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In situ synthesis of Fe,Oz nanosphere/Coz0,4
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Three-dimensional (3D) hybrid networks consisting of reduced graphene oxide (rGO) sheets intercon-
nected by Coz0O4 nanowires (rGO/Coz0,), followed by the decoration of Fe,Oz nanospheres (NSs) (rGO/
Coz0,4@Fe,03), were demonstrated by a facile hydrothermal method, with which the rGO/Cos04 net-
works acted as nucleation sites for the in situ synthesis of Fe,O3z NSs. The intimate contacts between rGO,
Co3z04 NWs and Fe,O3z NSs, which result in an excellent conductive behavior, provide a unique structure
with huge potential for electrochemical property promoted electrochemical supercapacitors. The rGO/
Coz0,4@Fe,03 hybrid networks as electrodes exhibit a high capacitance of 784 F g~ at 1 A g~* with 83%
retention of the initial capacitance as the current density increases from 1 to 10 A g‘l, which is explained
by the graphene-based interconnected structure owing to the advantages of accommodating the volume
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expansion between CozO4 NWs and Fe,Oz NSs. The supercapacitor was assembled by applying a nickel
aluminum layered double hydroxide (NiAl-LDH) structure and rGO/CozO4@Fe,O5 as the electrode
materials and yields an energy density of 70.78 W h kg™ at a power density of 0.29 kW kg™, The energy
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Introduction

Significant advances in materials science have been aided by
nanoscience and nanotechnology and have increased many
demands for advanced electrochemical energy storage devices
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density can maintain 24.24 W h kg™ with 9.94 kW kg™,

(EESs), such as lithium-ion batteries, alkaline batteries, super-
capacitors and traditional lead-acid batteries." For conven-
tional electrical double-layer capacitors (EDLCs),™® ions
adsorbed (desorbed) at (near) the interface between the elec-
trode material surface and electrolyte contribute to non-fara-
daic capacitance, which may result in low capacitance. For
pseudo-capacitors, the charge can be stored and released in
faradaic electron-transfer processes at (near) the interface.
Among the above various intelligent devices, notable high
power density, efficient recharge capacitance, excellent rate
retention and long cycle performance are widely recognized as
indispensable features for EESs. Transition metal oxides,
especially those with special morphologies or nanostructures,
are attractive pseudocapacitive materials for high-performance
EESs.®” Among the common metal oxides, Fe,03, Co;0,4, CoO,
NiO and MnO, with their compounds were explored as candi-
date materials for electrodes due to their excellent physical,
chemical and electrochemical properties, such as their high
theoretical capacitance, good safety, low cost and good electro-
chemical performance.”'° Because the capability of an elec-
trode material is significantly influenced by the surface area
and morphology properties of the materials, an electrode
material with a high surface area and uniform, ordered struc-
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ture would be expected to exhibit superior performance in a
supercapacitor system.

To date, efforts have been made to optimize different
aspects, including synthetic strategies, structural diversity and
material compositions, to promote the electrochemical
properties."* ™ Qu et al. reported a gas bubble-assisted con-
struction of hollow cobalt-based spheres (CoM00,)."® The
obtained hollow spheres facilitate diffusion of KOH electrolyte
and greatly decrease the diffusion path, leading to an excellent
capacitance of 1381 F g 'at 1Ag 'and 742 F g ' at 10 A g™ ".
The hollow spheres showed outstanding cycling stability when
used in supercapacitors. Guan et al. reported a facile hydro-
thermal process to fabricate a hybrid structure, in which the
Co30, nanowires were decorated on graphene oxide (GO) and
the final products with different mass ratios were character-
ized."” The Co;0,/GO nanocomposites have a strong synergis-
tic effect because of the integration between Co;0, and GO,
leading to an enhanced specific capacitance of 157.7 F g™ " at 1
A g7, which maintains about 70% after 4000 cycles (0.2 A
g~"). A morphology modification process can be used to obtain
3D interconnected Fe,O; nanospheres that have a mean dia-
meter of 10-20 nm. As an electrode, this iron oxide structure
delivers improved cycling performance, high rate capability
performance, excellent electrochemical properties attributed
to the facile transportation of ions and electrons and abundant
active sites.'® However, the obtained capacitance results in the
literature are often inferior to theoretical capacitance values
because of the huge volume expansion during the redox reac-
tion process and poor electrochemical conductivity. The practi-
cal application of Fe,O;, Co03;0,4 or other transition metal
oxide-based compounds in energy storage devices is restricted
even though the morphology can be easily controlled.'** It
requires stable conducting supports to offset their poor
electrochemical conductivity, huge mass transfer impedance,
insufficient specific surface area and low mechanical
stability.>*™>*

Carbon materials that have impressive surface areas are
commonly or commercially used as electrode materials for
EESs.*® Graphene is a two-dimensional carbon allotrope
widely used to form multiform graphene-based nanostructures
and could be a suitable supporting bone/surface due to its
superior electrochemical performance and large specific
surface area.””>° Motivated by the discovery of graphene,
scientists have devoted great efforts to integrate nanomaterials
with graphene to obtain graphene-supported composite
materials.*>*! Many impressive solutions have been employed
to prepare transition metal composites with more than a
single component into graphene structures.’” Transition metal
active components integrated with graphene are termed a
hybrid capacitor. However, there have been very few studies on
the integration of nanowires and nanospheres with graphene
layers as hybrid networks, which is a new strategy for gra-
phene-based hybrid architectures. In this regard, we demon-
strate the design and preparation of 3D hybrid networks con-
sisting of rGO sheets interconnected by Co;0, NWs (rGO/
Co;0,), followed by the decoration of Fe,O; NSs (rGO/
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Co0;0,@Fe,03) through an in situ hydrothermal method, with
which the rGO/Co;0, networks can act as nucleation sites for
the following synthesis of Fe,O; NSs. Fe,O3; has attracted con-
siderable attention because of its environmental sustainability,
cost-effectiveness and high theoretical capacitance. In our
work, Fe,O; was chosen as the electrode material due to the
increased surface area attributed to the designed nanosize,
enabling Fe,O; to make significant contributions to high
capacitance. Cobalt oxides have received more intense atten-
tion owing to their high electrical conductivity. Furthermore,
tailored techniques have been adopted to obtain Co;0, NWs,
which can connect the bulk unit, thereby enhancing its
electrochemical properties. To be more specific, the conduc-
tive 1D Co3;0, NWs provide expressways for the transportation
of electrons between two separated rGO nanosheets, which
considerably link the whole network, yielding enhanced elec-
trical conductivity. Graphene is expected to be a suitable sup-
porting material due to its high electronic conductivity and
massive surface area. Thus, it is capable of preventing Co;0,
and Fe,0; from delivering low power density and poor rate
capability. rGO/Co30, can also serve as the supporting
material for the nucleation growth of Fe,O; NSs, promoting
the conductivity of Fe,O; NSs and improving the electro-
chemical performance of the composites simultaneously.
Compared with the 1D Co;0, NWs, the rGO/Co;0,@Fe,03
hybrid networks as the electrode material exhibit a much
higher specific capacitance of 784 F g~" at a current density of
1 A g". To further investigate the actual capacitance behavior,
a supercapacitor, namely a NiAl-LDH//rGO/Co;0,@Fe,0;
device, was assembled using NiAl-LDH and the optimized
rGO/Co;0,@Fe,03 hybrid networks as the electrode material,
with which an excellent energy density of 70.78 W h kg™" at a
power density of 0.29 kW kg™' can be achieved. Moreover, it
can achieve 24.24 W h kg™" at 9.94 kW kg™ with good cycling
stability. The outstanding performances indicate that the rGO/
Co30,@Fe,03 hybrid networks are promising negative elec-
trode materials with a 3D electrode configuration in the high-
performance supercapacitor.

Experimental

Synthesis and thermal reduction of graphite oxide

All of the materials, including CoCl,-6H,0, FeCl;-6H,0, urea,
NH,F, natural graphite, sodium poly(4-styrenesulfonate) (PSS),
H,SO, and ethanol, were purchased and used as received
without purification. In our work, rGO was synthesized via a
modified Hummers’ method using natural graphite powders
as the reactant. Concentrated H,SO, was placed in a beaker.
Subsequently, the natural graphite powder was then homo-dis-
persed into the concentrated H,SO, under magnetic stirring at
room temperature. 6 g of KMnO, was then added into the
above-concentrated H,SO, under constant magnetic stirring in
the reaction beaker. The solution mixture containing the reac-
tion mixture was placed in a water bath at a temperature of
40 °C. Deionized water was then added under vigorous stir-
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ring. Finally, 3 mL of H,0, (30% aq.) in 100 mL of deionized
water was added rapidly into the above mixture. Then, a yellow
dispersion can be obtained. The dispersion was washed repeat-
edly with DI water and dilute HCI solution. The final precipi-
tate was then dispersed in PSS solution to prepare a suspen-
sion. The concentrations of the purified GO were determined
at around 1 mg mL™'. GO solution was exfoliated via ultra-
sonication before each experiment. The solvothermal process
was carried out on the rGO/PSS solution at 200 °C for 12 h in
order to reduce GO, and the final product was denoted as the
rGO/PSS solution.

Synthesis of the rGO/Co;0, precursor

In a typical procedure, 2 mL of CoCl,-6H,0 aqueous solution
(0.5 mol L™") was introduced into the rGO/PSS solution under
ultrasonication. The mixed solution of urea and NH,F was
then dissolved in 10 mL of ethanol using magnetic stirring.
The above solution was magnetically stirred for 10 min, and
then the resulting mixed solution was dispersed in the above
solution and stirred for another 15 min under continuous
magnetic stirring. The above solution was then transferred
into a Teflon-lined autoclave and the hydrothermal reaction
was conducted at 200 °C and the reaction was continued for
12 h. At the end, the rGO/Co3;0, precursor sample was col-
lected and washed 3 times with an abundant amount of water.
The rGO/Co;0, precursor was then kept in PSS solution (1 g
L") to prepare a suspension.

Synthesis of rGO/Co;0,@Fe,0; hybrid networks

FeCl;-6H,0, urea and NH,4F were dissolved under vigorous stir-
ring in the rGO/Co;0, precursor suspension. Ethanol (10 mL)
was added into the above solution for another 15 min to form
a homogeneous suspension. When all the components were
fully dissolved, the solution was then transferred to a 50 mL
autoclave. Then, the hydrothermal reaction was kept at 200 °C
and the reaction was continued for 24 h. The solid product
was then collected by centrifugation, and washed 3 times with
deionized water and ethanol, followed by drying in a vacuum
overnight to obtain rGO/Co;0,@Fe,0; hybrid networks. For
comparison, the rGO/Fe,03, rGO/Co30, and Fe,03/Co30, solid
products were prepared using a similar method with the
addition of the corresponding precursor. The simple mixtures
of rGO, Co30, and Fe,O; were prepared by sonicating the pre-
synthesized Co;O, and Fe,O; with rGO/PSS solution. After
that, the suspension was then transferred into a 50 mL auto-
clave and heated at 200 °C for 24 h. After being cooled to room
temperature naturally, the mixtures were then collected by cen-
trifugation. Co;0, and Fe,O3 particles were prepared by soni-
cating urea, NH,F and the corresponding chlorides and then
conducting the hydrothermal process at 200 °C. The physical
mixture of the rGO, Coz;0, and Fe,O; sample is labeled as
“Mixture”.

Characterization studies

The phase structures for the samples were examined by X-ray
diffraction (XRD) analysis using Cu Ka radiation with A of
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0.15405 nm. The XRD results were measured at a voltage of 40
kv with 30 mA. Field emission scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were used
to investigate the microstructures and compositional pro-
perties of the prepared samples. The nitrogen adsorption/de-
sorption isotherms were performed on a micromeritics ASAP
2010 absorptiometer, which was measured at a liquid nitrogen
temperature of —196 °C. The specific surface area was calcu-
lated using the Brunauer-Emmett-Teller (BET) method.
Electrochemical performance tests for the materials were
investigated on an automatic electrochemical testing system
(RST 5200). Pt foil was used as the counter electrode and Hg/
HgO was used as the reference electrode. The working elec-
trode was prepared by mixing the active materials, conductive
additives and binders in a ratio of 80:15:5 to form a mixture
and then coated onto a piece of nickel foam (10 x 10 mm). The
mass loading of the electrode materials is controlled to about
10 mg cm™>. Finally, the fabricated electrode was pressed as a
slice under a pressure of 15 MPa. The cyclic voltammetric (CV)
measurements, galvanostatic charge-discharge (GCD) tests,
and electrochemical impedance spectroscopy (EIS) measure-
ments were performed to evaluate the electrochemical beha-
viors for the obtained samples. The specific capacitance of the
electrode was determined from the GCD cycles. The assembled
supercapacitor (NiAl-LDH//rGO/Co;0,@Fe,0;) used NiAl-LDH
and rGO/Co;0,@Fe,0; as the electrode materials. To optimize
the charges between NiAl-LDH and rGO/Co;0,@Fe,0; electro-
des, the mass was balanced using the equation: m+/m— = Cs—
X AV—/Cs+ x AV+, where m is the material mass, Cy is the
specific capacitances of the electrodes and AV is the voltage
range.

Results and discussion

To identify the phases and structures of the rGO/Co;0,@Fe,03
hybrid networks, the XRD results of GO, rGO, rGO/C030,, rGO/
Fe;0, and rGO/Co;0,@Fe;0, were measured as shown in
Fig. 1(a). A characteristic peak, which is located at ~9.9° can
be assigned to GO. Compared with pure Co;O,4, the major
diffraction peaks of the rGO/Co;0, hybrid networks are almost
unchanged, indicating that the high purity of Co;0, NWs can
be well maintained within the 3D interconnected rGO/Coz;0,
hybrid networks. The typical features of rGO layers were also
observed by SEM and TEM. According to XRD results, the
characteristic peaks of Co;0, and Fe,O; matched well with the
spinel cobalt oxide and hematite ferric oxide, respectively.
Besides, the major diffractions in the hybrid networks are
almost unchanged, indicating that the particle phase in the
hybrid networks can be well maintained. For the rGO/
Co3;0,@Fe,03 hybrid networks, the characteristic Co;0, peaks
at 31.2°, 36.8° and 65.2° were found, demonstrating the suc-
cessful preparation of the high purity Co;0, crystal. Besides,
the Fe,O; peaks at 33.1°, 35.6° and 54.1°, corresponding to the
(104), (110) and (116) planes, prove the existence of Fe,O3; NSs
on the surface of rGO nanosheets. Moreover, the characteristic
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Fig. 1 (a) XRD results of GO, rGO/Co3z04 NWs, rGO/Fe,O3 NSs and rGO/Cos0,4@Fe,O5 hybrid networks. SEM images of GO (b1-b2), rGO/Cos0,4
(c1-c2) and rGO/Co3z04@Fe,05 (d1-d2). The insets in b2, c2 and d2 are the schematic diagrams of the corresponding morphologies. (c) Schematic

of the formation for rGO/Co3z0,@Fe,Oz hybrid networks.

peak of rGO at around 26° could be ascribed to the (002)
plane. For the rGO/Co;0,@Fe,03 sample, the peak at 26° can
be indexed to the (002) plane of the rGO nanosheets.
Employing rGO nanosheets as the supporting bones in hybrid
networks, the coexistence of Co;0, NWs and Fe,O; NSs on the
surface confirms the synthesis of rGO/Co;0,@Fe,O; hybrid
networks. The FTIR spectra of the as-prepared rGO/Co;0, and
rGO/Co;0,@Fe,03 samples are shown in Fig. S1 in the ESLT
The characteristic peak at around 3520 cm™" was attributed to
O-H bending and stretching modes of water molecules from
solvents in two samples, respectively. The peak at ~1720 cm™"
corresponds to the vibrations of C=0 groups, and ~1525 cm™
to C=C of rGO, suggesting that the partially reduced graphene
can be obtained. In addition, the relatively weak peaks at

1
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~1120 em™" correspond to the functional group of C-O-C.
Two strong absorption bands at 665 and 562 cm™" in the rGO/
Co3;0, sample were assigned to Co-O stretching and bending
vibration modes of Co;0,, respectively. On the other hand, the
integration of Co;0, and Fe,O; particles on rGO sheets can be
confirmed from the low region (in the range of 750-500 cm™"),
marked by a circle. Therefore, XRD results and FTIR spectra
confirm that rGO/Co;0, and rGO/Co;0,@Fe,0; samples can
be successfully synthesized. Fig. S2(a) and S2(b)}f show the
photographic images of GO and PSS-modified-rGO suspen-
sions. After modification with different surfactants and
reduction processes at the desired temperature of 200 °C, the
yellow-brown exfoliated-GO suspension turned black. It is
because the exposed hydrophilic groups on the surface of the
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GO layers were removed, which is attributed to the deoxygena-
tion of GO nanosheets in a thermal environment, yielding the
synthesis of rGO nanosheets. Note that the reduction of GO
nanosheets efficiently prevents graphene-based hybrid net-
works from aggregating. The SEM images of the rGO
nanosheets as shown in Fig. 1(b1) and (b2) confirm a typical
sheet structure with crumples that have an average planar size
of 1-5 pm and the corresponding cartoon image of rGO
nanosheets is schematically illustrated in Fig. 1(c). Note that
rGO nanosheets can attain a large surface area with enhanced
electrical conductivity, which eliminates the need for conduc-
tive fillers, leading to more efficient electrodes. Hair-like Co30,
NWs as shown in Fig. 1(c1) and (c2) were uniformly grown
throughout the networks of the surface-modified-rGO
nanosheets by the in situ hydrothermal method. As a result,
the rGO/Co30, hybrid networks consist of 2D rGO building
blocks that are interconnected by Co;0, NWs, with which
numerous mass transfer channels can be formed throughout
the 3D conductive hybrid networks. In addition, the SEM
images as shown in Fig. 1(d1) and (d2) reveal that Fe,0O3; NSs
(diameters ranging from hundreds of nanometers to microns)
were closely grown throughout the interconnected rGO/Co;0,
hybrid networks. Note that the SEM image of rGO/
Co30,@Fe,0; is similar to that of the rGO/Co;0, hybrid net-
works, confirming that the in situ hydrothermal process used
in the current study to synthesize Fe,O; NSs does not damage
the structure of the Co;O, NWs. Specifically, Fe,O; NSs can
only be formed on the surface of the Co;0, NWs on the rGO
nanosheets as the rGO/Co;0,@Fe,O; hybrid networks.
Decoration of Fe,O; NSs on the rGO/Co;0, hybrid networks
promoted the electrical conductivity of Fe,O; NSs. The rGO/
Co30,@Fe,0; hybrid networks feature unique topological con-
nectivity and electrical conductivity. The networks are suitable
for potential use as positive electrode materials in super-
capacitors. For comparison, Fe,0; NSs were also directly inte-
grated with rGO (rGO/Fe,03), with which nanostructures of the
transition metal compounds were constructed on the surface
of rGO nanosheets as shown in Fig. S3.f Note that mor-
phologies and structures of nano-units on the rGO/Fe,O;
hybrid networks can be changed by selecting the Fe(NO;); pre-
cursor as the reactant, showing irregularly shaped and grape-
like Fe,O; NSs with an average diameter of about ~400 nm
decorated on the rGO surface. Moreover, Co;0, and Fe,O;
without the addition of GO (labeled as Co;0,4/Fe,0;) were also
obtained by a similar process in order to provide evidence of
the importance of graphene. Fig. S4f shows that the Co;0,
NWs are ~50 nm and a few microns in diameter and length,
respectively. Fe,O3; NSs have diameters of ~50-600 nm. Close
inspection of the Co;0,4/Fe,03; product shows that Co;0, NWs
and Fe,O; NSs are just loosely attached to each other, confirm-
ing a simple mechanically mixed structure, in which Coz;0,
nanowires and Fe,O3; nanospheres co-existed. The SEM images
of the Mixture are shown in Fig. S5.f The rGO, Co;0, and
Fe,O; components are attached to each other irregularly,
demonstrating a simple mechanical mixture property. To sum
up, the incorporation of Co;O, NWs and Fe,O; NSs into the
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rGO sheets has advantages over the single component of the
abovementioned rGO/Co;0, and rGO/Fe,O; hybrid networks.
The rGO/Co;0,@Fe,03 hybrid networks, which contain both
Co;0, and Fe,O3; components, offer richer redox reactions
than rGO/Co3;0, and rGO/Fe,O; hybrid networks. The Fe,O;
NSs have attractive properties such as high voltage window,
which are conducive to promoting the electrochemical capaci-
tance. The excellent mechanical stability of the Fe,0; NSs can
effectively relieve the volume collapse/expansion during redox
reaction processes, leading to the enhanced cycle life. The rGO
nanosheets are covered with numerous Co;0, NWs, leading to
excellent conductivity and abundant open spaces from inter-
connected hybrid networks that are beneficial for the infiltra-
tion of the electrolyte, facilitating rapid ionic diffusion. These
unique interconnected hybrid networks enable electrolyte ions
to follow rapid channels to the surfaces for the application of
the pseudocapacitive materials with short mass (electrons and
ions) diffusion paths, resulting in faster kinetics and higher
rate capability. In addition, both Co3;0, NWs and Fe,O; NSs
are nanostructures, which greatly expand the specific surface
area, endowing the rGO/Co;0,@Fe,0; hybrid networks with
high electrochemical performance.

A schematic diagram of the strategy for the in situ prepa-
ration of the rGO/Co;0,@Fe,0; hybrid networks is shown in
Fig. 1(c). The conductive Co;0, NWs and Fe,O; NSs grown on
rGO nanosheets were fabricated by the in situ hydrothermal
method with multistep processes simultaneously (see
Experimental procedures for more details). GO was first modi-
fied via a thermal reduction method, and PSS surfactants,
including hydroxyl, sulfonic, carbonyl and carboxyl functional
groups, were all introduced onto the surface of the rGO layers.
Thus, the modified rGO/H,O solution exhibits a good dis-
persion behavior in an aqueous solution, which can efficiently
prevent the irreversible agglomeration of rGO. Note that rGO/
H,O solution confers a large negative charge triggered by reac-
tive hydroxyl, sulfonic and carboxylic acid groups on the rGO
nanosheets. Typically, ultrasonication and stirring were used
to first mix CoCl,-6H,0 with the rGO aqueous dispersion. 3D
interconnected Co;0, NWs decorated on the rGO layers were
realized by the hydrothermal method, in which rGO
nanosheets act as supporting bones. During the hydrothermal
process, PSS was used as a soft template to form the nano-
wires. Co," ions preferentially anchor on the oxygen-containing
groups of the surface-treated rGO nanosheets, which can serve
as the nucleation active sites to anchor Co;0, NWs. Because of
the cooperative decomposition of NH,F and pyrolyzation of
urea during the hydrothermal reaction, liberated hydroxide
ions and carbonate ions form an alkaline environment at high
temperature, which is beneficial for the generation of Co;0,
seed monomers. These Co30, primary particles precipitated as
nuclei and quickly grew into the primary particles directly on
the rGO nanosheets along with the PSS molecular chain tem-
plate, yielding a large area in the rGO/Co3;0, hybrid networks.
The composite consisting of 3D rGO/Co;0, networks was used
as the nucleation sites to graft Fe,O; NSs, the typical structure
possessing active centers, hollow spaces and enlarged specific
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surface area. Fe" first reacted in an alkaline environment, and
it precipitated as nuclei and quickly grew into the primary par-
ticles. PSS polymers acted as a template to control the mor-
phologies of Fe,O; materials. In the system, there are large
complex micelles on graphene/Co;0,, which are assembled by
PSS micelles and produce polyanions with a strong ability to
interact with electropositive active sites in water. Because the
aggregation cores might distribute on graphene/Co;O, sub-
strates along different directions, the as-formed Fe,O; NSs
were intersected, producing core-shell structures. The result-
ing 3D structure can be termed rGO/Co;0,@Fe,0; hybrid net-
works, which represent a designed 3D nanostructure contain-
ing synergistic effects derived from each component. Note that
in the symbol “/” indicates that Co3;0, NWs go throughout the
entire rGO nanosheets, while “@” means that Fe,O; NSs are
dispersed and decorated on rGO/Cos;0, hybrid networks after
the in situ synthesis process. Specifically, our rGO/
Co30,@Fe,03 hybrid networks integrate the following impor-
tant features as a positive electrode: (1) Co3;0, NWs provide
interconnected bridges for electrolyte infiltration out of the
electrode, which is favorable for the rapid transfer/diffusion of
the electrolyte. (2) Co;04 NWs on rGO nanosheets act as highly
conductive paths for charge transportation, which can connect
two large rGO nanosheets to establish an electronic trans-
mission bridge, resulting in the high electrical conductivity of
the interconnected hybrid networks. (3) The highly dispersed
Fe,O3 NSs because of the in situ hydrothermal process with the
intimate contacts to the rGO/Co30, hybrid networks possess dis-
tinct features compared with other hybrid compounds from
mechanical mixing methods. These uniformly distributed Fe,O3
NSs throughout the networks feature characteristics including
highly capacitive and relatively high electrical conductivity, which
is beneficial for mass transport during the redox reaction.
Therefore, our optimized configuration simultaneously addresses
key issues, including mechanical stability, electrochemical
capacitance and dispersibility of the particles with great potential
to substantially promote the electrochemical property.

TEM results were used to investigate the detailed micro-
structures of rGO/Co;0,@Fe,0; hybrid networks. Fig. 2(a) and
(b) show that the entire surface of the rGO nanosheets was uni-
formly wrapped in or connected by Co;0, NWs and Fe,O; NSs,
for which the interconnected networks of Co;O0, NWs and
Fe,O5; NSs on the surface of the rGO nanosheets, constructing
a 3D hybrid network, can be confirmed. We can see that Fe,0;
NSs (~400 nm) are distributed uniformly throughout the
whole rGO/Co3;0, hybrid networks, and the interconnected
networks can be well preserved over the entire experimental
procedures, including the in situ method. The reason can be
explained by the relatively stable in situ decoration of Fe,O3
NSs with strong adhesion to the rGO/Co;0, surfaces within
the 3D structure where almost every Fe,O3; NS is entangled by
multiple Co3;0, NWs from different orientations. This unique
connection between the different components creates a 3D
interconnected nanostructure material with good mechanical
stability. In the high magnification TEM image as shown in
Fig. 2(c) and (d), the Co;0, NWs possess properties such as
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thin walls, a large radius and smooth surface, where the dia-
meters for the Co;0, NWs can be ~30 to 50 nm with lengths
of a few micrometers. Acting as the bridge between Fe,O; NS
centers and rGO nanosheets in the rGO/Co;0,@Fe,O3 hybrid
networks, Co;0, NWs ensure the growth of abundant tiny
Fe,0; crystal seeds during the in situ process where the highly
dispersed Fe,O; NSs on the networks can be obtained by con-
trolling the process parameters. The selected area electron
diffraction (SAED) measurement was also used to further
determine the crystal information. As shown in the inset in
Fig. 2(c), the calculated lattice spacing based on R1-R3 con-
firms (111), (220) and (311) planes of the Co;0, phase, reveal-
ing the presence of Co30, NWs in the hybrid networks. A mag-
nified TEM image of a single Co;0, NW shows uniform con-
trast also demonstrating their nanowire nature. The corres-
ponding HRTEM image as shown in the inset ofFig. 2(d)
reveals the single crystalline feature. The lattice spacing was
found to be 0.234 nm, corresponding to the (400) crystal
planes for spinel-type Co30,. A SAED pattern as shown in the
upper inset in Fig. 2(e) confirms hematite-type Fe,O;. In
addition, two planes in the HRTEM image as shown in
Fig. 2(e) were indexed to be of 0.27 and 0.23 nm, corres-
ponding to the (104) and (006) crystal planes of the hematite-
type Fe,Oj, respectively. EDS elemental mapping images in
Fig. S61 demonstrate the uniform distribution of Fe and O in
Fe,0;3 NS. Fig. 2(f) shows the typical TEM image that the Co;0,
NWs and Fe,O3 NSs were closely joined together. Obviously, each
Fe,O; NS has been infiltrated by Coz;0, NWs, leading to a tight
connection. As a result, a large number of uniformly dispersed
Fe,O3; NSs with Co;0, NW bridges by in situ growth is the key
advantage in our rGO/Co;0,@Fe,O; hybrid networks, which sig-
nificantly enhances the electrochemistry effect. Besides, the EDS
elemental mapping images of rGO/Co;0,@Fe,0; hybrid net-
works (Fig. S77) reveal the spatial elemental distribution within
the interconnected network where the homogeneous spatial dis-
tribution of C, O, Fe and Co mapping images was obtained,
respectively. The quantitative EDS results were also used to
confirm the composition of rGO/Co;0,@Fe,0s, for which the
atomic ratio for Fe:Co:C: O inside rGO/Co;0,@Fe,O; hybrid
networks can be found to be 1:1.65:4.33:3.86. As a result, all
material characterization results confirm typical heterojunctions
between rGO/Co;0,/Fe,O; during the crystal growth process on
the surface of rGO nanosheets.

The intimate contact between these heterojunctions
accounts for fast mass (electron and ions) transfer within the
electrode during redox reactions and is beneficial for the infil-
tration of electrolyte, thereby ensuring better electrochemical
performance. To evaluate the electrochemical performance of
the as-synthesized hybrid networks, we used a three-electrode
system to characterize the electrochemical performance. The
rGO/Co3;0,@Fe,03; electrode was then tested using CV
measurements in a potassium hydroxide electrolyte (6 M) at a
scan rate of 5 mV s~'. For comparison, the electrochemical
results of rGO/Co;0,4, rGO/Fe,O; and the Mixture were also
measured. The CV curves of electrodes were first recorded at a
scan rate of 5 mV s~ for 10 cycles to decrease the polarization
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Fig. 2 TEM images of rGO/Coz04@Fe,O3z hybrid networks. (a) and (b) TEM results of the rGO/Cos04@Fe,Os hybrid networks. (c) and (d) TEM
results of Cos04 NWs. The insets in (c) and (d) show the SAED for the Coz0, NWs and the HRTEM image for the Cos04 NW region. (e) TEM results
for Fe,O3z NSs. The inset in (e) shows the SAED for the Fe,Oz NS region. (f) TEM results of the CozO04 NW and Fe,Oz NS interconnected region in the

hybrid networks.

effect of the active materials and to stabilize the reaction
system as much as possible. Considering the charge passed by
integrating the area under the CV measurements, the CV
results of rGO/Co;0,@Fe,0; are much higher than those of
rGO/Co5;0,4, rGO/Fe,0; and the Mixture, indicating that the
capacitance of the rGO/Co;0,@Fe,0; electrode is the highest
among three composites. Fig. 3(a) shows a pair of redox peaks
in each of the CV results, indicating the battery-type character-
istics of electrodes. For rGO/Cos;0,, the redox couples are
ascribed to conversion between Co;0,, CoOOH and CoO,,
which can be simply expressed by:

C0304 + H,0 + OH™ < 3C00OH + e~ (1)

COoOOH + OH™ < C00, + H,0 + e~ (2)

At the lower potential region, the redox reaction should be
related to the Co,"/Co®" system. In contrast, at the higher

This journal is © The Royal Society of Chemistry 2021

potential region, before the oxygen evolution phenomenon,
the Co®>"/Co*" system should be dominant.** The redox couple
in rGO/Fe,0; can be ascribed to another plausible redox reac-
tion of Fe,03, FFOOH and Fe(OH),, which occurs near —0.56 V
in the KOH electrolyte by:

Fe,0; + H,0 «— 2FeOOH (3)

FeOOH + H,0 + e~ < Fe(OH), + OH~ (4)

For the rGO/Co;0,@Fe,0; composite and the Mixture, the
redox reactions that occurred at the rGO/Co;0,@Fe,O; elec-
trode from —0.5 to —0.8 V are attributed to the conversion of
Co3;0, and Fe,0;, respectively. However, the two anodic and
cathodic peaks can hardly be distinguished because of the two
contiguous anodic and cathodic peaks, which are ascribed to
the synergistic effect between Co;0, and Fe,O; materials.*

Nanoscale, 2021,13,15431-15444 | 15437


https://doi.org/10.1039/d1nr00126d

Published on 27 April 2021. Downloaded on 3/14/2026 12:34:20 PM.

View Article Online

Paper Nanoscale
(a) 9 (b) 6
64 44
g 5 2
:_,c’ 0 <, 0-
F & ——rGOICo30sNWs | § e
= = -24 ——— 8 mV/s
o ——rGO/Fe203 NPs 5 10 mV/s
5 ~———rGOI/C0304@Fe203| © -4 20 m\fs
-94 — Mixture 61 ——30 mVis
1.2 1.0 0.8 0.6 0.4 11 -1.0 -09 -0.8 -0.7 -0.6 -0.5
Potencial (V) vs SCE Potencial (V) vs SCE
c 6 (d)-1.2
() Charge 2 =1 A0
4 ——2Alg
2 ° 1.0+ ——5Alg
9 s 8 Alg
< 0 e = —
s 2 3 2 5 63 .08 10 Alg
g 0 T a_ ?3
H (o]
8 -24{Discharge o o .0.6-
a ,
-61 L .0.44 . . ;
2 3 4 5 € 0 400 800 1200 1600
v1/2 (vﬂzsuz) Time (S)
(e) f) 0
S 800{ a_ o
w * £
:; \*\ __* §0-5 '.
© 600- 2e M st
S £
b~ 0.
§400. 6' %.52-(°hm)1.0
8 N 1dre CPE
;g 200 Ra W rGO/Fe20:
& rGO/C0304
[}
3’_ " ' ‘ . . . 0 1 —-—rGOI(Eo:C)A@FezOs
0 2 4 6 8 10 0 1 2 3

Discharge Current (A/g)

Z' (Ohm)

Fig. 3 (a) CV testing results of the rGO/Coz04 NW, rGO/Fe,Oz NS and rGO/Coz0,@Fe,03 hybrid networks measured at 5 mV s (b) CV testing
results of the rGO/Cos04@Fe,O3z hybrid networks measured from 5 to 20 mV s, (c) Relationship illustration of the peak currents and the M2 for
the rGO/Co30,4@Fe,O5 hybrid network electrode. Discharge curves (d) of the rGO/Coz04@Fe,O3 hybrid networks. The calculated capacitance (e) of
the rGO/Co3z04@Fe,O3 hybrid networks. (f) EIS testing results of the rGO/Co3z04 NW, rGO/Fe,O3z NS and rGO/Coz04@Fe,O3 hybrid networks.

The improved electrochemical property of rGO/Co;0,@Fe,03
is attributed to a synergistic coupling co-effect among rGO,
Co30, and Fe,0; in the designed structure in which a simple
physical mixture of different components can hardly achieve
such high capacitance.>® The synergistic coupling effect can
efficiently decrease the mass transfer distance and transfer
impedance, resulting in the enlarged surface area and the
exposed active sites as well as the rapid electrochemical reac-
tion, thereby facilitating the improved electrochemical per-
formance. The CV behaviors of the rGO/Co;0,@Fe,0; elec-
trode in the KOH electrolyte (6 M) were further investigated.
Fig. 3(b) shows the CV curves at different scan rates where an
increase in peak current for the redox reaction as the scan rate

15438 | Nanoscale, 2021, 13, 15431-15444

increases can be confirmed. Note that the shape of the curve is
almost identical to the original shape, indicating the rapid
electron transfer kinetics within the rGO/Co;0,@Fe,O; elec-
trode because of the low resistance owing to the improved con-
ductivity of the rGO/Co;0,@Fe,0; networks. Thus, the rGO/
Co;0,@Fe,0; electrode can undergo high current density
tests. To decide the effects of the Ni foam substrate, CV results
for nickel foam were recorded. However, it can be ignored
because the intensity of the signal is weak. Fig. 3(c) shows the
linear relationship between the peak current and the scan
rates. The peak current linearly increases with the square root
of the scan rates within all the tested scan rates, indicating
that the fast electrochemical redox reaction for the rGO/

This journal is © The Royal Society of Chemistry 2021
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Co30,@Fe,03 hybrid network is dominated by the diffusion-
controlled process. Notably, the electron storage mechanism
depends on the diffusion-controlled behavior not only on the
surface of the material but also in the bulk of the electrode.
Therefore, a much higher specific capacitance can be
obtained, which is attributed to the adsorption of ions and the
redox reaction on/near the surface of the electrode. GCD
curves of the rGO/Co;0,@Fe,0; from 1 to 10 A g~ were
recorded as shown in Fig. 3(d). All of the tested curves depict
that the charge-discharge curves have quasi-rectangular
shapes with almost identical voltage plateaus, which match
well with the above CV results. Our specific capacitance at
different discharge current densities was calculated using the
following equation: Cy, =%, where C;, represents the calcu-
lated specific capacitance, I represents the discharge current, ¢
represents the discharge time, V represents the potential range
upon discharging and m represents the mass of the active
materials. Fig. 3(e) shows the calculated specific capacitance
values for the electrode. At a relatively low current density (1.0
A g7"), the 1GO/C0;0,@Fe,0; hybrid network exhibits a high
capacitance of 784 F g™, and even when the current density is
as high as 10 A g7, the rGO/C0;0,@Fe,0; hybrid network still
maintains the high capacitance of 661 F g, suggesting that
84.3% of the capacitance remains as the current increases 10
times. As the scan rate increases, the movement of ions is
restricted by insufficient diffusion, and electrolyte ions are not
available for the interior surfaces of the whole material
because of the reduced mass diffusion time. Only the active
surface was used for the electrochemical reaction, resulting in
the decreased specific capacitance. Fig. S8t shows the GCD
curves and the rate abilities of rGO/Co;0,, rGO/Fe,053, Mixture
and rGO/Co;0,@Fe,0; at 1.0 A g~ '. Clearly, for the fixed
current density, rGO/Co3;0,@Fe,O3 hybrid networks exhibit a
longer discharge time than rGO/Co;0,, the Mixture or rGO/
Fe,0; because of the improved capacitance and the results are
consistent with the CV tests. Note that the nickel foam does
not make an obvious contribution to the total capacitance.
The rGO/Co30, hybrid networks provide a remarkable specific
capacitance of 672.3 F g”" at 1 A ¢”' and then the capacitance
decreases to 58.3% as the current density increases to 10 A g™ ".
The rGO/Fe,0; hybrid networks deliver a capacitance of 728.8
F g ' at1A g, which drops to 61.5% when the current
density increases to 10 A g~'. Moreover, the Mixture provides a
specific capacitance of 700.6 F g~' at 1 A ¢”* and then the
capacitance decreases to 51.4% as the current density
increases to 10 A g . The increase in electrochemical capaci-
tance and promoted rate capability of the rGO/Co;0,@Fe,05
network can be ascribed to the unique interconnected conduc-
tive network nanostructures that exhibit more abundant reac-
tion sites, good electrical conductivity and short mass (elec-
tron and ions) diffusion length. BET surface areas of the three
prepared samples were tested as shown in Fig. S9,T where the
surface area of rGO/Co;0,4@Fe,0; was found to be 165 m* g™
The BET surface area of rGO/Co;0,@Fe,0; is larger than that
of either rGO/Co;0, (154.5 m”> g~') or rGO/Fe,0; (147.7 m>
g™1), which can supply more active areas for the redox reaction.
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Furthermore, the close contact within the interconnected
network can ensure an electron transport highway for the fast
electrochemical redox reaction, especially at high rates.
Nyquist plots of rGO/Co30,4, rGO/Fe,0; and rGO/Co;0,@Fe,03
are presented in Fig. 3(f). The program Zview was used to fit
the EIS results. An equivalent circuit model was used with the
Zview software as shown in the bottom inset in Fig. 3(f).
Nyquist plots are basically composed of a semicircle and a
straight line. A larger semicircle at the high-frequency region
indicates the larger charge-transfer resistance and a higher
slope signifies the lower diffusion rate. At the high-frequency
region, an intercept with the real axis is attributed to the
ohmic resistance of the electrode. The semicircle at the high-
frequency region corresponds to the charge transfer resistance
(Ret), while the slope of the curve at the low-frequency region
represents the Warburg impedance. As a result, the R, value of
rGO/Co;0,4, rGO/Fe,0; and rGO/Co;0,@Fe,0; electrodes was
0.43, 0.78 and 0.47 Q, respectively. The rGO/Co;0, and the
rGO/Co;0,@Fe,03 hybrid networks have lower R; values than
rGO/Fe,03, which is attributed to the excellent incorporation
between the Co;0, NWs and the rGO nanosheets in the hybrid
networks. Nyquist plots of rGO/Co;0, and rGO/Co;0,@Fe,03
electrodes at the high-frequency region exhibit a smaller semi-
circle than that of the rGO/Fe,O; electrode due to the lower inter-
facial charge transfer resistance. A more vertical line can be found
in the rGO/Fe,0O; electrode at the low-frequency region, which
indicates that the ions are more easily adsorbed by the electrode
surface and are more easily diffused into the active materials. The
slopes of the lines indicate that the rtGO/Fe,Oj; electrode delivers
lower ionic diffusion resistance than the rGO/Co;0, and the rGO/
Co;0,@Fe,0; electrodes. The lower ionic diffusion resistance for
the rGO/Fe,0; electrode due to the uniformly decorated Fe,O; on
graphene can indicate the close contact between the interface
and electrolyte. However, the slopes of the lines at the lower-fre-
quency region (<1.5) or higher-frequency regions (>2.2) show the
small difference. Low impedance benefits high performance, so
more innovative efforts should be devoted to lower the impedance
of the composite. Moreover, the electrochemical performance of
the electrode is determined by multi-factors, such as the crystal
structure, morphologies, stability and electrical conductivity.
Comprehensive electrochemical performance depends on the
balance of various factors.

Furthermore, typical impedance spectra of the rGO/
Co;0,@Fe,0; electrode at various cycles were recorded as
shown in Fig. $10.1 After the 10™ and 20™ cycles, the inter-
facial charge transfer resistance gradually decreases. The
decrease in interfacial charge transfer resistance can be attrib-
uted to the infiltration of electrolytes throughout the electrode,
leading to an increase in the available active sites within the
composites that enhance contact and reduce mass (electrons
and ions) transfer length. The increased available interfacial
area can result in reduced resistance because of the material/
electrolyte interface. Consequently, the lower resistance desi-
gnates the rapid charge transfer rate of ions in the electrolyte,
which indicates the better redox reaction properties of the elec-
trode. As a result, the R, value gradually decreases throughout
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the cycling because of an activation process, which is consist-
ent with the tendency of the cycling performance, implying a
faster charge transfer process. After 100 cycles, the R, value of
the rGO/Co;0,@Fe,0; remains stable without any consider-
able change, with which a steady process after a certain acti-
vation can be achieved. This is why the rGO/Co;0,@Fe,03
hybrid network exhibits improved electrical conductivity with
low charge-diffusion resistance. Based on the above results,
the excellent electrochemical performance of the rGO/
Co;0,@Fe,03 can be attributed to the unique stable struc-
ture and surface properties: (i) the nano-structure uniformly
confined with nanowires and nanospheres with a large
surface area can ensure a high weight fraction of active com-
ponents, shorten the diffusion length and accelerate the
mass-transfer kinetics, resulting in the improvement of mass
transport and the enhancement of redox reaction kinetics.
(if) The Fe,O; integrated on graphene is chemically self-
assembled with a mechanically stable interface. After the
Co3;0, connection process, the rGO/Co;0,@Fe,O; composite
can rebuild the microstructures by creating additional elec-
tric channels resulting in the composite with improved
electrochemical performance. (iii) The strong synergistic
interaction among rGO, Co;O, and Fe,O; ensures superior
structural stability, effectively suppressing volume changes
during electrochemical processes, leading to improved elec-
tron transfer with high rate capability. Specifically, the
characteristics of the rGO/Co;O,@Fe,0; hybrid networks,
including the larger active surface area and faster mass and
electron transfer, synergistically deliver superior electro-
chemical performance.

To further demonstrate the potential application of the
rGO/Co;0,@Fe,0; hybrid networks for energy storage devices,
a supercapacitor was assembled using NiAl-LDH as the
cathode, the rGO/Co;0,@Fe,0; hybrid networks as the anode
and 6 M KOH solution as the electrolyte. The CV results of
NiAl-LDH//rGO/Co;0,@Fe,0; were investigated at different
scan rates as shown in Fig. 4(a). Each CV curve in Fig. 4(a)
shows a pair of redox peaks, which indicates the battery-type
characteristics of NiAl-LDH//rGO/Co;0,@Fe,O; devices. In
addition, CV curves clearly show that the peak current of the
electrochemical redox reaction increases as the scan rate
increases. Note that the curve almost retains its original shape,
indicating that the electron transfer kinetics of the electro-
chemical redox reactions on the device are relatively fast.
Fig. 4(b) shows the dependence of the anodic and cathodic
peak current at different scan rates under charge and dis-
charge processes. The anodic and cathodic peak current
increases linearly with respect to the square root of the scan
rate. The observed linear relationship between the peak
current values and v'? suggests that the electrodes have a
pseudocapacitive nature, which is limited by the diffusion of
ions to the active sites. To further prove the capacitive behav-
ior, the electrode kinetics were investigated to analyze the con-
tribution of the capacitance. Normally, two types of surface
process capacitances in electrode materials can be found,
including capacitance contributed by redox reactions and
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capacitance via reversible charge stored by an electric double
layer. The capacitance includes redox reactions that take place
at active sites, while the diffusion-controlled capacitance
occurs from the bulk materials. Specifically, scan-rate-depen-
dent CV curves recorded from 0.25 mV s~ to 1.00 mV s™* in
the voltage range from 0 to 1.65 V as shown in Fig. 4(c) were
measured to quantify the charge contribution by the surface
capacitive effect or the diffusion-controlled processes to the
total stored charge given by I(V) = kv + kw''?, where I(V) is the
total current response at a certain potential V. The value kv
represents the current response due to the surface capacitive
effects and k,v'/* represents the current response because of
the diffusion-controlled process. As a result, I(V)/v"/* vs. v
can be plotted at different potentials. The corresponding slope
and intercept can be calculated from the straight lines to dis-
tinguish two types of processes as shown in Fig. 4(d). When
the charge was applied at a low scan rate of 0.25 mV s, 25%
of the total capacitance can be determined to be a capacitive
effect, indicating that the charge storage behavior can be
dominated by the ionic diffusion process as shown in Fig. 4(e).
In addition, the contribution ratio at different scan rates was
measured to distinguish the dominant charge process as
shown in Fig. 4(f). As the scanning rate increases, the
diffusion contribution can be depressed. The capacitive contri-
bution can reach a maximum value of 75.5% at a high scan
rate of 1.0 mV s, At a scan rate of 1.0 mV s ', the capacitance
contribution was dominated by the -capacitive behavior.
Therefore, the increase in the capacitive storage stemmed from
the interconnected rGO/Co;0,@Fe,0; hybrid network that can
improve the reactivity of active sites and the efficiency of the
charge collection. The findings indicate that the rGO/
Co30,@Fe,0;3 hybrid networks provide large capacitive contri-
bution with excellent rate performance because of mesoporous
structures.

Furthermore, the charge-discharge curves of the device are
shown in Fig. 5(a). A high specific capacitance of 212 F g~ " was
achieved at 1 A g~* for the device and a specific capacitance of
154.7 F g~ still remains at 50 A g~'. The device delivers a
capacitance retention of 72.9% as the current density increases
50 times, exhibiting ultrahigh rate capability. For practical
applications, the energy and power dgnsities were calculated
from the GCD results using E= [IVdt =4V x L x ¢ and
P=E£=AV x L where I is the chargé?discharge current (4), V
is the potential window, ¢ is the discharge time (s) and m is the
total mass of both the cathode and anode active materials. As
a result, the NiAl-LDH//rGO/Co;0,@Fe,0O3; supercapacitor
yields a high energy density of 70.78 W h kg™' at a power
density of 0.29 kW kg™ and still maintains an energy density
of 24.24 W h kg™ at a high power density of 9.94 kW kg™
from Ragone plots as shown in Fig. 5(b), which are comparable
to other Ni/Co/Fe-based cells and devices, such as 3D PMNC/
G-2//AC (41 W h kg™ " at a power density of 216 W kg™ and a
power density of 4200 W kg™ at an energy density of 29.3 W h
kg™),*® NiC0,0,/NiO//Fe,O; (19 W h kg™" at a power density of
157 W kg™"),*” Ni3(PO,),@RGO//a-Fe,0;@GO (67.2 W h kg™" at
a power density of 200.43 W kg'),*® CoNi@SNC//AC (15.9 W h
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Fig. 4 (a) CV testing results of the NiAl-LDH//rGO/CosO4@Fe,0s supercapacitor from 5 to 40 mV s~ (b) Relationship illustration of the peak cur-
rents and the 12 for the NiAl-LDH//rGO/Cos04@Fe,O3 supercapacitor. (c) CV testing results of the NiAl-LDH//rGO/Coz0,@Fe,O3 supercapacitor
from 0.25 to 1.0 mV s, (d) Relationship illustration of 12 and I/,*/2, the calculated k; and k, values were collected. (e) Charge storage contributions
to the electrochemical capacitance at 0.75 mV s™%. (f) Contribution ratios of the electrochemical capacitance of the NiAl-LDH//rGO/Coz04@Fe,O3

supercapacitor.

kg™ at a power density of 120 W kg™"),?® NiC0,0,/NGN/CNTs//
NGN/CNTs (42.7 W h kg™" at a power density of 775 W kg™"),*°
and CC@NiCo0,0,/CC@NC (31.9 W h kg™" at a power density
of 2.9 kW kg™, and maintaining 27.3 W h kg™" at a power
density of 22.9 kW kg™).*" The rGO/Co;0,@Fe,0; composite
material is a potentially important material and this work may
provide an effective way in the design of other Ni/Co/Fe-based
materials. Besides, this structure has been compared with
other graphene-based anode materials. More graphene-based
composites including Fe-Co-S/GNF,*”> Mn-Zn-Fe-O/G-ink,*
RGO/Mn;0,,** Fe;0,@PGNs* and Fe,0;/rGO* have been
studied. Table S11 shows the comparison of energy density,
power density or specific capacitance of these RGO-based com-
posites, which were specifically used as the anode materials in
supercapacitors or alkaline batteries. The values indicate that
our composites achieved better capacitance compared to RGO/

This journal is © The Royal Society of Chemistry 2021

Mn;0,, Fe;0,@PGNs and Fe,0O;/rGO materials, and almost
equivalent values to Fe-Co-S/GNF and Mn-Zn-Fe-O/G-ink.
Due to the fact that the active carbon or carbon based
materials were usually used as the anode materials, the low
capacitance may hinder the further development of the energy
storage devices. Thus, composite materials of graphene and
metal oxides are potentially important materials for high-per-
formance anode materials. Diverse synthetic methods and
innovative structures may provide solutions to the high-per-
formance composite. Moreover, the cycling performance of
our supercapacitor was measured at 1 A g~" within the poten-
tial window of 0 to 1.65 V for 1000 cycles as shown in Fig. 5(c).
After 1000 cycles, a capacitance retention of 84.7% still
remains, confirming the high stability of the supercapacitor.
Distinctly, the cycling performance of the supercapacitor is
higher than that of the devices assembled using rGO/Co;0,,

Nanoscale, 2021,13,15431-15444 | 15441
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Fig. 5 (a) GCD testing results of the NiAl-LDH//rGO/Cos04@Fe,O3 supercapacitor. (b) Ragone plots of the assembled NiAl-LDH//rGO/
Co3z0,4@Fe,03 supercapacitor in comparison with those of the reported literature. (c) Cycling life testing of the NiAl-LDH//rGO/Co3z0,@Fe,O
devices at 1.0 A g~* and the corresponding coulombic efficiency of the NiAl-LDH//rGO/Coz0,4@Fe,O5 device. (d) Schematic diagrams of the mor-
phology of the NiAl-LDH//rGO/Co3z0,@Fe,Oz device. (e) Photograph of the assembled NiAl-LDH//rGO/Coz04@Fe,O3 device. (f) Different stages of
powering the LEDs using NiAl-LDH//rGO/Cos04@Fe,O3 devices. (g) The NiAl-LDH//rGO/Co3z04@Fe,O3 supercapacitor connected to power LEDs.

rGO/Fe,0; or Mixture hybrid network as the anode materials
and NiAlI-LDH as the cathode material which were denoted as
NiAl-LDH//rGO/C0,0,, NiAl-LDH//rGO@Fe,0; and NiAl-LDH//
Mixture, respectively. The corresponding capacitance reten-
tions are 72.5%, 66.4% and 52.6% measured after 1000 cycles,
respectively, as shown in Fig. S11.1 The excellent cycle life can
be explained by the rGO-based nanostructure owing to the
advantages of accommodating the volume expansion of Coz;0,
NWs and Fe,O; NSs in rGO nanosheets with the reduced
electrochemical impedance during cycling processes. Besides,
the good thermal and mechanical stabilities of the intercon-
nected rGO/Co3;0,@Fe,0; hybrid networks can improve the

15442 | Nanoscale, 2021, 13,15431-15444

utilization rate and maintain the structural stability. This is
why the high stability of the NiAl-LDH//rGO/Co;0,@Fe,03
device can withstand a long-term cycling behavior toward the
feasibility of constructing advanced aqueous supercapacitors.
Furthermore, the excellent mechanical and electrical pro-
perties of rGO/Co;0,@Fe,0; hybrid networks are highly desir-
able in packed portable devices. To shed light on this part, a
schematic diagram of the device is shown in Fig. 5(d), wherein
the  NiAl-LDH/RGO/Co;0,@Fe,05 supercapacitor ~ was
assembled by sandwiching a Celgard separator between rGO/
Co;0,@Fe,0; and NiAl-LDH. The device was prepared to
evaluate the practical application as shown in Fig. 5(e). It can

This journal is © The Royal Society of Chemistry 2021
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be connected in series or parallel to control the assembly of
the potential window and the energy storage capacitance.
When these device modules were connected in three series, a
high voltage of about 3.5 V can be achieved as shown in
Fig. 5(g), which is highly capable of powering a group of light
emitting diodes (LEDs) for at least 5 h as shown in Fig. 5(f),
suggesting the potential of using the device in a light weight
power supply of portable devices.

Conclusions

In summary, the synthesis of three-dimensional (3D) hybrid
networks consisting of rGO nanosheets interconnected by
Co30, NWs (rGO/Co30,), followed by in situ decoration of
Fe,0; NSs (rGO/Co;0,@Fe,0;) was carried out through the
hydrothermal method, with which the rGO/Co;0, networks
acted as nucleation sites for the following growth of Fe,O;
NSs. The rGO/Co;0,@Fe,0; hybrid networks exhibit excellent
electrochemical performance. Note that the conductive 1D
Co30, NWs provide expressways for the transportation of elec-
trons between two separated rGO nanosheets, which consider-
ably link the whole networks, yielding the enhanced electrical
conductivity. The rGO/Co;0, can also serve as a supporting
material for the loading of Fe,O3; NSs, promoting the conduc-
tivity of Fe,O; NSs and improving the electrochemical perform-
ance of the hybrid networks, simultaneously. As an electrode
material for an energy storage device, the rGO/Co;0,@Fe,03
hybrid networks exhibit a superior capacitance of 784 F g™* at
a current density of 1 A g¢”' in 6 M KOH solution. Furthermore,
the NiAl-LDH and the rGO/Co;0,@Fe,O; were used as the
positive electrode and as the negative electrode, respectively,
demonstrating the practicality of rGO/Co;O0,@Fe,O; in a
supercapacitor. The assembled ASC device delivers a high
energy density of 70.78 W h kg™" at a power density of 0.29 kW
kg™ " and still maintains an energy density of 24.24 W h kg™ " at
a high-power density of 9.94 kW kg™, Therefore, the findings
demonstrate an essential strategy for balancing capacitance
and rate stability using the rGO/Co;0,@Fe,0; heterostructure,
and it can be used in future work.
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