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Carbon materials are widely used for supercapacitor applications thanks to
their high surface area, good rate capability, and excellent cycling stability.
However, the development of high energy density carbon supercapacitors still
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Germany, part of Springer composite electrodes with improved electrochemical performance. Here, Co;0,
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They exhibit intermediate properties between those
of traditional capacitors and chemical batteries [1].In
addition, they are likely to play an important role in
the future of energy storage thanks to their high power
density, long cycle life, and ability to work at low
temperatures [2]. These characteristics make super-
capacitors the technology of choice for consumer
electronics, backup power, and regenerative braking.
In addition, battery/supercapacitor combinations are
now under investigation as promising power sources
for electric vehicles [1, 3, 4].

There are two main types of supercapacitors
distinguished by their charge storage mechanism [5].
The first, called an electric double-layer capacitor
(EDLC), stores energy electrostatically through adsorp-
tion of electrolyte ions on the electrode surfaces.
The second type of supercapacitor is composed of
pseudo-capacitive or battery-like materials. Energy is
stored via fast and reversible redox reactions occurring
primarily on their surfaces. Following recommendations
from Brousse et al. [6], it is necessary to distinguish
between normal pseudo-capacitive materials and
battery-like materials. According to Brousse et al. [6],
the term “pseudo-capacitive” can only be used
when a redox active material has the electrochemical
signature of a capacitive carbon electrode. A typical
example under this category is ruthenium oxide,
whose rectangular cyclic voltammogram (CV) profile
over a large voltage window is the origin of the term
“pseudo-capacitance”. Other metal oxides/hydroxides
showing clear redox peaks during charge and discharge
can no longer be described as pseudo-capacitors, but
instead have characteristics similar to those of batteries.
To put things in perspective, capacity in coulombs
per gram (C/g) should be used instead of capacitance
in farads per gram (F/g) for the evaluation of the
performance of such battery-like electrodes.

Carbon materials with large specific surface areas,
such as activated carbons, carbon nanotubes, and
graphene, are normally used in EDLCs [7]. Their high
surface area provides a large number of sites for charge
storage through ion adsorption. The surface area
of the carbon materials can be further optimized by
introducing well-aligned pore structures with methods
that include templating and chemical etching [8].
Among all the carbon materials, graphene has shown
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the greatest promise because of its excellent electrical
conductivity, good mechanical properties, and
extraordinarily high surface area [9-11]. While graphene
supercapacitors have demonstrated excellent electro-
chemical properties, practical applications of carbon
materials are still limited by their relatively low
energy density. On the other hand, pseudo-capacitive
and battery-like materials can exhibit up to ten times
higher capacity than carbonaceous materials thanks to
energy-dense Faradaic reactions. Typical electrode
materials for the second type of supercapacitors consist
of metal oxides and nitrides [12-17] and conducting
polymers [18], or combinations thereof. Because of
its high theoretical capacity, Co,O, is a very attractive
material for energy storage. In addition, it is promising
for mass production due to its abundance and low
cost. However, like most other metal oxides, Co;O,
suffers from low electronic conductivity and limited
stability, losing its capacity rapidly upon cycling.

In order to improve the electrochemical performance
of metal oxides, morphology control, and pore size
design are of paramount importance. A rationally
controlled structure may facilitate ion diffusion and
improve the mechanical properties of the material
and, therefore, its energy efficiency. A number of
research groups have synthesized Co;O, with different
nanostructures, such as nanowires [19], nanotubes [20],
nanobelts [21], nanoneedles [22], nanorods [23], and
hollow nanoparticles [24]. Synthesis of layered Co;O,
by chemical exfoliation is also reported to enhance
its surface area and improve ion diffusion [8, 25].
Among these, the hollow nanoparticle architecture is
most desirable for supercapacitor applications. The
hollow structure not only provides an outside surface
for charge storage, but also makes the inner surface
accessible, resulting in more active sites for redox
reactions. In addition, the hollow structure lowers
the diffusion length of ions and improves the power
density of the system. Moreover, less dead mass will
be involved and the materials will be more effectively
used. Representative methods for the fabrication
of hollow Co;0O, include hard templates [26], soft
templates [27], the nanoscale Kirkendall effect [24],
and Ostwald ripening methods [28].

Although the structure of Co;O, can be tailored
with high precision, its low conductivity of 10™ to
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10 S/cm [13] hinders Co;O, from achieving its
theoretical capacity. Besides, the poor mechanical
properties of metal oxides make them prone to
degradation during repeated charging and discharging.
To overcome these drawbacks, metal oxides are often
combined with carbon nanomaterials to form new
composite electrodes with chemical and physical
properties that are distinct from their individual
components [29-31]. In these composites, carbon
provides a conductive network, allowing fast electron
transport and high power output, while the metal
oxide boosts the energy density of the entire system
thanks to its high specific capacity. Previous work from
our group shows that the laser scribing of graphite
oxide (GO) films results in three-dimensional (3D)
macroporous graphene electrodes, called laser-scribed
graphene (LSG) [9]. LSG exhibits an excellent electrical
conductivity of more than 1,700 S/m and a large surface
area in excess of 1,500 m?*/g. These features make
LSG an ideal candidate for the fabrication of metal
oxide/carbon composite electrodes.

Inspired by these features, we developed a hybrid
system comprising hollow Co;0O,; nanoboxes and
LSG macroporous electrodes. Here, the hollow Co;0,
nanoboxes are produced by using the nanoscale
Kirkendall effect [24], which involves low temperature
recrystallization of cobalt acetate followed by slow
calcination. These hollow Co;0O; structures are embedded
into the LSG framework by mixing the metal oxide
with GO and converting the composite into Co;O,/LSG
via a laser scribing technique, as shown in Fig. 1. A
high specific surface area of 357 m*/g was measured
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for the composite material. In such a porous structure,
the LSG performs as a 3D conductive scaffold for the
metal oxide, expediting electron transport by lowering
the equivalent series resistance (ESR) to < 1 Q. The
LSG also functions as a 3D matrix over which the
metal oxide is anchored, allowing for improved
electrochemical properties of Co;O, and preventing
the nanoboxes from aggregating. The Co;O, not only
makes up for the relatively low capacity of LSG, but
also offers more active sites for redox reactions, leading
to electrodes with both enhanced energy and power
density. With the synergistic effects between the metal
oxide and LSG, an areal capacity of 60.0 mC/cm? is
reached, which is 8 times higher than that of pure LSG.
These features make hollow Co;0,/LSG a promising
candidate for the next generation of high-performance
energy storage electrodes. This work also provides
new insights into our understanding of the pro-
perties of metal oxides and lays down new strategies
for designing improved metal oxide-based energy
storage devices.

2 Experimental

2.1 Preparation of hollow Co;0, nanoboxes

In a typical experiment, 0.8 g of Co(CH;COO),-4H,0O
is dissolved in 500 mL [24] of cold ethanol and the
solution is kept at —5°C. After several weeks, the
precipitate is collected and washed with ethanol by
centrifugation, followed by drying overnight in a
vacuum oven. The powder is then heated to 300 "C

3D LSG/Co;0,
macroporous electrode

Figure 1 Fabrication of hollow Co;04/LSG composite electrodes. First, Co;0, nanoboxes are made with a combination of
recrystallization and calcination steps. The as-prepared Co;0, boxes are mixed with GO, coated onto a substrate, and then scribed with a
CO;, laser to produce the Co;0,/LSG composite, which is confirmed by a color change from light gray to black. The resulting electrode
features a 3D graphene matrix with a high surface area where the Co3;04 nanoboxes are uniformly anchored to its surface, allowing for
efficient charge storage.
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at a rate of 1°C/min and calcinated for 10 min to
complete the conversion to Co;O,.

2.2 Synthesis of the hollow Co;0,/LSG composite

The as-prepared Co;O, nanoboxes are mixed with
freeze-dried GO and water, stirred and sonicated. This
forms a homogeneous solution, which is then drop-cast
onto stainless steel substrates and dried overnight.
A CO;, laser (Full spectrum laser, MLE-40, 10.6 um)
is used to scribe the film, turning it from light gray
Co;0,/GO to black Co;0,/LSG (Fig. S1 in the Electronic
Supplementary Material (ESM)).

2.3 Fabrication of the commercial Co;0,/LSG
composite

The same ratio of the commercial Co;0, is mixed
with freeze-dried GO and water, stirred and sonicated.
The drop-casting and laser scribing procedure as
described above is then used to make the commercial
C0;0,/LSG composite.

2.4 Electrochemical measurements

A three-electrode system was used to evaluate the
performance of the Co;O,, the LSG, and the Co;0,/LSG
composite materials. In this system, platinum foil
functions as the counter electrode, a Hg/HgO electrode
as the reference electrode, and a 6.0 M KOH solution
is used as the electrolyte. The electrochemical perfor-
mance was evaluated by CV, galvanostatic charge/
discharge cycles and electrochemical impedance
spectroscopy (EIS) using a Biologic VMP3 electro-
chemical workstation. The Co;0,/LSG films were cut
into 0.5 cm x 0.5 cm squares, made into electrodes by
connecting with copper tape and then passivated
with 5-minute epoxy (Devcon).

2.5 Characterization

The morphology of both metal oxide and composite
films were studied using a field emission scanning
electron microscope (FESEM, JEOL JSM-6700F FE-SEM)
and a transmission electron microscope (TEM, T12
Quick CryoEM and CryoET (FEI)). The crystalline
nature of the materials was further characterized by
X-ray diffraction (XRD, Bruker DUO Apexll CCD-single
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crystal X-ray Diffractometer). Elemental analysis was
carried out using X-ray photoelectron spectroscopy
(XPS, Kratos Axis Ultra DLD spectrometer). The surface
area of the composite material was analyzed using the
methylene blue absorption method and the absorbance
was measured by UV-vis spectroscopy (Shimadzu
UV/Vis/NIR spectrophotometer, UV-3101PC).

3 Results and discussion
3.1 Fabrication of hollow Co0;0,/LSG composites

The Co;0; nanoboxes are fabricated in a two-step
process, in which cobalt acetate is recrystallized in
cold ethanol followed by calcination at a slow rate.
The hollow structure is obtained as a result of the
difference in the diffusion rates of C, H, and Co
atoms from cobalt acetate during the slow heating
process, a phenomenon known as the nanoscale
Kirkendall effect [32]. The process can be described
as follows: The C, H, and Co on the surface are
oxidized to form a layer of Co;O,. At the same time,
the C, H, and Co from the inside will constantly diffuse
to the surface and react with oxygen, continuously
forming cavities and eventually leading to the formation
of the hollow Co;0, structure. In order to fabricate
the electrodes, a homogeneous solution of Co;O, and
graphite oxide is made by stirring and sonicating an
equal amount (w/w) of metal oxide and freeze-dried
GO in deionized (DI) water. The solution is coated
onto stainless steel foil and allowed to dry overnight
under ambient conditions. Next, laser irradiation of
the coated Co;0,/GO films using a CO, laser table
(10.6 pm) running at a power of 6 W is applied.
The laser triggers the deoxygenation of GO in the
composite through a photothermal process. This is
manifested by a change in the color of the composite
film from light gray to gray-black, indicating the
successful transition from Co;0,/GO to a Co;0.,/LSG
nanocomposite.

3.2 Characterization of hollow Co;0, nanoboxes
and Co0;0,/LSG composite electrodes

The crystal structure of the Co;O, nanoboxes was
investigated using XRD. As Fig. 2(a) shows, the XRD
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Figure 2 (a) XRD patterns of the as-prepared hollow Co;0,4 and Co304/LSG, compared with the JCPDS pattern, confirming that the
material is Co;0,4 with a cubic spinel structure. (b) Co 2p XPS spectra confirm that Co is in both the metal oxide and composite.
(c) XPS of the C 1s peak indicates the presence of C (as LSG) in the composite. (d) O 1s XPS spectra of Co304 and Co30,/LSG.

pattern has major peaks positioned at 26 = 19.0°, 31.3°,
36.9°, 38.6°, 44.8°, 59.4°, and 65.3°, which matches
well with the Co;0, cubic spinel structure (JCPDS card
no. 42-1467) [20]. This confirms the successful oxidation
of cobalt acetate to Co;O, during calcination. XRD
patterns of Co;O,/LSG nanocomposites show the
same peaks, while maintaining the same position and
intensity ratio except for a broad peak around 25°,
which indicates the formation of graphene. The
similarity in the XRD patterns for the metal oxide and
the composite indicates that the metal oxide material
remains as Co;0O, after laser processing.

XPS spectra of both the metal oxide and the
composite provide additional confirmation of the
production of the desired materials. As shown in
Fig. 2(b), both samples exhibit XPS peaks at 779.7 eV
for Co 2p;pand 794.7 eV for Co 2p,,, which is consistent
with literature values [33] and confirms the existence
of Co;0; in both samples. In the composite material,
metal oxide nanoboxes are embedded into LSG,
causing a much weaker signal for the Co 2p peaks.
In addition, Fig. 2(c) shows photoemission peaks at
284.6 and 284.2 eV, corresponding to the carbon in

TSINGHUA
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LSG and ambient CO,, respectively. When compared
with the C 1s spectra of Co;O,/GO (Fig.S2 in the
ESM), the LSG exhibits no apparent peaks for oxygen
containing groups, confirming the conversion from
GO to graphene. Furthermore, the O 1s peaks in the
metal oxide sample appear at binding energies of 529.9
and 531.5 eV, in good agreement with the literature
values for Co;O, [33]. The broad emission peak of
the composite at 532.3 eV is related to the oxygen
functional groups remaining in the LSG network,
overriding the signal from the metal oxide oxygen.
Raman spectra were also collected for LSG and the
composite materials, which both show typical peaks
for graphene (Fig. S3 in the ESM). The D:G ratio is
between 1.4 and 1.6, indicating that the samples are
rich in edges [34].

To confirm the unique structure of the Co,O,, TEM
was used. The TEM image in Fig. 3(a) reveals the
distinct hollow nature of the as-prepared Co;0,, with
particle sizes ranging from a hundred to a few hundred
nanometers. The morphology of the metal oxide
nanoboxes was further investigated by SEM. As shown
in Figs. 3(b) and 3(c), the vacancy inside the nanoboxes

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(5): 28362846

2841

Figure 3  Electron microscope images of Co;04 nanoboxes and the Co;04/LSG composite. (a) A TEM image shows the hollow structure
of the Co;0,4 nanoboxes. (b) and (c) SEM images showing the hollow morphology of the nanoboxes. (d)—(f) SEM images of the
Co0304/LSG composite, indicating that the metal oxide is homogeneously dispersed in the LSG framework.

is clearly displayed through an open end. Benefiting
from the hollow structure of the Co;0,, the materials
will have more surface area for redox reactions, fast
ion diffusion, and a decreased amount of useless dead
mass. Figures 3(d) and 3(e) indicate that embedding
Co;0, into an LSG electrode results in the uniform
distribution of the nanoboxes on the graphene matrix
with the box shape maintained after the process of
laser scribing. Graphene serves as a large flexible
carpet onto which the metal oxide nanoboxes can
be anchored to form a stable matrix with no sign of
metal oxide aggregation, preserving the surface area
of the hollow Co;0,. The surface area is further
enhanced by the intrinsic ultrahigh surface area of
the LSG structure. Additionally, this carbon scaffold
serves as a conductive holder for the metal oxide,
providing superhighways for electrons and enabling
fast charge transfer. Furthermore, the porous nature
of the composite electrode provides tunnels for fast
ion diffusion, which will improve the power output
of the system.

3.3 Electrochemical properties of the hollow Co;0,
nanoboxes and the Co;0,/LSG composite

To test the electrochemical performance of the

as-prepared Co;O, nanoboxes and the CozO,/LSG
composite, a three-electrode measurement was carried
out, in which a Hg/HgO electrode was used as the
reference and 6.0 M KOH as the electrolyte. During
the test, typical Faradaic peaks were observed in the
CV curves from samples containing Co,;O, (Fig. 4(a)).
These peaks arise from the redox reactions shown in
Egs. (1) and (2) [13].

Co,0, +OH™ +H,0 > 3CoOOH +e" (1)
3CoO0H+30H™ > 3C00, +3H,0+3¢”  (2)

Much higher currents for both the Co;O, nanobox
and the Co;0,/LSG composite are observed relative
to the pure LSG, owing to the very large specific
capacity of cobalt oxide. With LSG as a 3D holder,
the Co;0;, is less likely to aggregate and maintain
its hollow structure. Thanks to the unique structure,
the electrolyte ions do not have to diffuse all the way
into the bulk material and surface reactions take
place instead, resulting in less apparent redox peaks.
Moreover, both LSG and hollow Co;0, contribute to
a relatively high surface area (357 m*g), which gives
rise to a large double layer capacitance. As a result, the
CV curve of the composite material is more rectangular,
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while the redox peaks are hidden due to overlapping
with the double-layer current. Interestingly, the com-
posite CV also exhibits a much larger CV area than the
metal oxide. The improved electrochemical performance
is obvious from capacity calculations as shown in
Fig. 4(b). The capacity of the composite material is
60.0 mC/cm?, which is 6 times larger than the pure
metal oxide and 8 times larger than graphene. When
converted to volumetric capacity, the composite
demonstrates a capacity of 68.5 C/cm® compared to
6.0 C/cm?® for the LSG electrodes. This is also superior
to previously reported graphene/Co;O; composite
electrodes, such as 15.4 C/cm? (calculated based on a
capacitance of 30.8 F/cm?and a 0.5 V voltage window)
reported by Mazloumi et al. [35]. Based on the active
mass of the electrode, a specific capacity of 542.3 C/g
is derived for our composite material, which is superior
to the value of 109.0 C/g reported for Co;O,/carbon
nanoneedles [36], 293 C/g for Co;O,/carbon nanofibers
[37], 324.5 C/g for Co;O,/MWCNTs[38],and 367.3 C/g
for Co;O,/graphene [39] (the values have all been
recalculated based on the reported capacitance and

Nano Res. 2018, 11(5): 2836-2846

potential window). When subtracting the capacitance
of graphene, the specific capacity attributed to just
the constituent Co;0, is calculated to be 682.0 C/g
based on 77% mass loading (calculated by ther-
mogravimetric analysis (TGA) of the Co;O,/LSG sample,
see Fig. S4(a) in the ESM). This value demonstrates
the good charge storage capability of hollow Co;0,
nanoboxes and shows a clear improvement over
other hollow structures, such as 329.5 C/g for Co;0,
nanotubes [40]. This excellent electrochemical perfor-
mance can be attributed to the increased surface area
of the nanoboxes, enabling maximum utilization of
the Faradaic properties of Co;O, and resulting in
electrodes with ultrahigh specific capacity. In addition,
the synergetic interactions between LSG and Co;0,
help improve the overall performance of the composite.
In such a hybrid material system, the LSG keeps the
Co0;0, nanoboxes from aggregating, maintaining the
intrinsic properties, while also contributing a significant
amount of EDLC capacitance. The electrically con-
ductive framework of LSG enhances the charge
transfer from the metal oxide, more fully utilizing the
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Figure 4 (a) CV comparison of the Co;0,/LSG composite, LSG, and pure metal oxide at a scan rate of 20 mV/s. (b) Areal capacity
comparing the Co;04/LSG composite, LSG, and pure metal oxide at different scan rates. (c) CVs of the Co;04/LSG composite at scan
rates ranging from 2 to 100 mV/s, displaying similar shapes. (d) Galvanostatic charge/discharge curves of the Co;04/LSG composite at
different current densities (8 to 1.6 mA/cm?). (e) Nyquist plot of the Co;04/LSG composite demonstrating low resistance for the
clectrode material, the electrolyte, and the inter-particle contacts, as well as low internal charge transfer and ion diffusion resistance.
(f) Capacity retention as a function of cycle number, indicating that the Co;0,/LSG composite is able to maintain its capacity for at least

10,000 cycles.

TSINGHUA
UNIVERSITY PRESS

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(5): 28362846

potential capacity of Co,O,. The porous structure of
the film also facilitates ion migration in the electrolyte.
As a result, the conductivity of the whole system,
both electronic and ionic, is improved. This is also
reflected in the CV and constant current change and
discharge curves (CC) curves shown in Figs. 4(c) and
4(d). Even at a high scan rate of 100 mV/s, the shape
of the LSG/Co;0, composite CV is similar to those at
lower scan rates. Similarly, the charging/discharging
time is almost inversely proportional to the current
density and there is no apparent iR drop in Fig. 4(d),
indicating fast charge propagation and good power
output. The internal resistance shown in the Nyquist
impedance plot in Fig. 4(e) provides further evidence
for the high power density of this composite electrode.
As explained in Ref. [41], the ESR measured as the
curve’s intercept with the x-axis, including the ele-
ctrode material, the electrolyte, and the inter-particle
contacts, is as low as 0.9 Q) in the figure. In addition,
there is no 45° diagonal in the plot, suggesting a
good ion diffusion process. The semi-circle observed
corresponds to a Faradaic resistance [41] of less than
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8 (), related to the redox reaction and charge transfer.
At the same time, the electrochemical processes within
the Co;0,/LSG composite are highly reversible as the
electrode maintains 113.1% of its original capacity
after 10,000 cycles (Fig. 4(f)) without the breakdown
of the hollow structure (Fig. S5 in the ESM). From
the first cycle, the capacity keeps increasing reaching
a maximum at ~ 1,000 cycles. This can be attributed
to electrochemical activation processes commonly
encountered in carbon and metal oxide electrodes.

In order to understand the role of the hollow
structure of the Co;0O, nanoboxes, we fabricated com-
posite electrodes using LSG in combination with
commercially available round and solid Co;O, particles
at the same mass loading. The electrochemical perfor-
mance of these composite electrodes is presented in
Fig. 5. The current density of the hollow metal oxide
nanoboxes is much larger than commercial Co;O,,
both in its pure form (Fig. 5(a)) and in a composite
electrode (Fig. 5(b)). The CV curve of the composite
material is more rectangular than the composite
containing commercial Co;O, due to fast surface
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Figure 5 (a) A CV comparison of commercial Co;0,4 and as-prepared Co;0, hollow nanoboxes at 20 mV/s. (b) A CV comparison of
commercial and hollow Co03;04/LSG composites at 20 mV/s. (c) Areal capacity comparing commercial and hollow Co;0,/LSG
composites at scan rates ranging from 2 to 100 mV/s. (d) Nyquist plots of the commercial and hollow Co3;0,/LSG composites, showing
lower charge transfer and ion diffusion resistance of the hollow Co304/LSG composite.
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reactions and large double layer capacitance from the
hollow structure. The corresponding capacities derived
from the CV curves are shown in Fig. 5(c), which
agrees very well with the results discussed above.
The excellent performance of our materials can be
attributed to the hollow structure of Co;O,, as explained
in the schematic illustration shown in Fig. 6. The
hollow metal oxide supplies not only accessible outer
surfaces, but also makes the inside surfaces available,
offering more surface area for ion absorption and
active sites for redox reactions. Here, all the materials
are expected to be used more efficiently, leaving behind
less dead mass. In contrast to the solid morphology,
ions are able to move readily through the open cavities
in the hollow nanoboxes, leading to enhanced wetting
properties. In addition, the ion diffusion length and
charge transfer distance are shortened since only near
surfaces are involved, further expediting ion migration.
These explanations are backed up by the EIS mea-
surements (Fig. 5(e)). In contrast to the hollow Co;O,/
LSG composite, the commercial Co;O,/LSG composite
exhibits a much larger semi-circle, which means a
significant charge transfer resistance. The commercial
composite also shows an obvious 45° diagonal between
50 and 70 Q, due to the more difficult ion diffusion
processes. These results demonstrate the outstanding
electrochemical performance of hollow Co,O, nanoboxes

embedded in a 3D macro-porous graphene matrix
(Fig. S6 in the ESM).

C040, + OH" + H,0 «» 3Co00H + &
3CoO0H + 30H- «> 3C00, + 3H,0 + 3¢~
[ ]

5

T (<]

(- 31 -

? Graphene
& network

Figure 6 Schematic illustration showing the advantage of using
hollow Co3;0,4nanoboxes. I. Both the inside and the outside surfaces
of the metal oxide can be utilized, providing more sites for redox
reactions and ion absorption. II. Tons can diffuse freely throughout
the cavity to the surfaces, easing the wetting of the material and
enhancing the power output. IIl. More active materials are accessible
compared to a solid morphology, thus lowering the amount of
dead mass.
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4 Conclusions

In this study, we have demonstrated a facile method
to fabricate hollow Co;0,/LSG electrodes. Hollow
Co30, nanoboxes are made via low-temperature
recrystallization, followed by a calcination process.
The as-prepared metal oxide is then mixed with a GO
solution, cast as a film, and the GO component is
photothermally reduced to LSG using a CO, laser.
Thanks to the unique structure of the hollow Co;O,
nanoboxes and a synergetic effect between the metal
oxide and the LSG matrix, the composite exhibits a
large surface area, good ion diffusion, and fast charge
transfer, leading to excellent electrochemical perfor-
mance. This composite electrode demonstrates ultrahigh
specific capacity, low internal resistance, and excellent
cycling stability. These interesting features of hollow
Co;0,/LSG offer a great opportunity to increase the
energy density of state-of-the-art supercapacitors.
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