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ABSTRACT: Supercapacitors have attracted lots of attentions for energy storage
because of their outstanding electrochemical properties, and various kinds of carbon
materials have been used to improve the performance. In this work, we innovatively
elevate a natural rose-based continuous 3D porous carbon skeleton. The as-prepared
carbon skeleton is graphited to some extent and possesses hierarchical
interconnected 3D porous structures, providing a high electrical conductive and
electrolyte easy-infiltrated substrate for the fabrication of ideal monolithic composite
electrodes. Then, we utilized it as scaffold to prepare mesoporous CoO nanocubes
@ continuous 3D porous carbon skeleton of rose composite-based electrode for
supercapacitor via hydrothermal approach. The obtained material exhibits a
noticeable pseudocapacitive performance with a brilliant capacitance of 1672 F/g
at 1 A/g and as high as 521 F/g at 40 A/g. It also should be noted that ~82% of the
capacitance was maintained after 3000 cycles at 5 A/g, and only 40% capacitance
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loss after 1500 cycles at a relatively high current density of 10 A/g.
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B INTRODUCTION

The increasing energy demand and environmental pollution
call for not only urgent development of clean energies and
effective control of the pollutant emissions but also more
efficient energy storage devices."” Great efforts have been made
on it;>” until now, electrochemical supercapacitors (electric
double layer capacitors (EDLCs) and pseudocapacitiors) have
gradually moved onto the stage of business, and showed an
immense potential.®™'? Because of the ion adsorption
mechanism, the specific capacitances of EDLCs are limited
(lower than 300 F/g for carbon-based EDLCs)."*'® On the
other hand, pseudocapacitors based on the storage mechanism
of redox reactions always have a preponderant energy density.
If their power density and cycling stability can be improved to a
high level, it will definitely show great superiority for energy
storage than EDLCs.'”'® Many transition metal oxides or
hydroxides and conducting polymers have been chosen as
electrode materials to increase the storage performance of
pseudocapacitors, such as Rqu,19 Ni(OH)z,20 MnOz,21
PEDOT,” PANL> etc. However, they're still defective for
the relatively low rate performance and stability. As for costs,
some of them are restricted only to few applications.* Among
these materials, cobalt oxides are relatively cheap pseudocapa-
citor materials with high theoretical capacitance, and have
attracted many attentions.”>~>” A lot of research has been
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reported on Co;0,, but less has been reported about CoO.
According to the theoretical capacitances, the theoretical
capacitance of pure CoO and Co;0, are 4292°° and 3560’
F/g, respectively, which indicates CoO can be a better
candidate for pseudocapacitor electrode material than Co;0,.
For transition metal oxide electrode materials, they always
suffer from poor electrical/ionic conductivity, so the most
important issue in designing these electrode materials is to
provide high ways for electron delivery and ion diffusion. One
of the effective ways to solve this problem is incorporation of
nanosized metal oxides with a carbon-based material, using the
unique nanostructure to enhance the ion diffusion and utilizing
electrically conductive carbon framework to accelerate the
electron transfer. For instance, CoO nanoflowers woven by
CNT network,>® 3D graphene,supported cobalt oxide,*! or
Co,;0, nanowires grown on carbon fiber paper,*” etc. have been
successfully applied on pseudocapacitor and have shown
excellent electrochemical performances.

In this work, we originally synthesized mesoporous CoO
nanocubes @ continuous 3D porous carbon skeleton of rose
composite. In particular, we creatively obtained the continuous
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Figure 2. (a) XRD patterns, (b, c) XPS spectra, (d) Raman spectrum, and (e, f) 2D and 3D Raman mapping images (the blue shows pores, the

green represents the G band of graphite, and the red indicates Co—O band) of the mesoporous CoO nanocubes @ continuous 3D porous carbon
skeleton of rose.

3D network structured carbon skeleton from the abundant assistance for the first time. The cost is small and the concept is
flower of rose just through a simple nitrogen atmosphere quite eco-friendly. The as-prepared carbon skeleton is graphited
protected carbonization process without any other reagents for and possesses hierarchical interconnected 3D porous structures.
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Figure 3. SEM images of (a, b) bare carbon skeleton of rose and (c, d) composite of mesoporous CoO nanocubes @ continuous 3D porous carbon
skeleton of rose at different magnification. (¢) HRTEM image of the composite, where the insets are HRTEM images of a single CoO nanocube. (f)
N, adsorption—desorption isotherm and (inset in f) PSD of the mesoporous CoO nanocubes.

When used on pseudocapacitior electrode material, it can
provide a high electrical conductive and electrolyte easily
infiltrated substrate for the mesoporous CoO nanocubes,
eventually leading to the effective acceleration of electron
transfer and shortening of ion diffusion path. Besides, the
unique mesoporous structure of CoO nanocubes not only
favors the electrolytes diffusion that can accelerate the facility of
ion transportation but also ensures the high utilization of
electrode material. At last, the composite exhibits an excellent
electrochemical property with a brilliant capacitance of 1672 F/
gat 1 A/g and as high as 521 F/g at 40 A/g, about 82% of the
capacitance was maintained after 3000 cycles at S A/g and only
40% capacitance loss after 1500 cycles at a relatively high

11841

current density of 10 A/g. We demonstrate that the unique
structure of the porous carbon-based nanocomposite can
accommodate the electroactive species accessible to fast
faradaic reactions in bulk electrode materials, which shows
better rate capability and great potential as electrode materials
for supercapacitors.

B RESULTS AND DISCUSSION

Schematic illustration of the synthesis process is shown in
Figure 1. First, the graphitized 3D porous carbon substrate can
be obtained by the pretreated and the following nitrogen
protected carbonization of fresh rose. Then, via a hydrothermal
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Figure 4. (a) CV curves of the mesoporous CoO nanocubes @ continuous 3D porous carbon skeleton of rose at a scan rate of 1 mV/s; (b) CV
curves at different scan rates; (c) galvanostatic charge—discharge curves of the mesoporous CoO nanocubes @ continuous 3D porous carbon
skeleton of rose based electrode at different current densities; (d) corresponding specific capacitances at different discharging current densities; (e)
cycling performance of the mesoporous CoO nanocubes @ continuous 3D porous carbon skeleton of rose at 10 A/g and S A/g; (f) Ragone plot of
the prepared mesoporous CoO nanocubes @ continuous 3D porous carbon skeleton of rose.

method, the pink colored cobalt carbonate hydroxides were
attached onto the carbon scaffold. After an annealing process,
we finally synthesized the mesoporous CoO nanocubes @
continuous 3D porous carbon skeleton of rose composite with
a dark green look.

A feasible growth mechanism of the cubic CoO can be given
as follow:>?

[CoE]*™2~ 4 0.5(2 — y)CO,>™ + yOH™ + nH,0

— Co(OH)y(CO3)0,5(2_y)'nHZO + xF~ (8)
CO(OH)y(CO3)O_5(Z_y)'ﬂHZO
— CoO + (3n + 1.5y)H,0 + 1.5(2 — y)CO, 9)

Co*t + xF > [COFx](x‘ZY (4) The X-ray diffraction (XRD) pattern of the composite of
mesoporous CoO nanocubes @ continuous 3D porous carbon

H,NCONH, + H,0 — 2NH; + CO, () skeleton of rose is shown in Figure 2a, where five obvious
5 . diffraction peaks coincide with the (111), (200), (220), (311)

CO, + H,0 —» CO;™ +2H (6) and (222) planes of standard spectrum of cubic CoO
. _ (JCPDS42—1467).>* Compared with the black XRD curve of

NH;-H,0 - NH," + OH ?) bare carbon skeleton, it can be confirmed that the mesoporous
11842 dx.doi.org/10.1021/am503378n | ACS Appl. Mater. Interfaces 2014, 6, 11839—11845
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CoO nanocubes were successfully compounded with continu-
ous 3D porous carbon skeleton of rose without any other
impurity. The more detailed elemental composition and
valence state of CoO nanocubes are further characterized by
XPS measurements and the results are presented in Figure 2b,
c. In the Co 2P region (Figure 2b), two main peaks with
obvious satellite peaks (satellites: 785.9 and 802.9 eV)
corresponding to the Co 2P;, (781.4 eV) and Co 2P,
(797.9 €V) levels are observed, and from Figure 2c we can
see the O 1S region contains a O4 peak at the higher value of
531.7 eV, which particularly verifies the existence of CoO.>*~¢
Furthermore, the as-synthesized sample was examined by
Raman spectra, shown in Figure 2d. It exhibits five obvious
peaks that correspond to Raman active vibrational modes of
Co—O and graphite. In detail, peaks at 468.3 and 674.7 cm™
are classical vibration modes of Co—0,>”~*? which agree with
the XPS analysis, whereas the other three peaks at 1337.7,
1591.7, and 2864.3 cm™" refer to the D, G, and 2D peaks,
further confirming that the carbon skeletons we prepared are
graphitized to some extent and have strong electrical
conductivity. Panels e and f in Figure 2 illustrate the 2D and
3D visual Raman mappings of the obtained composite, where
the blue shows pores, the green represents the typical Raman
peaks of G band for graphite and the red indicates classical
vibration modes of Co—O, which can be clearly seen that the
CoO was grown on the carbon material directly.*’

Images a and b in Figure 3 shows SEM images of the as-
prepared carbon scaffold under different magnifications. It can
be observed that the carbon scaffold has a continuous 3D
porous structure. All the pores in the carbon scaffold, whether
on surface or in the inner space, are connected with each other
and reached out in all directions to form the ordered 3D porous
network, resulting in enough channels for electrolyte going
through. At the same time, the surfaces of the skeleton are wavy
and crinkly, which can effectively increases the surface area of
the carbon scaffold. SEMs of the product after hydrothermal
reaction can be seen from Figure 3c, d. It can be found that the
continuous 3D porous structure of the carbon scaffold of rose
kept well, which means the porous structure of our carbon
substrate is very stable. Meanwhile, regular cubic CoO is shown
directly grown on the whole surface of the substrate densely
and evenly with the dimension of ~100 nm. In fact, the size of
the cubic CoO can be easily controlled in our experiments by
changing the reaction concentrations of the precursor of
Co(NO;),-6H,0, with the concentration of no more than 10
mM, the higher concentration will give a larger size. It can also
be acknowledged that almost every nanocube distributes
independently, which can be attributed to the stereochemical
effect of CTAB,*" without which the nanocubes will connected
together with each other (see Figure Sl in the Supporting
Information). TEM is further used to characterize the products.
Wrinkled surfaces of the rose carbon skeleton as well as the
homogeneous nanocubic structure can be clearly seen from
Figure S2 in the Supporting Information, whereas the selected
area electron diffraction (SAED) patterns in inset give the
polycrystalline nature of the cubic CoO. Insets of Figure 3e
clearly exhibited the mesoporous structure of the CoO
nanocube with the mesopores size of about S nm and the
lattice space of 0.246 nm referring to the (111) interplanar
distance of CoO. To investigate the mesoporosity of CoO, we
show the N, adsorption—desorption isotherm and pore size
distributions (PSD) in Figure 3f, where the hysteresis loop in
CoO nanocubes reveals a narrow distribution of pore size.*

The average pore size is about S nm as demonstrated in the
inset in Figure 3f, corresponding to the TEM image in Figure
3e. Moreover, mesoporous CoO nanocubes possess a BET
surface area of 59 m?/g, which is higher than reported before.*
As a consequence, it is quite reasonable to expect that our as-
prepared mesoporous CoO nanocubes have an excellent
electrochemical performance benefiting from the sufficient
redox reaction with electrolyte.

Then we employed cyclic voltammetry (CV) measurement
in 2 M KOH with a three-electrode system to study the
electrochemical property of the obtained composite of
mesoporous CoO nanocubes @ continuous 3D porous carbon
skeleton of rose. CV curve at scan rate of 1 mVs™" in Figure 4a
obviously shows two redox peak pairs. The redox couple of Al,
Cl1 is due to the conversion between Co**/Co®', while the
couple of A2, C2 is corresponding to the Co**/Co* reaction.”®
The CV shapes change little as the scan rates increase (Figure
4b), implying the good rate performance of the electrode,*
which would be due to the 3D porous carbon scaffold as well as
the mesoporous structure of CoO nanocubes that give the
composite an excellent electron conductivity and provides high
ways for ion diffusion. The galvanostatic charge—discharge
(CD) curves at different current densities are given in Figure
4c¢, capacitances of 1438, 1328, 1195, 1108, 1025, and 788 F/g
are obtained at current densities of 2, 4, 6, 8, 10, 20 A/g,
respectively. With the increase of current densities from 2 to 10
A/g (Figure 4d), the specific capacitance maintains 71% of the
initial value; even further enhancing the current density to 40
A/g, a specific capacitance of 521 F/g can still be obtained (see
Figure S3 in the Supporting Information). To highlight the
advantage of direct growth of our as-prepared mesoporous
CoO nanocubes @ continuous 3D porous carbon skeleton of
rose, we also performed an electrochemical test with the
physical mixture of presynthesized CoO and carbon scaffold-
based electrode for comparison (see Figure S4 in the
Supporting Information), which confirms the high performance
of our as-synthesized materials. Moreover, to estimate the
capacity contribution of the current collector of nickel foam, we
respectively carried out CV and galvanostatic charge—discharge
measurements under the same circumstances on bare nickel
foam and the obtained composite. The results shown in Figure
S4 in the Supporting Information reveal that almost no
capacitance contribution of nickel foam to the as-prepared
product based electrode. The good cycle stability of the
prepared mesoporous CoO nanocubes @ continuous 3D
porous carbon skeleton of rose is further confirmed by the
long-term cycling test (Figure 4e). At a high current density of
5 A/g, about 82% of the initial capacitance was retained after
3000 cycles; even at a wild higher density of 10 A/g,
capacitance retention of about 60% can still be achieved after
1500 cycles. Moreover, the SEM image (see Figure SS in the
Supporting Information) of our materials after 3000 cycles
demonstrates that the morphology and structure of CoO
nanocubes can be largely retained with only slight aggregation
after the long time process of charging/discharging, which
contributes to the 82% capacitance retention.** Of course, it
can be seen that the structure of CoO nanocubes collapsed to
some degree, which would affect its redox reaction efficiency,
leading to the capacitance loss finally. Figure 4f gives the
Ragone plot of the supercapacitor based on the obtained
product, an energy density can reaches as high as 15 Wh/kg at a
high power density of 9 kW/kg. These high capacitances and

such excellent high-rate and cycling performance are much
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better than previously reported values,* even the other cobalt
oxides, such as mesoporous Co;0, composites.*®

This enhanced capacitative performance of the obtained
product is ascribed to the following benefits: On one hand, the
open geometry of the continuous 3D porous carbon scaffold of
rose and the mesopores existing in the nanocubes allow easier
electrolyte penetration into the inner region of the electrode
and the CoO nanocubes, and CoO can be highly exposed to
and accessible by electrolyte, resulting in the low internal
resistance and faster kinetics of the ion diffusion; On the other
hand, the CoO nanocubes are directly grown on the continuous
porous carbon scaffold of rose, leading to a splendid electrical
conductivity between the CoO nanocubes and the substrate,
which together with the monolithic and highly graphited
carbon scaffold substrate can provide a superfast route for the
electron transfer. All in all, it is the perfect combination of the
mesoporous CoO and continuous 3D porous carbon scaffold of
rose that lead to a very fast ion diffusion and electron transfer
kinetics of the whole electrode and result in such high
performances.

B CONCLUSION

In summary, we successfully demonstrated mesoporous CoO
nanocubes @ continuous 3D porous carbon skeleton of rose
based electrode through a facile and green approach for
pseudocapacitor with high capacitance and good rate capability
as well as the cyclic stability. Besides the mesoporous structure
of CoO nanocubes, the carbon scaffold also has an important
contribution to the high performance because of its continuous
3D porous structure and good conductivity. It is novel and
environmentally friendly for us to use this natural floristic
carbon skeleton of rose. As proven by the highly synergistic
effect above, this carbon material may take the place of the
artificial synthesized complex. With further research, the other
application potentials of this carbon material will emerge. Our
work actually provides a method to the applications of natural
floristic carbon skeleton as a substrate for constructing high-
performance supercapacitors.

B ASSOCIATED CONTENT
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Experimental details and additional supporting data such as the
morphology of CoO nanocubes without CTAB, TEM image of
composite, CV and CD curves at the current density of 40 A/g,
electrochemical investigation of bare nickel foam as well as
physical mixture of presynthesized CoO and carbon scaffold,
SEM image of samples after 3000 cycles. This material is
available free of charge via the Internet at http://pubs.acs.org.
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