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Polymer-assisted synthesis of a 3D hierarchical porous
network-like spinel NiCo,0,4 framework towards high-
performance electrochemical capacitorst

Changzhou Yuan,*3® Jiaoyang Li,? Linrui Hou,? Jingdong Lin,*® Xiaogang Zhang**
and Shenglin Xiong®

We have developed a facile yet scalable polymer-assisted chemical solution route to prepare a three-
dimensional (3D) hierarchical porous network-like NiCo,0O, framework for advanced electrochemical
capacitors (ECs). The unique interconnected hierarchical porous framework is constructed by nanosized
spinel NiCo,04 building blocks of 20-30 nm size, thus, a 3D continuous electron transport expressway,
convenient electrolyte penetration—diffusion and large electrode-electrolyte interface are obtained
simultaneously. The combination of these appealing structural features in the striking network-like
NiCo,0,4 framework results in a drastically enhanced kinetic behavior, large specific capacitance (SC) and
a remarkable cycling stability at high rates. The unique network-like NiCo,04 electrode features a SC of
587 Fg~' at 2 A g™, and can deliver up to 518 F g™ at a large current density of 16 A g~". Also, a SC
deterioration of ~6% of the maximum SC is evident after continuous 3500 charge—discharge cycles at
varying current densities, ranging from 2 to 16 A g~'. Furthermore, the synthetic strategy presented
here can be easily extended to fabricate other binary complex metal oxides and/or ternary metal oxides
with a controlled composition and porous structure, which may be promising candidates for high-
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Introduction

Electrochemical capacitors (ECs), as a new class of energy
storage device, are now attracting substantial attention owing to
their excellent ability to provide energy density higher by orders
of magnitude than dielectric capacitors, and a greater power
density and longer cycling ability than other conventional
rechargeable batteries."” Significant research interests are thus
triggered in the design and development of novel advanced
electrode materials for ECs. Particularly, some transition metal
oxides (TMOs), such as amorphous RuO, and IrO,, exhibit
remarkable electrochemical performances as pseudocapacitive
electrode materials, due to their higher specific capacitance (SC)
than carbon-based materials and better cycling behavior than
conductive polymers.>*® Note that an ultrahigh SC value of
1580 F g~ ' was reported for the state-of-the-art hydrated RuO,.?
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performance ECs, and even advanced Li-ion batteries.

Nevertheless, it still suffers from the disadvantages of high cost
and a toxic nature, excluding it from wide application, which
greatly motivates the exploration and screening of alternative
economic TMO candidates (such as, MnO,, NiO, C0;0,4, V,0s,
etc.)”™ with desirable electrochemical behaviors for next-
generation ECs. Unfortunately, the intrinsic low electronic
conductivities of these simple TMOs with band gaps ranging
from 3 to 4 eV cannot guarantee their striking electro-
chemical performance, particularly at high rates.

Recently, an intriguing binary complex TMO, spinel nickel
cobaltite (NiC0,0,), where the Ni species occupies octahedral
sites and the Co is distributed over both octahedral and tetra-
hedral sites (Fig. 1a), came into worldwide view for EC
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Fig. 1 Crystallographic structure (a) and XRD pattern (b) of the as-synthesized
hierarchical porous network-like NiCo,04.
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applications,*®*?¢ due to its better electrical conductivity, at least
two orders of magnitude higher, and a better electroactivity
than single nickel oxides or cobalt oxides. It was documented to
have 62 S cm ™ for the single crystal NiCo,0, nanoplate at room
temperature,” and 0.6 S cm™"' for a polycrystalline film at
300 °C.”® Besides the exceptional feature, other merits,
including low cost, abundant resources, environmental friend-
liness and rich redox reactions, originating from both nickel
and cobalt ions,*®?¢ render its promising EC application as a
scalable alternative pseudocapacitive electrode. Due to its
typical Faradaic pseudocapacitive nature involving redox reac-
tions at the electrode-electrolyte interface, it is of significant
importance to improve the surface-dependent processes of the
NiCo,0, electrode with the aim to further optimize its overall
energy storage at high rates by rationally designing and
tailoring its microstructure.

In general, nanoscaling greatly increases structural
interfaces, leading to an enhanced charge transfer, and
drastically shortening the ion/electron diffusion pathways by
decreasing the grain size and increasing the porosity of the
bulk material,>** which may manifest a fascinating electro-
chemical performance of the electroactive NiCo,0,. Recently,
tremendous attention has been devoted to the synthesis and
evaluation of hierarchical porous nanomaterials, for they can
integrate morphological features,"® such as a high specific
surface area (SSA), rich porosity and good conductivity.
However, some repugnant disadvantages still cannot be
overlooked including serious aggregation, significant inter-
facial resistance between adjacent particles even with meso-
porosity, and so on,*° resulting in great SC losses and a poor
calendar life. To address these issues, an interesting and
explored avenue is to efficiently construct a three-dimen-
sional (3D) interconnected hierarchical porous network-like
framework composed of nanosized building blocks. Thus, a
continuous electron transport path, convenient electrolyte
penetration-diffusion and large electrode-electrolyte inter-
face would be simultaneously delivered, which is of great
importance for its application in advanced ECs.** Addition-
ally, the broad and successful industrial applications of
desirable NiCo,0, electrodes are greatly limited due to
complicated processing routes and expensive fabrication.
Therefore, for commercial applications, a facile, scalable
and low-cost synthetic procedure is preferable for its mass
fabrication.

In this work, we developed a scalable bottom-up synthesis
of a 3D hierarchical porous network-like NiCo,0, framework
through a facile, yet efficient polymer-assisted chemical
solution strategy.*"** Due to the synergetic effect of ethyl-
enediaminetetraacetic acid (EDTA) and polyethyleneimine
(PEI), a unique hierarchical porous network-like architecture
derived from interconnected nanoscale spinel NiCo0,0,
building blocks was successfully constructed. Benefitting
from these admirable structural features, the hierarchical
porous network-like NiCo,0, electrode exhibits large SCs,
an excellent rate capability and striking cycling stability at
high rates, which suggests its great promising applications
in ECs.
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Experimental section

Synthesis of 3D hierarchical porous network-like NiC0,0,
framework

A precursor solution was prepared by dissolving 2 mM of
Co(NO;),-6H,0 and 1 mM of Ni(NOj),-6H,O in 30 mL of
deionized H,0, and then 1 g of ethylenediaminetetraacetic acid
(EDTA) and polyethyleneimine (PEI) were added to the solution,
under stirring. Then, the mixture was heated on a hot plate to
remove excess water in air, and then transferred to a crucible
and heated with a heating ramp of 1 °C min~" to a temperature
of 500 °C for 1 h. Finally, a black loose foam-like powder was
obtained after cooling down to room temperature (RT). For
comparison purposes, other NiCo,O, samples were also
synthesized in a similar fashion, either with the absence of PEI
or EDTA, and denoted as NiCo,0,~EDTA and NiCo,0,-PEI,
respectively.

Materials characterization

The samples were examined by powder X-ray diffraction (XRD)
(Max 18 XCE, Japan) using a Cu Ka source (A = 0.154056 nm) at a
scanning speed of 3° min~" over a 20 range of 10-75°. The
morphologies and structures were observed with field-emission
scanning electron microscopy (FESEM, JEOL-6300F, 15 kV) and
transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and selected area
electron diffraction (SAED) (JEOL JEM 2100 system operating at
200 kV). X-ray photoelectron spectra (XPS) measurements were
performed on a VGESCALAB MKII X-ray photoelectron spec-
trometer with a Mg Ka excitation source (1253.6 eV). Energy
dispersive X-ray analysis (EDXA) was performed on FESEM
instrument (JEOL-6300F). N, adsorption-desorption was
determined by the Brunauer-Emmett-Teller (BET) measure-
ment by using an ASAP-2010 surface area analyzer.

Electrochemical tests

The working electrode was prepared with the electroactive
material NiCo,0,, acetylene black and polytetrafluoroethylene
in a weight ratio of 8:1.5:0.5. A small amount of water was
then added to make a more homogeneous mixture, which was
pressed on to a nickel foam with a surface area of 1 cm?
(~10” Pa) for the following electrochemical tests, by cyclic vol-
tammetry (CV), chronopotentiometry (CP) and electrochemical
impedance spectroscopy (EIS) measurements performed with a
Ivium electrochemical workstation (the Netherlands). The
typical loading of the electroactive NiC0,0, was 5 mg cm™ 2. All
the experiments were carried out in a three-electrode cell with a
working electrode, a platinum plate counter electrode (1 cm?)
and a saturated calomel electrode (SCE) reference electrode at
RT. The electrolyte was a 3 M KOH aqueous solution. The
cycling performance was carried out with a CT2001D tester
(Wuhan, China). The SCs of the NiCo,0, electrodes were
calculated by using the following equation:

Cs = ﬁ (1)
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where Cj is the SC (F g~ *) of the NiCo,0, electrodes, I donates
the discharge current (A g™ ), ¢ is the discharging time (s), and
AV is the discharge potential interval (V).

The time constant (t) was calculated by using the
expression:*

1

ECE @

where fis the frequency corresponding to the maximum of the
imaginary component (—Z"') of the semicircle. The EIS “small-
signal” capacitance of the NiCo,0, electrode can be calculated
from the imaginary component of the impedance by using the
equation:**

1
€= —2nnf Z"m (3)

where C is the EIS signal capacitance, f is the frequency
(0.01 Hz), m is the mass of the electroactive material, and Z" is
the imaginary component of impedance at the frequency (f =
0.01 Hz). In addition, an important parameter, the coulombic
efficiency (n) of the electrodes, can be evaluated from the
following equation:

n= % % 100% (4)

where ¢, and ¢ are the time for the galvanostatic discharging
and charging, respectively.

Results and discussion

Herein, we applied a typical polymer-assisted chemical solution
approach to prepare the 3D hierarchical porous network-like
NiCo,0, framework by using water soluble polymers, where
EDTA and PEI are used to bind with Co** and Ni** ions.
Specifically, the metal Co and Ni ions in the solution bind with
EDTA to form the metal-EDTA complex, which further binds
with PEI to form a homogeneous stable solution.**** This
ensures a homogeneous metal distribution in the precursor and
leads to the final formation of the desired NiCo,0, phase with
stoichiometry, after calcination in air. The typical X-ray
diffraction (XRD) pattern of the as-synthesized NiCo,0, sample
is shown in Fig. 1b. Evidently, eight well-defined diffraction
peaks are observed at 26 values of 18.9°, 31.1°, 36.7°, 38.3°,
44.6°, 55.4°, 59.1° and 64.9°. All of these peaks, not only
including their peak positions but also intensities, can be
successfully indexed to the (111), (220), (311), (222), (400), (422),
(511) and (440) plane reflections of the spinel NiCo,0, crystal-
line structure (JCPDF file no. 20-0781; space group: F*3 (202)),
respectively, as seen from the standard spectra indicated by the
gray lines in Fig. 1b. A calculation using the Debye-Scherrer
equation for the broadening of the (311) peak gives an average
size of ~27 nm for the as-prepared NiCo,0,. Of particular note,
no other impurities can be detected in the typical pattern, which
confirms that the temperature of 500 °C applied here is high
enough for the complete thermal conversion of its precursor
into pure spinel NiCo,0,.

This journal is © The Royal Society of Chemistry 2013
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To reveal more a detailed elemental make-up and the
oxidation state of the as-obtained NiCo,0,, an X-ray photo-
electron spectrum (XPS) was obtained, and the corresponding
XPS data is shown in Fig. 2. The Ni 2p spectrum (Fig. 2a) was
carefully fitted considering two spin-orbit doublets and two
shake-up satellites (donated as “S”). Accordingly, two kinds of
nickel species are detected and assigned to the Ni(u) and Ni(ur)
ions. In specific, the fitted peaks, at a binding energy (BE) of
850.6 and 870.2 eV are ascribed to the Ni(u), whereas the peaks
at a BE of 852.5 and 871.9 eV are both assigned to the Ni(u).
Furthermore, the fitting results of the Co 2p XPS spectrum are
also shown in Fig. 2b. Clearly, two kinds of Co species also can
be found, including the Co(m) ions sitting at a BE of 776.3 and
791.7 eV, and Co(u) ions at a BE of 778.3 and 792.6 eV. Note that
the Co/Ni ratio is ~2 in the sample, very close to the designed
ratio. The high-resolution spectrum for the O 1s region is pre-
sented in Fig. 2c. The two oxygen contributions designed as O1
and O2, are evident in Fig. 2c. Specifically, the well-resolved O1
sitting at 531.8 eV corresponds to a higher number of defect
sites with a low oxygen coordination in the NiCo,0O, species with
the small size.*®> Meanwhile the fitted peak of O2 at 529.5 eV is
typical of a metal-oxygen bond.***” The XPS data clearly
demonstrates that the surface of the as-prepared NiCo,0,
sample has a complex composition containing Co>*, Co®", Ni**
and Ni**. Thus, the formula of the obtained NiCo,0, can be
generally expressed as follows: Co;_,>"Co,>"[Co* Ni,>"Ni;_,*']
0, (0 < x < 1) (the cations within the brackets are in octahedral
sites and those outside the brackets are in tetrahedral sites).***°
It is due to the presence of the mixed valencies of the same
cation in such a cobaltite spinel system that the network-like
NiCo,0, framework possesses a relatively high electrical
conductivity by electron transfer taking place with a relatively
low activation energy between the cations by hopping
processes.*

The representative field-emission scanning electron micros-
copy (FESEM) images (Fig. 3a and b) of the as-obtained NiCo,0,
powder show an intimately interconnected network-like
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Fig. 2 High-resolution XPS spectra of Ni 2p (a), Co 2p (b) and O 1s (c) for the
hierarchical porous network-like NiCo,04 sample.
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Fig.3 FESEM images (a and b) and EDXA (c) of the hierarchical porous network-
like NiCo,04 sample. The image in (b) is taken from the region marked by the
rectangle in (a).

structure. Many inter-particle pores can be clearly observed. In
addition, the energy dispersive X-ray analysis (EDXA) data
(Fig. 3c) also presents the co-existence of the Co and Ni elements
with the molar ratio of ~2 : 1, which is very close to that in the
precursor solution. The low- and high-magnification trans-
mission electron micrograph (TEM) images (Fig. 4a-c) further
confirm the hierarchical meso- and/or macroporous nature of the
NiCo,0, material and the high degree of pore connectivity in the
unique network-like NiCo,0O, framework. The size of the NiCo,0,
nano building blocks is 20-30 nm, as evident in Fig. 4c. The
selected-area electron diffraction (SAED) pattern (the inset in
Fig. 4c), detected from a sampling area indicated by the red
rectangle in Fig. 4c, shows well-defined diffraction rings,
revealing its polycrystalline characteristics. The high-resolution
TEM (HRTEM, Fig. 4d) image shows that some of the nano-
particles (NPs) with different orientations overlap each other,
confirming the formation of the interconnected network-like
scaffold. Interestingly, the as-prepared hierarchical porous
network-like framework cannot be destroyed and broken into
discrete individual NiCo,0, NPs, even after subjecting it to a
lengthy ultrasonication, which suggests that the unique archi-
tecture is not a random aggregation of NiCo,0, nano building
blocks, but an intimated interconnection of these nanodomains.

The N, adsorption-desorption isotherm (Fig. S1, ESIT) of the
NiCo,0, sample shows a sharp capillary condensation step at a

Fig. 4 TEM (a—c), HRTEM (d) images and SAED pattern (the inset in c) of the
hierarchical porous network-like NiCo,0, framework.
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high relative pressure, and belongs to a type IV isotherm
according to the IUPAC classification,* greatly supporting the
presence of a typical hierarchical porosity, i.e., meso- and/or
macropores in the sample.***** Moreover, a Brunauer-Emmett-
Teller (BET) SSA of the unique hierarchical porous NiCo,0,
framework is estimated as ~40 m® g~ *. To better understand
the formation mechanism, other control experiments were
elaborately performed. In sharp contrast, when the precursor
solution had no PEI or EDTA, only some simple particle
aggregations were found (Fig. S2 and S3, ESIT). According to the
results of this analysis, it is easy to conclude that the EDTA and
PEI might potentially serve as the initial network in the prepa-
ration process,* thus efficiently preventing the aggregation of
the formed NPs and constructing a 3D interconnected hierar-
chical porous network-like framework; that is, it is owing to the
synergetic effect of the EDTA and PEI that the unique inter-
connected porous network-like spinel NiCo,0, architecture is
well constructed. Unquestionably, the continuous hierarchical
porous networks of the NiCo,O, sample with a desirable
electronic conductivity have huge potential applications in
high-performance ECs.

Next, we applied the 3D continuous hierarchical porous
network-like NiCo,0, framework as a pseudocapacitive elec-
trode to highlight the merits of the unique architecture for
advanced ECs application. The cyclic voltammetry (CV) was
measured at various scan rates ranging from 5 to 70 mV s~ * with
a three-electrode system in a 3.0 M KOH aqueous solution, and
the corresponding CV curves in a potential range of 0.0-0.5 V
(vs. SCE) are shown in Fig. 5a. The typical CV plots at all scan
rates show a pair of well-defined redox peaks, indicating that
the capacitive characteristics are mainly governed by the Fara-
daic redox reactions originating from the M-O/M-O-OH, where
the M represents both the Ni and Co ions.'®*° Also, as the scan
rate increases, the current subsequently increases while the CV
shape changes little, revealing its good electrochemical capac-
itance. Notedly, both the electrochemical cathodic and anodic
peak currents vary linearly with the sweep rates, as seen from
Fig. 5b. This demonstrates that the hierarchical porous
network-like NiCo,0, electrode has an excellent power property,
and the typical capacitive behavior is not diffusion
controlled.**

In order to further confirm the unique electrochemical
process for a rapid Faradaic energy storage, electrochemical
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Fig. 5 CV curves at various sweep rates (a) and the relationship between peak
current (ip) and the sweep rate (b) of the hierarchical porous network-like
NiCo,0,4 framework electrode.
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impedance spectroscopic (EIS) analysis of the hierarchical
porous network-like NiCo,0, electrode was conducted at the
potential of 0.35 V (vs. SCE) in the frequency range 0.01-10> Hz
with an AC signal amplitude of 5 mV. The obtained Nyquist plot
typically (—Z" vs. Z') is given in Fig. 6. The intersection of the
plots at the x-axis represents the solution resistance (R;),***”
which is associated with the following three items: the resis-
tance of the KOH aqueous solution, the intrinsic resistance of
the electroactive material itself, and the contact resistance at
the interface between the electroactive material and the current
collector. As seen from the inset, R; can be found to be only
~0.33 Q, which suggests the good electronic conductivity of the
hierarchical porous network-like NiCo,0, electrode itself. In
contrast, other NiCo,0, electrodes synthesized in the absence
of PEI or EDTA demonstrate even higher R, values of ~0.7 and
0.82 ohm, respectively (Fig. S4, ESIt), which should be related to
the increased interfacial resistance between adjacent particles
and the larger size. At the high-medium frequency region, a
typical semicircle, whose diameter stands for the charge
transfer resistance (R.) in the electrochemical process can be
found. The R is approximated to ~0.44 Q, which is much less
than those of the NiCo,0,-PEI (~1.8 ohm) and NiC0,0,~EDTA
(~1.5 ohm) electrodes (Fig. S4, ESIt). Such low values mean the
low R, and R, of the hierarchical porous network-like NiCo,0,
electrode during the redox process creates an efficient energy
storage. Moreover, from the frequency (147 Hz) corresponding
to the maximum of the imaginary component of the semicircle,
the time constant (7), a parameter indicating the power property
of an electrode material,”® can be calculated as ~1 ms. Such a
small time constant, of the order of ms, is preferred for its rapid
charge-discharge characteristics. The knee frequency of
~3.2 Hz further suggests that the electrode material possesses a
good frequency response. Additionally, the Warburg tail
expected to occur with a 45° inclination is not seen in the
intermediate frequency region, which indicates that the elec-
trolyte ions can access the electroactive material easily, and
dominate the fast electrochemical response observed in the CV
plots shown in Fig. 5a. While for the other two NiCo,0, elec-
trodes synthesized in the absence of PEI or EDTA, an obvious
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Fig. 6 EIS spectrum of the hierarchical porous network-like NiCo,0, electrode
measured at 0.35 V (vs. SCE). The inset is the enlarged high-frequency region of
the EIS spectrum.
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Warburg process with an ion diffusion resistance can be found
(Fig. S4, ESIt), for which the two electrodes with a simple
particle aggregation, rather than an interconnected continuous
network-like architecture, should be responsible. As is evident
in Fig. 6, the slope of the impedance plot tends to an almost
vertical asymptote along the realistic impedance axis in the low-
frequency region less than the knee frequency, characteristic of
the admirable capacitative behavior of the unique network-like
NiCo,0, electrode in the KOH aqueous solution. Accordingly,
the EIS “small-signal” capacitance*® of the unique NiCo0,0,
electrode can be calculated as 468 F g~ (f= 0.01 Hz) from the
imaginary component of the EIS data.

To further qualify the SCs of the unique hierarchical
porous network-like NiCo,O, architecture electrode, a chro-
nopotentiometry (CP) test at various mass-normalized current
densities ranging from 2 to 16 A g ' was carried out with a
maximum electrochemical window of 0.45 V (vs. SCE), and the
typical discharge curves are depicted in Fig. 7a. Evidently, the
nonlinear charge-discharge curves demonstrate that typical
Faradaic redox reactions occur at the electrode-electrolyte
interfaces, verifying its typical pseudocapacitive characteristic,
which is in good agreement with the CV curves (Fig. 5a). The SCs
of the hierarchical porous network-like NiCo,0, electrode were
calculated and are recorded in Fig. 7b. Attractively, the unique
electrode exhibits excellent pseudocapacitances of 587, 569,
560, 545 and 518 F g~ " at the current densities of 2, 4, 6, 10 and
16 A g ', respectively, which suggests that ~88% of the capac-
itance is still maintained when the charge-discharge rate is
increased from 2 to 16 A g~ '. In sharp contrast, the SC reten-
tions of the NiCo,0,-PEI and NiCo,0,-EDTA electrodes only
retain as ~68% (from 216 to 320 F g~ ') and ~61% (from 158 to
260 F g ') (Fig. S5, ESIY), respectively, when the current density
is up to 16 A g ' from 2 A g~ '. The calculation of the pure
electric double-layer capacitance (EDLC) by using the BET SSA
of an average value of 20 uF cm™? (ref. 50) further delivers an
EDLC of ~8 F g~ ' for the unique hierarchical porous network-
like electrode, much lower than the corresponding measured
SCs, which ranged from 518 to 587 F g~ . Therefore, it is further
demonstrated that the main component of the measured SC is
produced from the pseudocapacitive surface redox process, and
the Faradaic pseudocapacitance is ~510 F g~ ', i.e., 1275 uF
em™” at a large current density of 16 A g~", revealing a high
electrochemical utilization of the network-like NiCo,0O, elec-
trode at high rates.
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Fig. 7 Charge-discharge curves (E vs. time) (a) and calculated SC (b) of the
hierarchical porous network-like NiCo,0, electrode at different current densities.
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These data strongly support the fact that the hierarchical
porous network-like NiCo,0, framework is an appealing elec-
trode for advanced ECs due to its prominent ability to deliver
large SCs and a high electrochemical utilization at a high
charge-discharge rate, which might be attributed to the
attractive structural features of the present electrode. Specifi-
cally, the 3D hierarchical porous network-like feature (Fig. 8) is
constructed by interconnected nanosized NiCo,O, building
blocks, and many interpenetrated meso- and/or macropores are
formed, which then reduce the penetration-diffusion length of
the electrolyte ions and interfacial resistance, and guarantees
that enough electrolyte ions rapidly make contact with the large
naked surfaces of the electroactive NiCo,0, with the 3D inter-
connected electron conductive network. More importantly,
these inherent interpenetrated meso- and/or macropores can
offer a robust sustentation of the OH™ ions, and ensure that
sufficient Faradaic reactions take place at high current densities
for energy storage, due to its great role of “ion-buffering reser-
voirs”.***>* This in turn would ensure its good electrochemical
utilization and high-rate charge-discharge performance.

All in all, the convenient ionic diffusion path, narrow
diameters of the building blocks and continuous electron
transfer network can reduce the ionic diffusion resistance and
charge transfer resistance, and therefore, the unique hierar-
chical porous network-like NiCo,0, electrode achieves a high
electrochemical utilization even at large current densities. Fig. 9
shows the cycling performance of the hierarchical porous
network-like NiCo,0, electrode at progressively increased
current densities in the 3 M KOH aqueous solution. Clearly, the
unique network-like NiCo,0, electrode exhibits a stable cycling
behavior at each current density. The curves show that the SC
increases gradually during the first 550 cyclesat2Ag ™, due toa
gradual activation process of the electroactive NiC0,0,,*** and
then a maximum SC of 630 F g~ " is observed. After another 2200
continuous cycles at larger current densities, of up to 16 A g™,
the current density is turned back to 2 A g~ again. Under this
condition, ~98% of the maximum SC at 2 A g~ " still can be
recovered, and maintains for another 750 cycles with a further
SC decrease of ~4%. Moreover, the coulombic efficiency of the
unique porous network-like NiCo,O, electrode is maintained at

Electron Electrolyte

diffusion

>

NiCo,0,
porous
Nanosized network
building
blocks Meso- and/or

macropores

Fig. 8 Schematic illustration of the charge storage advantages of the 3D
interconnected hierarchical porous network-like NiCo,0,4 framework electrode.
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Fig. 9 Cycling performance and coulombic efficiency of the hierarchical porous
network-like NiCo,04 electrode at progressively varying current densities.

more than 89% during the continuous charge-discharge
cycles. The electrochemical data recorded in Fig. 9 further
highlight the capability of the hierarchical porous network-like
NiCo,0, electrode to meet the requirements of an excellent
electrochemical stability during the long-term cycling under a
high-power density operation, which is a significant merit for
practical EC devices.

Conclusions

In summary, we have successfully developed a simple cost-
effective and scale-up polymer-assisted chemical solution
synthesis of a 3D interconnected hierarchical porous network-
like NiCo,0, framework electrode. The continuous hierarchical
porous network creates convenient channels for better ion
transport to the redox-active material, and the high degree of
pore connectivity in the hierarchical porous network enhances
electron transfer, avoids serious particle aggregation, and
decreases the great interfacial resistance. Thanks to these
advantageous structural benefits, the unique hierarchical
porous network-like NiCo,O, electrode possessed large SCs and
a striking cycling stability at large current densities. The excel-
lent supercapacitive performance encourages its aspired
commercial exploitation for the development of advanced ECs.
More significantly, we envision that the electrode design
concept can be easily generalized to the synthesis of other
binary complex metal oxides, and even ternary metal oxides as
high-performance electrodes for next-generation ECs, and even
advanced Li-ion batteries applications.
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