6.6% loss after 3000 cycles).
The remarkable electrochemical performance is likely due to
the vast electroactive surface area and favorable mesoporous
architecture, formed in the integrated assemblies. Furthermore,
these results demonstrate the importance of this original design
for advanced electrode materials with improved performance
for energy storage applications, which is achievable via simple
and flexible methods.
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