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Hierarchical superstructures assembled by nanosheets can effectively prevent aggregation of nanosheets
and improve performance in energy storage. Therefore, we proposed a facile hydrothermal method to
obtain three-dimensional (3D) superstructure assembled by nanosheets. We found that the ratio of
Co?+[HMTA affected the morphology of the samples, and the 3D hierarchical structures of are obtained
while the ratio of Co?*/HMTA is 12:25. The hierarchical structures with sufficient interior space preserves
the original sheet-like dimensional components and results in sufficient active sites and efficient mass
diffusion. Hence, the 3D Co,V,07-nH;0 hierarchical structure exhibits good rate capability and high sta-
bility while as electrode materials. Meanwhile, when power density is 745.13 W/kg, the assembled CVO-
2//AC shows an energy density of 47.7 Wh/kg. The work displays a facile method for fabrication of 3D

Co,V,07nH,0
Energy storage

superstructure assembled by 2D nanosheets that can be applied in energy storage.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As we known, the materials composition and structures, in-
volving crystal orientations, configurations and particle sizes have
an eventful role in the performance. Morphology engineering is
a valid way to improve the electrochemical performance [1-10].
Low-dimensional materials (nanoparticles, nanorods, nanosheets or
nanoplates) are potential materials due to their high surface-to-
volume ratios, high exposed facets, and excellent charge-transport
abilities. However, their applications were limited because the ma-
terial is prone to agglomeration. So designing assemblies con-
structed with low dimensional materials is a promising approach.
It is clear that three-dimensional (3D) architectures composed of
different building units have exhibited excellent performance in
energy storage [11-17]. 3D materials composed of low dimen-
sional nanostructure can promote structure stability and resistance
to aggregation, which not only facilitates sufficient contact with
electrolyte, but also ensures fast intercalation of ions and rapid
charge transfer, which results in enhanced electrochemical perfor-
mance [18-21]. For example, Xu et al. [22] reported a novel porous
3D superstructures of carbon nanosheets decorated with ultrafine
cobalt phosphide nanoparticles for electrocatalysis. The structure
ensures abundant surface catalytic sites and promote better mass
and electrons mobility. Wang et al. [20] reported a novel hierarchi-
cal Co(OH)F superstructures for efficient oxygen evolution reaction
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electrocatalysis. The structure ensures abundant surface catalytic
sites and promote better charge mobility. Yan et al. [23] success-
fully obtained a novel accordion-like Ni-MOF superstructure, which
as electrode material showed a high specific capacitances of 988
F/g at 1.4 A/g and outstanding cycling stability of 96.5% after 5000
cycles. However, the fabrication of 3D superstructures composed of
low dimensional nanostructure is still a challenge [24-26].

The demand for economical and energy storage technology
has promoted the development of energy storage. Supercapacitors
(SCs) are attractive due to fast charging/discharging rate, low cost,
excellent power density and good cycling stability [2,27-32]. To
meet the growing demand for SCs with performances, transition
metal oxides (TMOs) as a class of pseudocapacitive materials have
caught great attention in virtue of their high theoretical specific
capacity, widespread availability, reinforced safety and low cost.
The redox-active TMOs exhibit higher pseudocapacitance than con-
ventional carbon materials, making them desirable candidates as
the next generation-electrochemical energy storage devices [33-
39]. Among numerous electrode materials, vanadium oxides have
been widely studied as potential alternatives for SCs because of the
various structures of compound and multiple valence state of vana-
dium [40-42]. Hence, the equitable design of TMOs architecture by
a facile method is essential for achieving high performance.

In this work, we construct successfully uniform Co,V,0,-nH,0
superstructure assembled by nanosheets using a hydrothermal
method at 80 °C. By adjusting the amount of Co?*/HMTA involved
in the reaction, uniform Co,V,0,-nH,0 superstructure could be
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Fig. 1. (a) Schematic diagram of the synthesis of the 3D CVO-2. (b,c) SEM images of
CVO0-2. (d,e) TEM images of CVO-2. (f) HRTEM images of CVO-2 (inset of (f): SAED
pattern). (g-j) EDS-mapping images of (h) O, (i) Co, (j) V.

obtained. It is found that the molar ratio of Co2t/HMTA is cru-
cial to the preparation of 3D Co,V,0;-nH,0 superstructure. The
structure ensures large ion contact surface and increases electroac-
tive sites. Subsequently, we studied the electrochemical perfor-
mance of the prepared Co,V,0,-nH,0 by three-electrode system.
Co,V,07-nH,0 hierarchical structure electrode illustrates a spe-
cific capacity of 302.1 F/g at 1 A/g. And specific capacity main-
tains at 92.83% after 4000 cycles at 5 A/g. Moreover, aqueous
devices are assembled, and the maximum specific capacitance of
Co,V,07-nH,0 hierarchical structure is 153.41 F/g. which could be
a potential material for SCs with a superior performance.

As shown in Fig. 1a, products were synthesized by the hy-
drothermal method. First, CoCl,-6H,0 and NH4VO3; were mixed at
80 °C. Then HMTA was added into the above solution. Finally, the
resulting solution was reacted 4 h at 80 °C. Interestingly, the HMTA
is as a pH regulator, and the different molar ratios of Co?t and
HMTA affect the morphology of samples. During the process, the
possible reactions can be as follows:

CeNgHy + 6H,0 <> 4NH; + 6HCHO 1)
NH; + H,0 <« NH4+ + OH~ (2)
2002 + 2V03~ + 20H- + (n-1)Hy0 <> Co,Vo0;nH,0  (3)

The morphology of the prepared materials is examined by scan-
ning electron microscopy (SEM). As shown in Figs. 1b and c and
Fig. S1 (Supporting information) (Co?*:HMTA = 2:25, 6:25, 8:25,
10:25, 12:25 and 14:25), when the ratio of Co?t:HMTA is rela-
tively low, the he samples are monodisperse hexagonal platelets
(CVO-1, Co?t:HMTA = 2:25). With the increasing ratio of Co%*:
HMTA, the morphology of the hexagonal platelets gradually trans-
formed into 3D Co,V,0,-nH,0 hierarchical structure (CVO-2, Co2+:
HMTA = 12:25). As the ratio of Co?*/HMT is increased to 14:25,
uneven sheets were obtained (CVO-3). Comparing above results
found the higher ratio of Co2t/HMTA is favorable for the prepa-
ration of sheet-like structures.

CVO0-2 is chosen to research the detailed structure of the end-
product. CVO-2 is further assessed by using transmission electron
microscopy (TEM). The low-magnification TEM images are shown
in Figs. 1d and e, which illustrates that the CVO-2 has the hierar-
chical structure assembled by ultrathin sheets. The high-resolution
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Fig. 2. (a) XRD pattern of CVO-1, CVO-2 and CVO-3. (b) N, adsorption-desorption
isotherms of CVO-1, CVO-2 and CVO-3. (c) Co 2p spectra of the CVO-1, CVO-2 and
CVO-3. (d) O 1s and V 2p spectra of the CVO-1, CVO-2 and CVO-3.

TEM (HRTEM) image (Fig. 1f) shows lattice fringe with a spac-
ing of 0.5 nm corresponds to the d-spacing of (100) planes of
Co,V,07-nH,0 [43]. In the selected area electron diffraction (SAED)
(inset of Fig. 1f) finds a mass of points arranged regularly, suggest-
ing CVO-2 is the single crystal structure. Furthermore, CVO-2 com-
prises Co, V and O, as affirmed by energy-dispersive X-ray spec-
troscopy mapping (EDS mapping) (Figs. 1g-j), and Co, V and O are
evenly dispersed throughout the CVO-2. Notably, under the same
ratio of Co2*/HMTA, when other temperature conditions were sub-
stituted, we cannot synthesize a sample consisting of uniform lay-
ered structure (Fig. S2 in Supporting information). Moreover, we
tried to confirm the effect of HMTA on the morphology. When the
reaction time was 4 h, the HMTA was altered to 1 mmol, 2 mmol
and 10 mmol, and the other conditions were equivalent. The rele-
vant SEM images are displayed in Fig. S3 (Supporting information).
It could be found from SEM images that of the 5 mmol is optimum
for the synthesis of Co,V,07-nH,0 hierarchical structure.

X-ray diffraction (XRD) of the as-obtained Co,V,0;nH,0 are
displayed in Fig. 2a. The XRD result of Co,V,0;-nH,0 can match
with reported in the literature [43]. The strong diffraction peaks
show the good crystallinity of the as-obtained product. As shown
in Fig. S4 (Supporting information), the thermal behavior of the
CVO-2 sample is tested by thermogravimetric analysis (TGA). The
weight loss of the CVO-2 sample is 13.2%, implying that n is near
2.8, which confirms that CVO-2 sample is Co,V,0-:2.8H,0.

Fig. S5 (Supporting information) displays the Fourier transform
infrared spectrometer (FTIR) of the as-prepared products. The sym-
metric and asymmetric stretching vibration peaks of the V-O band
and the stretching vibration mode of the V=0 band are in the
range from 400 cm~! to 1000 cm~'. The relatively weak peak at
about 480 cm~! can be assigned to the stretching of Co-O modes.
The peaks at 1611 and 3514 cm~! are corresponded to the bend-
ing vibration and symmetric stretching vibration of H-O-H in H,0,
respectively. The peak at 3114 cm~! can be characteristics of the
OH~.

The X-ray photoelectron spectroscopy (XPS) results also confirm
the successful fabrication of CVO-1, CVO-2 and CVO-3. As displayed
in Fig. S6 (Supporting information), the XPS survey spectra illus-
trate that Co, V and O could be observed. The two distinct Co
2p3j, peaks locate at 780.12 and 782.29 eV in the Co 2p spectra
of Fig. 2c, which are ascribed to Co3* and Co?*, respectively. The
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Fig. 3. Electrochemical data of as-obtained CVO-1, CVO-2 and CVO-3 in three-
electrode system. (a) The CV curves at 50 mV/s. (b) The GCD curves at 2 A/g. (c)
Specific capacitances at various current densities. (d) The EIS plot.

binding energies of Co in the three samples are not shifted. The V
2p spectra of CVO-1, CVO-2 and CVO-3 (Fig. 2d) demonstrate that
the binding energies for V 2p;, at 516.21 eV and 517.01 eV be-
long to the V4*+ and V>*, respectively. The O 1s spectra of CVO-1,
CVO-2 and CVO-3 (Fig. 2d) can be fitted by two peaks at 531.3 and
529.6 eV. The peak at 529.6 eV refers to the characteristics of O in
the metal oxide, and the other peak at around 531.3 eV indicates
the existence of OH~ or adsorbed H,O.

In addition, the CVO-2 samples exhibit Brunauer-Emmett-Teller
(BET) surface area of 13.183 m?/g, whereas the other two samples
show the BET surface areas of 4.497 m2/g (CVO-1) and 5.506 m?/g
(CVO-3), respectively (Fig. 2b). The hierarchical structure confirms
the as-obtained materials with much easier contact with the elec-
trolyte, which may increase active sites for redox reactions and
shorten ion diffusion lengths.

The as-obtained Co,V,0,nH,0 samples are tested as SCs elec-
trodes in three-electrode system and the results are showed in
Fig. 3. Their cyclic voltammogram (CV) curves (Fig. 3a) show
that the surrounding area of CVO-2 is larger than that of other
Co,V,07-nH,0 materials. It is obviously that the redox peaks are
due to the reversible redox reaction. Fig. 3b is the galvanostatic
charge-discharge (GCD) curves of the Co,V,07-nH,0, which sug-
gest that charge-discharge time of CVO-2 is the longest at 2 Ag,
implying that the capability of CVO-2 is much better than that of
the other two materials. The possible reason is that the layered
structure is more conducive to sufficient contact with the elec-
trolyte and facilitates the rapid ion transport. The charge-storage
mechanism of Co,V,0,nH,0 probably can be described as follow-
ing:

Co?* + 20H- < Co(OH), (4)
Co(OH), + OH~ < CoOOH + H,0 + e~ (5)
CoOOH + OH~ < Co0; + H,0 + e~ (6)

As displayed in Fig. 3c, the specific capacitance is obtained in
range of 1 A/g to 10 A/g. It is apparent that the specific capacity of
CVO-2 hierarchical structure is much higher than that of hexagonal
CVO-1 and uneven sheets CVO-3 in that range, which can be at-
tributed to the fact: CVO-2 hierarchical structure assembled by 2D
nanosheets ensures large ion contact surface and increased elec-
troactive sites. Especially, the CVO-2 electrode exhibits a specific
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Fig. 4. Electrochemical data of as-obtained CVO-2 in three electrode system. (a)
The CV curves at different scan rates. (b) The GCD at different current densities. (c)
Specific capacitances at various current densities. (d) Charge/discharge cycling at a
current density of 5 A/g.

capacity of 302.1 F/g at 1 A/g. Moreover, the electrode exhibits a
specific capacitance of 271.9 F/g at 10 A/g, showing 90% rate capa-
bility. Additionally, the electrochemical impedance spectra (EIS) of
the electrodes (Fig. 3d) shows that the CVO-2 possesses a smaller
charge transfer resistance than that of the other two materials, in-
dicating that the CVO-2 has and better ion transfer capability.

The CV curves of the CVO-2 electrode at various scan rates
from 5 mV/s to 100 mV/s are illustrated in Fig. 4a. The shape of
CV curves is symmetric at various scan rates within 0-0.6 V. The
high symmetry can be due to the reversibility of the faradaic reac-
tion, implying the pseudocapacitive characteristics of CVO-2 elec-
trode. And the shape of CV curves maintains the same, confirm-
ing the good reversibility of the Co,V,07-nH,0 electrode. And the
higher the scan rate of the CV curves, the larger closed region is
acquired, which is due to the high charge mobility at higher scan
rate. Additionally, the CV curves of hexagonal CVO-1 and uneven
sheets CVO-3 are measured and the results are displayed in Fig.
S7 (Supporting information), which shows a similar pattern to the
CV curve of CVO-2. Based on Fig. 4a and Fig. S7, the linear plots
of the peak currents (I) and v1/2 (scan rate: v) are shown in Fig.
S8 (Supporting information), indicating that the redox reaction of
the electrodes is mainly controlled by the diffusion process. Fur-
thermore, Fig. 4b illustrates the GCD curves of the CVO-2 hier-
archical structure electrode at 1-10 A/g. The charging/discharging
curves are nearly symmetric, confirming the fast and reversible re-
dox reactions and good coulombic efficiency of the CVO-2 material.
The specific capacity is calculated from the GCD curves and the re-
sults are shown in Fig. 4c, which are 302.1, 303.6, 295.3, 290.2 and
2719 F/g, respectively. The GCD curves of CVO-1 and CVO-3 are
displayed in Fig. S9 (Supporting information). The cycling perfor-
mance of the CVO-2 sample is demonstrated in Fig. 4d at 5 A/g.
From the cycling performance, it is obvious that the capacitance is
retained up to 92.83% after 4000 cycles. The SEM images of CVO-
2 after 4000 cycles is shown in Fig. S10 (Supporting information).
The result shows that the CVO-2 electrode still maintains a layered
structure after 4000 cycles, which indicates that the CVO-2 sample
has good structural stability. The Comparison of SCs performance
of CVO-2 and other oxide materials reported is shown in Table S1
(Supporting information).

Aqueous devices are constructed with the Co,V,0,-nH,0 as a
positive material, while activated carbon as a negative material
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Fig. 5. Electrochemical results of as-prepared Co,V,07-nH,0 in aqueous devices. (a)
Schematic diagram of the assembled aqueous devices. (b) The CV curves at different
scan rates of CVO-2. (c) The GCD curves at different current densities of CVO-2. (d)
Specific capacitances at different current densities of CVO-1, CVO-2 and CVO-3. (e)
Ragone plot of the Co,V,0,:nH,0//AC aqueous device between energy density and
power density (inset: a LED powered by aqueous devices). (f) Cyclic capacitance of
CVO-2 at 5 Alg.

(Fig. 5a). As seen in Fig. 5b, CV curves of CVO-2 remain well-
shaped in the range of 5-100 mV/s, indicating good rate perfor-
mance. The GCD curves of CVO-2 at various current densities are
shown in Fig. 5¢, The and CV and GCD curves of hexagonal CVO-1
and uneven sheets CVO-3 are given in Figs. S11 and S12 (Support-
ing information). On basis of the GCD curves, the obtained spe-
cific capacity of the CVO-2//AC aqueous device are 153.41, 154.6,
151.6, 149 and 143.13 F/g (Fig. 5d), which are superior to other
two products. The higher specific capacity of CVO-2 further con-
firms that they can be potential as an electrode for SCs. The overall
performance of as-prepared materials//AC devices can be get from
the Ragone plots (Fig. 5e) that displays the relationship between
the power density and energy density of the aqueous devices on
basis of the GCD curves. The results reveal that rate property of
CVO-2//AC is superior to other products, with good energy density
of 47.7 Wh/kg at power density of 745.13 W/kg. Additionally, the
cyclic stability of CVO-2 is examined (Fig. 5f). The CVO-2//AC pre-
sented good cycle stability after 4000 cycles.

In this work, Co,V,07;-nH,0 hierarchical structure is rapidly
prepared at 80 °C for 4 h by hydrothermal method. The structure
and performance of the materials at various ratios of Co**/HMTA
are explored. Impressively, the uniform Co,V,0;-nH,0 hierar-
chical structure piled up orderly at optimum condition. The
Co,V,07-nH,0 hierarchical structure as electrodes presents good
stability (92.83% retention at 5 A/g after 4000 cycles). The good
performance can be ascribed to the fact that the hierarchical struc-
tures ensure electrode sufficient contact with electrolyte and suf-
ficient preserves the original sheet-like dimensional components.
The nanosheets orderly piled up can provide sufficient spaces,
which is conducive to ion transport and results in sufficient ac-
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tive sites. And at a high power density of 745.13 W/kg, the CVO-
2//AC displays the electrochemical property with an energy den-
sity of 47.7 Wh/kg. Such structure reveals that Co,V,0,-nH,0 is
prospective material for practical application in SCs.
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