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Co0304/Ni(OH), composite mesoporous nanosheet networks (NNs) grown on conductive substrates
were synthesized by heat treatment of Co(OH),/Ni(OH), NNs that were synthesized on Ti substrates
by a facile electrochemical deposition route. The prepared samples were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), and
micro-Raman spectroscopy. The above products were directly functionalized as supercapacitor
electrodes without using any ancillary materials such as carbon black or binder. Co304/Ni(OH),
composite mesoporous NNs achieved a high specific capacitance (Cyp) of 1144 F g7' at SmV s
long-term cyclability. The electrochemical measurements showed Co304/Ni(OH), composite
mesoporous NNs exhibited much better electrochemical performances than single Co;04 or Ni(OH),.
The binary redox couples of Ni**/Ni** and Co?*/Co**, nanosheet networks with porous structures, the
mesoporous structure within nanosheets, the interconnections among nanosheets, together with the
excellent electrical contact with the current collector (substrate) are responsible for the improved
electrochemical performances of Co304/Ni(OH), composite mesoporous NNs. With the ease of large
scale fabrication and superior electrochemical characteristics, Co304/Ni(OH), composite mesoporous

and

NNs grown on Ti substrates will be good candidates for supercapacitor applications.

1. Introduction

Supercapacitors, offering higher power density than secondary
batteries and higher energy density than conventional capacitors,
are attracting great attention due to not only the increasing
demands for electrical devices, but also the worsening energy
depletion and global warming issues.’™ Among various super-
capacitor electrode materials, transition metal oxides offering rich
redox reactions are a class of ideal materials that have drawn
intense interest recently.>® To date, it is well established that
ruthenium oxide is a prominent material exhibiting both remark-
ably high specific capacitance (Cp,) and excellent reversibility.”
However, it is not widely used owing to its high cost, the rarity of
Ru, and the toxic nature of RuO,. Therefore, the search for alter-
native cheap and environmentally friendly metal oxide materials is
of significant importance for the development of supercapacitors.

Cobalt and/or nickel oxides, being cost-effective and environ-
mentally benign, are a kind of promising materials that have wide
applications in supercapacitors,’® lithium-ion batteries,"
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magnetic devices,'? electrocatalysts,'® and gas sensors.' Recently,
composite nanomaterials have attracted much interest because of
their enhanced characteristics over the single material.”> For
instance, the substitution of cobalt compounds into nickel systems
can contribute to the increase of electronic conductivity because
the effect of d-electrons of Ni(i1) and CoOOH can serve as a good
current collector.! In contrast, Ni doping can enhance the elec-
trochemical performance of Co30,4 by improving the active site
density, conductivity, and roughness.’®> Moreover, it was also
observed that the double metal oxide CoO-NiO can inherit the
advantages of both cobalt and nickel oxides and has superiority
over either of the single oxides in chemical-looping combustion.’
These reports provide effective evidence about the enhancement
of the composite materials over single ones. Based on the above
observations, it is reasonably deducible that cobalt and nickel
oxide composites possibly can result in better electrochemical
characteristics, such as high Cg, value and good electrochemical
stability, than those of individual ones owing to the co-contribu-
tion of Ni**/Ni** and Co**/Co*" redox couples, and possibly are
cost-effective and environment-friendly electrode materials.

It is well accepted that, in the supercapacitor field, the ion
transfer and electron conduction are the main factors that deter-
mine the electrochemical performance.'® At present, much interest
has been focused on the preparation of nanostructured electrode
materials to further enhance their electrochemical properties. For
example, nanorods,'® nanowires,® nanotubes,’>* nanosheets,*
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and porous/mesoporous nanostructures? have been widely studied
for supercapacitor applications. The nanostructured electrodes
with large specific surface area and porous configuration can
greatly improve the electrode/electrolyte contact area, shorten the
diffusion path of current carriers, and enhance the electron
conduction in electrodes. Recently, the advances in the nano-
structured electrodes have evoked a challenge searching for
advanced nanomaterials with nanosheet network structures that
will largely enhance electron conduction and with mesoporous
structures that will facilitate ion transfer for enhancement of elec-
trochemical performance of supercapacitors.'®2* Up to now,
scientists have paid considerable efforts to synthesize novel nano-
structures of cobalt oxides and nickel oxides for various applica-
tions.?* However, cobalt and nickel oxide composite nanomaterials
gain less attention, especially for supercapacitor applications.® The
development of facile, mild, and effective methods to synthesize
cobalt and nickel oxide composite electrodes with novel nano-
structures, especially network nanostructures and mesoporous
structures, is still an on-going challenge. Approaching this purpose,
researchers have demonstrated that electrochemical deposition is
an effective and template-free way to synthesise nanostructured
cobalt and nickel materials.?

Conventional strategies for the fabrication of electrodes are
related to mixing and pressing powder of active material with
ancillary materials such as carbon black or binder to enhance the
conductivity and solidity of the system since the material is not
directly grown on conductive substrates. Moreover, besides the
lengthy fabrication procedures, the conventional methods also
lead to a compact structure which is unfavorable for fast electron
transfer and electrolyte diffusion.?”® However, the nano-
materials grown on conductive substrates can be directly utilized
as electrodes for electrochemical devices involving no ancillary
materials or lengthy procedures. More importantly, each self-
supported nanostructure, such as nanowire and nanosheet,
grown on a conductive substrate can participate in the reaction
effectively because of its excellent electrical contact to the
substrate, i.e., the current collector.!32-3!

In light of the above considerations, novel Co304/Ni(OH),
composite mesoporous nanosheet networks (NNs) were synthe-
sized on a conductive substrate for supercapacitor application
by heat treatment of Co(OH),/Ni(OH), NNs grown on a
Ti substrate via a facile electrochemical route. The prepared
Co0304/Ni(OH), composite mesoporous NNs on the conductive
substrate simultaneously possess binary redox couples of
Ni**/Ni** and Co**/Co**, large specific surface area, continuous
nanosheet networks, porous/mesoporous nanostructures, and
excellent electrical contact with the current collector
(substrate). The electrochemical measurements demonstrated
Co0304/Ni(OH), composite mesoporous NNs grown on
conductive substrates exhibited high supercapacitive perfor-
mances and long-term cyclability, indicating potential applica-
tions as high-performance supercapacitor electrode materials.

2. Experimental section
Synthesis of Co(OH),/Ni(OH),

All electrochemical deposition experiments were performed with
a HDV-7C transistor potentiostatic apparatus that was

connected with a simple three-electrode cell. The graphite elec-
trode was used as a counter electrode (spectral grade, 2.0 cm?).
The saturated calomel electrode (SCE) was used as the reference
electrode that was connected to the cell with a double salt bridge
system. The Ti plates (99.9 wt%) were used as the working
electrode, and they were prepared via the following steps before
each experiment: firstly polished by SiC abrasive paper from 300
to 800 grits, then dipped in HCI solution (0.1 M) for 5 min and
rinsed with acetone in an ultrasonic bath for 5 min, and finally
washed with distilled water. Co(OH),/Ni(OH), composites were
cathodically electrodeposited on the Ti substrate in a solution
of 0.01 M Ni(NO3), + 0.02 M Co(NO3), + 0.2 M NH,CI
(here NH4CI was used as additive) by galvanostatic electrolysis
with a current density of 1.0 mA c¢cm~2 for 90 min at 70 °C.

Synthesis of Co3;04/Ni(OH),

The as-prepared Co(OH),/Ni(OH), composites were placed in
a crucible that was put into the center of a quartz tube and heated
in a horizontal furnace. The heat treatment of the prepared
Co(OH),/Ni(OH), composites was performed under air
atmosphere at 200, 300, and 400 °C for 12 h, respectively. The
Co304/Ni(OH), composite mesoporous NNs were synthesized
by heat treatment of Co(OH),/Ni(OH), composite NNs at
200 °C for 12 h.

Sample characterization

The surface morphologies of the products were characterized
using a field emission scanning electron microscope (SEM, FEI,
Quanta 400). A transmission electron microscope (TEM, JEM-
2010HR), high-resolution TEM (HRTEM, 200 kV), and electron
diffraction (ED) were also utilized to characterize the micro-
structures of the products. The obtained products were also
analyzed by X-ray diffraction (XRD, Bruker, D§ Advance) to
determine the film structures. X-ray energy dispersive spectros-
copy (EDS), X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250), Fourier transform infrared spectroscopy (FTIR,
Nicolet 330), and laser micro-Raman spectroscopy (Renishaw
inVia) were applied to study the chemical compositions and
structures of the products. The thermal behavior of the deposits
was analyzed by thermal gravimetric (TG) analysis (TG-209,
Netzsch), measured from 20 to 700 °C at a heating rate of 10 °C
min~"' in air. The samples were also characterized by Brunauer,
Emmett, and Teller (BET) nitrogen sorption surface area
measurements (Micromeritics ASAP 2010). Specific surface
areas of the products were calculated by the BET method, and
pore sizes were calculated using the Barrett, Joyner, and Halenda
(BJH) method (for large pores) or the density functional theory
(DFT) method (for small pores) on the basis of the desorption
branch of the nitrogen sorption isotherms. The electrochemical
measurements were carried out in a Chi660C electrochemical
workstation. The prepared Co(OH),/Ni(OH), and Cos04/
Ni(OH), composites with 0.5 mg cm~ on a Ti substrate were
directly used as electrodes for redox supercapacitor applications
in a solution of 1.0 M NaOH. The platinum sheet was used as the
counter electrode. The Ag/AgCl electrode was used as the
reference electrode that was connected to the cell with a double
salt bridge system. The cyclic voltammetry (CV) experiments
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were performed between 0.04 and 0.52 V at a scan rate of
5-100 mV s7'. The galvanostatic charge-discharge (CD)
behavior was investigated within the potential window 0-0.5V at
1.0 mA cm2. All potentials in this study were the values versus
the reference electrode.

3. Results and discussion

The electrodeposition of Co(OH),/Ni(OH), composites was
firstly carried out in a solution of 0.01 M Ni(NOs), + 0.02 M
Co(NO3), + 0.2 M NH,Cl with a current density of 1.0 mA cm 2
for 90 min at 70 °C. The as-prepared composites with green color
were distributed uniformly and adhered firmly onto the Ti
substrate (Fig. 1a). SEM images of the deposits with different
magnifications are shown in Fig. 1c and d, and they clearly show
Co(OH),/Ni(OH), composites have nanosheet networks (NNs)
with porous structures. The large amount of open space among
NN will be beneficial for the diffusion of electroactive species,
leading to reduced internal resistance.’®> The thicknesses of
nanosheets are about 20-25 nm. Interestingly, these nanosheets
are connected with each other to form the network structures, as
marked in the white rectangular dashed boxes in Fig. 1c (inset)
and 1d, which will favor the electron transportation among the
whole NN area. TEM and HRTEM images of as-prepared
Co(OH),/Ni(OH), composite nanosheets are shown in Fig. le
and f, respectively. It can be clearly observed that the product has
a sheet-like morphology, which is consistent with SEM obser-
vation. The HRTEM image clearly shows that the lattice fringes
derive from the same crystalline grains. The lattice spacing is
estimated to be about 2.69 A, which corresponds to the (100)
planar space of a-Co(OH),. So the crystal growth of the nano-
sheets is preferential in the [100] direction. The corresponding
SAED pattern shown in the inset in Fig. 1f displays hexagonally
arranged diffraction spots, and it also shows that the prepared
a-Co(OH), nanosheet consists of single crystal structures with
preferential growth in the [100] direction. However, no infor-
mation associated with Ni(OH), is detected in HRTEM and
SAED analyses, indicating Ni** ions possibly have been
uniformly doped into a-Co(OH); lattices.**

XRD measurement was carried out to determine the phases of
the as-prepared Co(OH),/Ni(OH), composites. Fig. 1b shows
the typical XRD pattern of the products. Three diffraction peaks
at 7.98, 4.00 and 2.64 A in the XRD pattern can be assigned to
the 003, 006, and 009 reflections of the hydrotalcite-like structure
(unit cell with three slabs),**=* noting that dyo; = 2doos = 3dogo-
Taking account of its green color, the above three diffractions
can be attributed to a-Co(OH),.3*-3¢ However, no relational Ni
crystalline forms including Ni(OH), are detected. This is accor-
dant with the above results of HRTEM and SAED. In addition,
it should be noted that XRD peaks of a-Co(OH), in the 26 range
from 10° to 70° exhibit a little shift toward larger angles because
of the incorporation of Ni. Since the ionic radius of Ni** (69 pm)
ion is smaller than that of Co®" ion (79 pm), the lattice of
Co(OH), will constrict upon Ni doping. This lattice shrinkage
will lead to the positive shift of a-Co(OH), peaks. No other
impurities are detected besides the reflections from the Ti
substrate, indicating high purity of the prepared Co(OH),/
Ni(OH), composites. The EDS pattern in Fig. 1g reveals that the
as-prepared deposits contain Co, Ni, O, Ti and Cl elements. The
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Fig. 1 The chemical and structural characterization of Co(OH),/
Ni(OH), NNs prepared with NH4Cl concentration of 0.2 M: (a) optical
image, (b) XRD pattern, (c-d) SEM images, (¢) TEM image, (f) HRTEM
image and the corresponding SAED pattern (inset), and (g) EDS spec-
trum. (h) Typical SEM image of Co(OH),/Ni(OH), composite prepared
with NH4Cl concentration of 0.02 M.

elements Co, Ni, and O come from Co(OH),/Ni(OH), compos-
ites. The signals of Ti come from the substrate, and Cl signals are
due to Cl™ anions adsorbed in deposits. The EDS results show
the ratio of Co/Ni is about 2, suggesting the ratio of Co(OH),/
Ni(OH), is 2. The XPS and FTIR spectra shown in Fig. SI¥
further demonstrate the existence of a-Co(OH), and Ni(OH), in
deposits.

The electrochemical formation process of Co(OH),/Ni(OH),
composites during electrodeposition is explained as follows. The
electro-reduction of nitrate ions (NO3~ to NO,") via reaction
(1),*"3 and further reduction from NO,~ to N, via reaction
(2),%**° can produce OH~ ions which gives rise to the formation
of Ni(OH), and Co(OH), via reactions (3) and (4), respectively.
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And accordingly Co(OH),/Ni(OH), composites are formed.
Before electrodeposition, in the solution of 0.01 M Ni(NOs), +
0.02 M Co(NO3), + 0.2 M NH,CI, the bivalent M** (M = Co,
Ni) ions will be fully coordinated with NH4* ions that come from
NH,CI (0.2 M) to form M(NH3),** ions.** Therefore, during
electrodeposition, the number of nucleation center is limited and
the growth rates of Co(OH), and Ni(OH), are slow because of
the existence of M(NHj3),*" ions, leading to the formation of
ordered structures. These nanosheets connect with each other
and form network structures. In addition, the larger number of
nucleation centers and the faster growth rate of the deposits, as
a result of the lower concentration of NH4C1 (0.02 M), will lead
to the denser structures as shown in Fig. 1h.

NO;~ + H,0 + 2¢ — NO, + 20H- (1)
2NO,~ + 4H,0 + 6e — N, + 8OH- )
Ni2* + 20H- — Ni(OH), 3)
Co* + 20H- — Co(OH), @)

The electrochemical performances of the as-prepared
Co(OH),/Ni(OH), NNs were investigated by CV and galvano-
static CD tests, which are effective tools to present the capacitive
behavior of a electrode material. Cg, values can be calculated
from CV curves by means of Cy, = i/m(dV/dt), where i is the
average current in the capacitive potential region, d¥/dz is the
scan rate, and m is the mass of material,** or from CD curves by
Csp = Clm = It/Vm, where I is the charge—discharge current, 7 is
the discharge time, Vis the electrochemical window, and m is the
mass of active material,*® here the specific mass loading of the
material is 0.5 mg cm~2. Based on the CV curve measured at
5mV s~!in a solution of 1.0 M NaOH as shown in Fig. 2a, the as-
prepared Co(OH),/Ni(OH), NNs achieve a high Cg, value of
823 F g!, which is larger than 710 F g=! of the disordered
nanosheets. Fig. 2b represents the charge-discharge curves of
Co(OH),/Ni(OH), NNs and disorder nanosheets within 0-0.5 V
at a current density of 1.0 mA cm~2, and it also shows Co(OH),/
Ni(OH), NNs have better electrochemical performances than the
disordered nanosheets. The binary redox couples of Ni**/Ni**
and Co**/Co*", interconnections among nanosheets, nanosheet
networks with porous structures, together with the excellent
electrical contact with the substrate were responsible for the high
Csp of Co(OH),/Ni(OH), NNs. Based on the specific capacitance
performance depending on the thickness of the electrode mate-
rial, the dependence of specific capacitance on the specific mass
loading of the as-prepared Co(OH),/Ni(OH), NNs was also

investigated at 5 mV s~'. The CV curves and the specific capac-
itance as a function of the specific mass loading are shown in
Fig. S2,7 which suggests that the specific capacitance reaches
a maximum value of 823 F g~' at 0.5 mg cm 2. When the loading
is larger than 0.5 mg cm~2, the overgrowth may result in blockage
of the porous structure which is responsible for the decrease of
specific capacitance.** However, Co(OH),/Ni(OH), NNs do not
show good cyclability according to the cycle-life data as shown in
Fig. 2c. After 500 cycles, the C, of Co(OH)»/Ni(OH), NN is
decreased from 823 to 520 F g'. The fact is that a-Co(OH), is
metastable and will be easily transformed to -Co(OH), in strong
alkaline media.** The rapid decrease of Cyj, in the first 200 cycles
may be due to the transformation of «-Co(OH), — B-Co(OH),
during cycle tests because B-Co(OH), theoretically possesses
poor electrochemical performance compared with a-Co(OH),.*

Although Co(OH),/Ni(OH), NNs with loading of 0.5 mg cm 2
show high Cy;, of 823 F g=' at 5 mV s, their poor cyclability
cannot meet the requirement of high-performance super-
capacitors. In order to achieve better electrochemical perfor-
mances (e.g., better cyclability), here heat treatment of Co(OH),/
Ni(OH), NNs was carried out under air atmosphere at 200, 300
and 400 °C for 12 h, and accordingly the heat-treated samples are
named as NiCoO-200, NiCoO-300 and NiCoO-400 NNs,
respectively. SEM images of Co(OH),/Ni(OH), NN calcined at
different temperatures are shown in Fig. 3, which shows the
surface morphologies of these samples experience little change
and maintain their nanosheet network structure integrity after
calcination at 200, 300 and 400 °C. Moreover, the interconnec-
tion nature in the structure of NNs is also observed in
SEM images.

TG and its differential (DTG) curves of as-prepared Co(OH),/
Ni(OH), NNs in the temperature range of 20700 °C are shown
in Fig. 4. The sample underwent a weight loss of 23.98% in four
steps indicated by the zones I, II, III, and IV on the graph. The
weight loss (6.34%) below 160 °C (domain I) is assigned to
the removal of the adsorbed water and the evaporation of the
intercalated water molecules. The decomposition of a-Co(OH),
begins at 160 °C while B-Ni(OH), does not decompose until
215 °C as shown in DTG data. The weight loss (12.0%) between
160 and 370 °C is associated with the loss of water produced by
the decomposition and dehydroxylation of Co(OH), and
Ni(OH),. Finally, the fourth domain ending at 600 °C can be
ascribed to the loss of Cl~ ions adsorbed from the deposition
solution. These results are consistent with the previous reports of
Co(OH), and Ni(OH),.*647

XRD patterns of the samples calcined at different tempera-
tures are shown in Fig. 5a. For sample NiCoO-200 NNs, the
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Fig. 2 CV curves (a), charge—discharge behavior (b) and cycle-life data (c) of as-prepared Co(OH),/Ni(OH), composites with nanosheet network
structure (black curve) and nanosheet disordered structure (red curve). The specific mass loading is 0.5 mg cm—2.
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Fig.3 SEM images of the products calcined at (a) 200 °C (NiCo0O-200),
(b) 300 °C (NiCo0O-300) and (c, d) 400 °C (NiCoO-400).
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Fig. 4 TG (a) and DTG (b) curves of as-prepared Co(OH),/Ni(OH),
composites.

relatively broad peak located at 26 = 36.8° can be indexed to the
(311) plane of Co3;04 (JCPDS 42-1467), and other peaks come
from the substrate. Since Ni(OH), does not decompose before
200 °C as shown in Fig. 4, the composition of sample NiCoO-200
NNs should be Co3;04 and Ni(OH),. No Ni(OH), peak is
observed in the XRD pattern, indicating Ni** ions possibly have
been uniformly doped into Co30, lattices. Besides the peaks of
substrate, the peaks of samples NiCoO-300 and NiCoO-400 NN
can be indexed to NiCo,0,4 (JCPDS 20-0781) as shown in Fig. 5a,
indicating Co(OH), and Ni(OH), both have been decomposed at
300 and 400 °C because the elements Co and Ni in NiCo,04 only
come from Co(OH), and Ni(OH),. In addition, the peaks of
NiCo0-200, NiCo0O-300 and NiCoO-400 NNs are broad,
implying the nanocrystalline nature in these materials.*® With
increasing calcination temperature, the peaks of samples turn
relatively narrow, indicating the growth of the grain size. The
mean grain sizes of NiCoO-200, NiCoO-300 and NiCoO-400
NN are estimated by the Scherrer equation using the (311) peak
in each sample, and they are approximately 9.6, 16.7 and
20.1 nm, respectively.

XPS analyses provide a careful study of the compositions of
the samples calcined at different temperatures, and the results are
shown in Fig. 5 (b—d). In NiCoO-200 NNs data in Fig. 5b, the
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Fig.5 XRD patterns (a) and XPS spectra of (b) Co 2p, (c) Ni 2p and (d)
O Is of the products calcined at 200 °C, 300 °C, and 400 °C (from bottom
to top), respectively.

binding energy at 780.3 eV ascribed to Co’" in octahedral sites,
the binding energy at 782.2 eV and the satellite structure ascribed
to Co?" in tetrahedral sites, are clearly evident in the cobalt 2p
spectra.**=! In NiCoO-200 NNs data in Fig. 5¢c, the nickel 2ps/,
binding energy at 856.0 eV and the much intense satellite peak
are characteristics of Ni** in Ni(OH),,%>5* which also suggests
that no decomposition occurs at 200 °C from Ni(OH), to nickel
oxide since the latter should give a lower binding energy value at
~854 ¢V.** In NiCo0O-200 NN data in Fig. 5d, the first peak of O
Is spectra at 529.7 eV is due to the contribution of O*~ in rocksalt
and spinel metal oxides, such as C0304.%° The assignment of the
second O 1s peak at 531.3 eV is somewhat complicated. Kim and
co-workers summarized that this peak can be assigned to defects,
contaminants, and a number of surface species including
hydroxyls, chemisorbed oxygen, under-coordinated lattice
oxygen, NiO3/Co,0;3-like surface phases, or species intrinsic to
the surface of the spinel.*® Despite many possible assignments,
the intensity of the peak at 531.3 eV is generally about 30-40% of
that of the peak at 529.7 eV in rocksalt and spinel metal oxides.*®
However, for the O 1s XPS spectrum of NiCoO-200 NN, the
intensity of the peak at 531.3 eV is about 2.5 times that of the
peak at 529.7 eV, which indicates the partial contribution of O in
OH~ species in Ni(OH), cannot be excluded.*® The third peak of
O 1s at about 532.5 eV can be assigned to oxygen species in
surface-absorbed water molecules.>® The XPS results, consistent
with TG and XRD results, further confirm the composition is
Co0304/Ni(OH), for NiCoO-200 NNss.

The XPS spectra of elements Co, Ni and O in NiCoO-300 and
NiCo00-400 NNs are almost the same as shown in Fig. 5(b—d).
With the calcination temperature further increasing to 300 °C
and 400 °C, Ni(OH), decomposes and then reacts with Co30y4 to
form NiCo,0,. The binding energies at 780.0 and 795.2 eV for
2pss and 2py, transitions are associated with Co’*. The relatively
narrow peak width, the 2p;/, to 2py/, separation of 15.2 eV, and
the absence of any shake-up peak all reveal that no Co** cations
exist in NiC0,04.**° The nickel 2ps, spectra can be assigned to
two distinct peaks, indicating the presence of both Ni** and
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Ni**.3653 The O 1s spectra at binding energies of 529.6 and
531.2 eV are ascribed to O* species in NiC0,04.4+>° The formula
of NiCo,O4 can be generally expressed as follows:
Co?"_,Co* [Co*Ni** \Ni**; _,]JO; (0 = x = 1) (the cations
within brackets are in octahedral sites and the outside ones are in
tetrahedral sites).>® Therefore, based on the above XPS results,
here the formula of NiCoO-300 and NiCoO-400 NNs can be
expressed as Co**[Co**Ni** Ni**;_,]O4 because of the absence
of Co** ions.

Raman spectra shown in Fig. 6f provide additional evidence
for the overall conversion process during calcination. With
respect to the as-prepared Co(OH),/Ni(OH), NN, the peaks at
250, 437, 515, 3500, and 3620 cm™' correspond to E,, Ey, Ay,
A\, and Ay, models of Co(OH), and Ni(OH),, respectively. For
sample NiCo0O-200, Aj,, (3560 cm™') symmetric stretching
internal hydroxyl model of Ni(OH), is observed. Another four
peaks at 186, 480, 520, and 670 cm™' corresponding to Fa,, E,,
Fag, A1z models of Co30y4, respectively, are also examined. So the
above results show the sample NiCoO-200 NNs are composed of
Co0304/Ni(OH),. Raman signals of NiCo0O-300 and NiCoO-400
NN are similar to each other as shown in Fig. 6f. Besides the F,
(180 cm™') model, a board band at 400-700 cm ™' corresponding
to Co—O and Ni-O vibrations is detected for samples NiCoO-300
and NiCoO-400 NNs, and no signal corresponding to OH
groups is observed, indicating Co(OH), and Ni(OH), are
completely decomposed after 300 °C. These results were consis-
tent with those documented in previous reports.’”>® The above
Raman spectra further confirm the phase transformation from
Co(OH),/Ni(OH), to Co304/Ni(OH), (NiCo0-200) and finally
NiCo0,0,4 (NiCo0O-300, NiCoO-400) with calcination tempera-
ture increasing.

TEM images of NiCoO-200, NiCo0O-300, and NiCoO-400
NN are shown in Fig. 6. When the calcination was carried out at
200 °C, the as-prepared composites underwent a number of

physical and chemical processes. The removal of water in the
structure, including the adsorbed, intercalated and hydroxyl
water, opens up pore spaces and results in the formation of
mesoporous structures in nanosheets, which are clearly observed
in the TEM image of sample NiCoO-200 NNs as shown in
Fig. 6a. As we all know, the mesoporous structures in nanosheets
will greatly improve the electrode/electrolyte contact area,
shorten the diffusion path of current carriers, and accordingly
have huge potential to further enhance their electrochemical
performances. The black pillar of about 23 nm in width in Fig. 6a
(indicated by the arrow) corresponds to a nanosheet vertically
connecting to the visual one lying on a Cu grid (a sketch map is
shown in inset in Fig. 6a), suggesting the interconnection nature
of nanosheet networks. The fringe spacing is determined to be
about 2.44 A according to the HRTEM image in Fig. 6b, which
corresponds to the (311) planar spacing of Co304 (JCPDS 42-
1467). The inset in Fig. 6b shows the corresponding SAED
pattern and it shows the quasi-single-crystalline nature of
C0304.%° The absence of signals related to Ni(OH), in XRD,
HRTEM and SAED analyses of NiCoO-200 NNs may be
attributed to the doping of Ni** ions into Co3;0, lattices. The
TEM and HRTEM images of NiCoO-300 NNs are shown in
Fig. 6¢ and 6d, respectively. The lattice fringes are clearly dis-
played in the HRTEM image, indicating NiCoO-300 NN is high
crystallinity and single crystalline. The lattice fringe is measured
about 2.45 A from the HRTEM image, matching well with the
(311) facet distance of NiCo,04 (JCPDS 20-0781). The SAED
pattern of NiCoO-300 NNs shown in the inset in Fig. 6d shows
the single-crystalline nature of NiCo,04. The mesoporous
structures are also observed in the nanosheet in NiCoO-300 NNs
as shown in Fig. 6¢c. With more close observation, the average
pore size in NiCoO-300 NN is larger than that in NiCoO-200
NNs. The mesoporous structure in the sample NiCoO-400 NNs
is shown in Fig. 6e. The pore size in NiCoO-400 NN is similar to

1 3 \ PP
5 T NiCoo-400

E’ £ A, NiCo0-300
| .‘é\ Fa E ™ A ]

2 |7 NiCo0-200

|55 1 A

= as-prepared

400 800 3500

Raman Shift (cm™)

Fig. 6 TEM images of NiCoO-200 (a, b), NiCoO-300 (c, d) and NiCoO-400 (e), the inset shows the corresponding SAED patterns, the three circles in
(d) indicate NiCoO-300 has the same crystal orientation at different parts of the mesoporous structure. (f) Raman spectra of the products calcined at

different temperatures.
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that in NiCoO-300 NNs, suggesting the pore size in the meso-
porous structure does not change after 300 °C. The mean grain
sizes of the samples NiCoO-200, NiCoO-300, and NiCoO-400
NNs are estimated about 7.9, 13.7, and 17.7 nm, respectively,
from the corresponding TEM images. These values of grain sizes
are in good agreement with XRD results.

Fig. 7 shows N, sorption isotherms of NiCoO-200, NiCoO-
300, and NiCo0O-400 mesoporous NNs calcined at different
temperatures. NiCoO-200 mesoporous NNs give a high BET
specific surface area of about 80.3 m? g~!' and a narrow distri-
bution of pore size calculated from the desorption isotherm as
shown in Fig. 7a (inset). The pore sizes are mainly distributed
around 2.8-4.3 nm that is the optimal pore size for the diffusion
of active species in electrode materials.®* Compared with the as-
prepared Co(OH),/Ni(OH), NNs with surface area of about 10.8
m? g~!, NiCoO-200 mesoporous NNs show much larger surface
area of 80.3 m? g!, and largely increase the electrode/electrolyte
contact area for the performance enhancement. The dramatic
increase of surface area of NiCoO-200 NNs may be attributed to
the generation of mesoporous structures in nanosheets.
However, at higher treatment temperatures, such as 300 and
400 °C, the samples will experience not only a decrease of the
specific surface area, from 80.3 m?> g~' (NiCoO-200 NNs) to
59.1 m? g' (NiCoO-300 NNs) and 37.7 m* g~' (NiCoO-400
NNs), but also an increase of the pore size as shown in
Fig. 7 (insets).

The electrochemical performances of the NiCoO-200, NiCoO-
300, and NiCoO-400 mesoporous NNs were studied. The CV
curve of NiCoO-200 mesoporous NNs composed of Co;04 and
Ni(OH), is shown in Fig. 7d. The near-rectangular-shaped CV
curve and the mirror image characteristics to the zero-current
axis suggest the highly capacitive behavior and reversibility.*!
According to the CV test shown in Fig. 7d, NiCoO-200 meso-
porous NN exhibits a high Cg, value of 684 F g~' at 5mV s7/,
which is a little smaller than 823 F g=! of Co(OH),/Ni(OH),
NNs. This may be attributed to the conversion of Co(OH), to
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Fig.7 N, adsorption—desorption isotherms and corresponding pore size
distribution curves (inset) of the products calcined at (a) 200 °C, (b) 300
°C and (c) 400 °C. (d) CVs of the samples calcined at different temper-
atures. The specific mass loading is 0.5 mg cm—.

Co0504 since Ni(OH); still exists in NiCoO-200. With calcination
temperature increasing, NiCoO-300 and NiCoO-400 meso-
porous NNs exhibit Cg, values of about 282 and 136 F g~ at
5 mV s~!, respectively, which are much lower than those of
NiCo00-200 mesoporous NNs and Co(OH),/Ni(OH), NNs. The
decrease of Cy, values of NiCoO-300 and NiCoO-400 meso-
porous NNs with increasing calcination temperature can be
explained as follows. (a) When the calcination temperature was
increased to above 300 °C, Co(OH),/Ni(OH), NNs were
completely decomposed to form NiCo,0,4, which has a poor
supercapacitive property compared with Co(OH), and Co30,.
(b) With increasing calcination temperature from 200 to 400 °C,
the crystallinity of the products turns better according to XRD
and TEM measurements, and this is unfavorable for electrolyte
penetrating into the internal part of the electrode material. The
relatively poor crystallinity, leading to more structural defects
that can provide more diffusion channels for proton and cations,
also improves the electrochemical activity.®*%* (c¢) Compared
with NiCoO-200 mesoporous NNs, the larger grain sizes in
NiCo00-300 and NiCoO-400 mesoporous NNs result in lower
proton diffusion coefficient and conductivity, since the smaller
particle size would give the larger surface area and the enhanced
surface hydration.**®S The smaller grain size in NiCoO-200
mesoporous NNs also contributes to the larger percentage of
deposits exposed on the outer surface and can ensure more active
sites for electrochemical reactions. (d) Compared with NiCoO-
200 mesoporous NNs, the smaller specific surface areas of
NiCo00-300 and NiCo0O-400 mesoporous NNs account for less
active sites that are crucial for redox faradaic reactions.

Based on the special mesoporous nanosheet network struc-
tures and high C, value, the electrochemical cyclability of
NiCo0-200 NNs was further investigated by CV measurements
for 500 cycles, and the cycle-life data is shown in Fig. 8a. Inter-
estingly, the Cg, value of NiCoO-200 mesoporous NNs shows
a rapid increase, rather than decrease, with increasing cycle
number in the initial 10 cycles. After 10 cycles, the C, rapidly
increases to the maximum 1144 F g~' from the primary value of
684 F g~'. The large enhancement of Cg, value after 10 cycles
may be attributed to the structure improvement, such as the
enhancement of void ratio or specific surface area, or full acti-
vation of the product during electrochemical cycling.6<6%6¢ A
decay of about 6.6% of C, with respect to the maximal value is
observed after 500 cycles (4.6% in the first 200 cycles and 2.0% in
the subsequent 300 cycles), indicating an excellent cyclability for
a long-term application. In addition, after 10 cycles, NiCoO-200
mesoporous NNs show much larger C;, and much higher elec-
trochemical cyclability than those of Co(OH),/Ni(OH), NNs
shown in Fig. 2b, indicating an enhancement of electrochemical
performances after heat-treatment at 200 °C. Fig. 8b shows the
Cyp of NiCoO-200 mesoporous NNs as a function of scan rate. A
decrease in Cg, of about 34% is observed with scan rate
increasing from 5 to 100 mV s', indicating a good rate capa-
bility. Therefore, NiCoO-200 mesoporous NNs show attractive
performances for supercapacitor with high C;, and long
cycle life.

A comparison of electrochemical performances of NiCoO-200
mesoporous NNs with those of single Co30,4 and Ni(OH), was
examined. The individual Cos;0O4 and Ni(OH), samples with
similar surface morphologies were prepared and calcined at
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Fig. 8 (a) Cyclability tests of samples NiCoO-200, Ni(OH), and Co030,.
(b) Plots of C; as a function of scan rate of NiCoO-200 sample. (c) XRD
patterns of Co3;04 and Ni(OH), after calcination at 200 °C (symbol *
indicates Ti substrate). (d) CV curves of samples NiCoO-200, Ni(OH),
and Co304. The specific mass loading is 0.5 mg cm 2.

200 °C using similar conditions. Fig. 8c illustrates the XRD
patterns of Ni(OH), and Co30,, and all the diffraction peaks can
be well indexed to Ni(OH), (JCPDS 14-0117) and Co3;04
(JCPDS 42-1467). CV curves of samples NiCoO-200, Co304 and
Ni(OH), were measured at 5 mV s™' in a solution of 1.0 M
NaOH, and they are displayed in Fig. 8d. The CV curve of
NiCo0-200 mesoporous NNs exhibits much larger enclosed area
and wider distribution than those of Ni(OH), and Co0;04. The
C;p values of Ni(OH), and Co30; are calculated about 113 and
161 F g! at 5 mV s7!, respectively, which are much lower than
the value of 684 F g~!' of NiCoO-200 mesoporous NNs. What
else should be pointed out here is that the C;, of NiCoO-200
mesoporous NNs is also much higher than the summation of C,
values of Co304 and Ni(OH); as shown in Fig. 8a, which suggests
the improved electrochemical performances of the composites
come from not only a mechanical combination but also an inter-
enhancement effect of these two oxides. The achieved high Cj,
value of 1144 F g=' of Co304/Ni(OH), NNs can be explained by
the following merits: (a) the porous network structures that favor
the diffusion of active species, (b) the mesoporous structure
ensures fast proton transfer and provides a large OH™ and cation
accessible area, (c) the easy electron transportation among
nanosheets because of the interconnections between them, (d) the
binary redox couples of Co**/Co* and Ni**/Ni** affording rich
faradaic capacitance, and (e) the enhanced conductivity due to
the direct growth of the material on the current collector.

4. Conclusions

Herein, we synthesized Co3;04/Ni(OH), (NiCoO-200) composite
mesoporous NNs as an interesting electrode material with high
C,, and long cycle life for supercapacitor applications. Firstly,
large area Co(OH),/Ni(OH), composite NNs were synthesized
on a conductive substrate by a facile and efficient electrochemical
route. Electrochemical measurements revealed that Co(OH),/
Ni(OH), composite NNs displayed high Cg, but lousy cyclability.

Then the Co304/Ni(OH), composite mesoporous NNs grown on
conductive substrates were prepared from Co(OH),/Ni(OH),
composite NNs by heat-treatment. The resulting products also
have been successfully and directly employed as supercapacitor
electrodes, and they exhibited predominant electrochemical
performances, such as a high Cy, value of 1144 F g~' at 5mV s
and long-term cyclability. The excellent capacitive behaviors of
Co0304/Ni(OH), composite mesoporous NNs grown on
conductive substrate can be attributed to the following five
factors: (i) the porous network structures that can accelerate the
diffusion of active species, (ii) the mesopores within nanosheets
that can favor proton transfer and provide a large OH~ and
cation accessible area, (iii) the interconnections among nano-
sheets that can facilitate electron transportation, (iv) the
combination of cobalt and nickel anions that afford binary redox
couples of Co**/Co** and Ni**/Ni**, and (v) the direct growth on
the current collector in a good solid contact that can greatly
enhance the conductivity. Considering the simplicity of the
electrodeposition method and environmentally friendly mate-
rials, the prepared Co3;04/Ni(OH), composite mesoporous NNs
as electrode is an competitive candidate for next generation
supercapacitors owing to its outstanding electrochemical
properties.
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