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Vanadium pentoxide (V,0s)/multiwalled carbon nanotubes (MWCNTSs) core/shell hybrid aerogels with different MWCNTSs

content are controlled synthesized through a facile mixed growth and self-assembly methodology. V,0s coated MWCNTs

from the in—situ growth of V,0s on the surface of acid—treated MWCNTSs incorporate with V,0s nanofibers from the

preferred orientation growth of V,0s in a one—step sol-gel process. These two kinds of one—dimensional fibers self-

15

assemble into a three—dimensional monolithic porous hybrid aerogel. Owing to its high specific surface area, favorable

electrical conductivity and unique three—dimensional and core/shell structures, the light weight hybrid aerogel (about 30

mg cm™) exhibits excellent specific capacitance (625 F g™), high energy density (86.8 Wh kg™) and outstanding cycle

performance (> 20000 cycles). And the
supercapacitor is 7.6%.

20Ilntroduction

Energy crisis has become one of increasingly serious global
problems.1 To meet the growing energy demands,
electrochemical energy storage systems with high power and
25energy densities, good stability and low cost have been
vigorously developed, such as lithium—ion batteries, lithium—
air (0,) and lithium—sulfur batteries, sodium—ion batteries and
supercapacitors (electrochemical t:apat:itors).}5 Because of its
high power density, rapid charging/discharging rate and long
3ocycle life, supercapacitor draws more and more attention.® The
performance of supercapacitors is strongly dependent on the
properties of electrode materials.” Carbon materials,
conductive polymers and transition metal oxides are widely
available to supercapacitors.gf10 In recent years, vanadium
35pentoxide (V,0s) as one of promising candidate electrode
materials in supercapacitors has attracted extensive attention
due to its low cost, abundance and high potential
pseudocapacitive characteristics (2120 F gfl).nf13 Up to now, a
wide range of V,0s; materials with different structures and
aomorphologies have been successively synthesized, including
nanospheres, nanowires, nanotubes, nanobelts, nanosheets,
aerogels, and so on.} However, the electrochemical
performance of these V,05; materials is still unsatisfied because
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optimal content of MWCNTs in hybrid aerogels for highest—performance

of the poor ionic diffusivity (10713—10712 cm? 571) and electrical

a5conductivity (1073—1072 S cmfl) of V,05 itself.2°
Incorporating with highly electrical conductive materials
such as carbonaceous materials and conductive polymers is
one of the feasible methods to improve the electrochemical
performance of V,0s electrode materials.”*™* For example,
50V,0s/graphene hybrid aerogel was synthesized in our previous
works.” Compared with the specific capacitance (SC) of raw
V,05 (157 F gfl) and V,05 aerogel (233 F gfl), the composite
aerogel has enhanced specific capacitance (486 F gfl).
However, this value is still far from the theoretical SC of V,0s.
55As a one—dimensional (1D) carbon materials, carbon
nanotubes (CNTs), with high electrical conductivity (> 100 S
cmfl), low density (about 0.5-2 g cm73) and large specific
surface area (SSA) (100-1000 m? gfl), is one of the perfect
candidates.”* % To date, a lot of efforts have been spent on
60developing V,05/CNTs composite electrode materials, such as
V,0s—anchored CNTs,29 V,05 nanosheets assembled on CNTs,30
V,05 nanoparticles/CNTs hybrid films,31 and intertwined V,05
nanowire/CNTs nanocomposites.32‘33 Meanwhile, because of
their one—dimensional (1D) two—dimensional (2D)
65structures, the specific surface areas of these composites are
relatively low, which is unfavorable for the improvement of
the electrochemical performance of supercapacitors. On the
other hand, three—dimensional (3D) MWCNTs/V,0s5 core/shell
sponge with high specific surface area can be synthesized
70through chemical vapor deposition (CVD) and atomic layer
deposition (ALD) methods, but it requires severe conditions,
sophisticated equipment and tedious procedures.34 Until now,
limited by its complex procedures, the controlled synthesis of

or
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3D V,05/CNTs composite electrode materials for
performance supercapacitors still remains a challenge.
In search of an efficient and effective methodology to
prepare 3D V,05/CNTs composite electrode materials for
senhanced supercapacitors, we introduce our work. In this
study, we synthesized V,0s/multiwalled carbon nanotubes
(MWCNTSs) core/shell hybrid aerogels (VMA) through a facile
mixed growth and self-assembly methodology in a mild one—
pot sol—gel process. Due to its hierarchical porous structure,
10high specific surface area and good electrical conductivity, the
VMA-based supercapacitors demonstrate extremely high
specific capacitance, high power and energy densities, and
excellent cycling stability. In addition, the MWCNTSs content in
the hybrid aerogels can be easily controlled and its effect on
15the electrochemical performance of supercapacitors was also
characterized. Based on the systematic comparison analysis,
the optimal content of MWCNTs in the VMA was also
concluded.

high—

Experimental
20

Synthesis of V,0; sol

Functional V,05 sol was prepared from commercial V,05
powder. In a typical procedure, raw V,0Os powder, benzyl
25alcohol and isopropanol were mixed at a molar ratio of 1: 4:
40. Then the suspension was heated at 90 °C under
condensate reflux for 4 h. After filtration, unreacted V,05 was
removed for recycling and the remainder pale yellow sol was
concentrated to 1/3 volume through heating reflux. Thus,
3oyellow functional V,05 sol composed of vanadium oxide (VO,)
oligomers was obtained, in which V,0; content was about 30

-1 25
mgml .

Fabrication of V,0;/MWCNTs core/shell hybrid aerogels
35

A certain concentration of mixed acid—treated (H,SO4: HNO; =
3: 1, volume ratio) MWCNTs aqueous dispersion (15 ml) was
added into the V,0s5 sol (10 ml) under vigorous stirring to
induce hydrolysis of VO, oligomers in V,05 sol.>® After about 10
40min, VO,/MWCNTs hybrid gel was obtained and then aged at
50 °C for 2 days. 3D VO,/MWCNTSs hybrid aerogel was obtained
after solvent replacement and freeze drying process. Finally,
crystalline VMA hybrid aerogel was successfully synthesized
after thermal treatment in air at 300 °C for 3h. Moreover, to
asfurther evaluate its influence on the

determine and

were also synthesized under the same conditions but without
MW(CNTs.

55
Characterizations

The morphologies and structures of the samples were
systematically investigated by field emission scanning electron
60omicroscopy (FESEM, S—4800), transmission electron
microscopy  (TEM, JEOL-2100) high—resolution
transmission electron microscopy (HRTEM, field emission
JEOL-2100). X-ray powder diffraction (XRD) pattern was
obtained by using a RigakuD/max—C diffractometer with Cu Ka
esradiation source (A = 1.5406 A). X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a RBD
upgraded PHI-5000C ESCA system (Perkin—Elmer) with Mg Ka
radiation (hv = 1253.6 eV). The Differential Scanning
Calorimetry (DSC) and thermogravimetry analysis (TGA) were
70carried out on a SDT Q600 over the temperature range from
50 to 750 °C at a heating rate of 10 °C min~* under air flow.
Raman spectra (Jobin—Yvon HR800) was recorded from 100 to
2000 cm™ using a 514 nm argon ion laser. Nitrogen adsorption
isotherms for calculating the Brunauer—Emmett—Teller (BET)
75surface  area were measured using an Autosorb—1
(Quantachorme) analyzer. The compressive modulus (E.) of
aerogel was measured by an electronic universal tensile
testing machine (CMT5105). The bulk electrical conductivity of
hybrid aerogel was tested in a two—probe system: The
8oobtained cylindrical aerogels without any manufacture were
sandwiched between two copper foils and connected to a CHI
660C electrochemical workstation at room temperature.36 The
bulk electrical conductivity (k, S mfl) of aerogel was calculated
via the formulak=1/p = 4h/(an2), where p (Q m), R (Q), d (m)
8sand h (m) were the electrical resistivity, resistance, diameter
and height of synthesized cylindrical aerogel, respectively.

and

Electrochemical measurements

90A symmetric two—electrode system with a 1 M Na,SO,
aqueous solution electrolyte was used to evaluate the
electrochemical behavior of as—prepared electrode materials.
The electrode was prepared by mixing 80% of the active
materials, 10% acetylene black and 10% poly (vinylidene
9s5fluoride) (PVDF) dispersed in N—methylpyrrolidinone (NMP).
The obtained mixed slurry (about 1 mg) was coated onto
graphite papers (1 cm x 3 cm) with an area of 1 cm? and then
the electrode was dried at 120 °C for 12 h under vacuum to
The cyclic voltammetry (CV)

remove the solvent. and

100galvanostatic charge/discharge measurements were carried

electrochemical behavior of VMA, we adjusted the amount o
MWCNTs through changing the concentration of its aqueous
dispersion and hybrid aerogels with different MWCNTs
content were easily synthesized. According to the mass (mg) of
soused MWCNTSs, the hybrid aerogels were denoted as VMA-15
VMA-30, VMA-60 and VMA-120, respectively.
comparison, pure VO, aerogel (V,A) and V,0s aerogel (VA)

For

2| J. Name., 2012, 00, 1-3

‘10smV by using CHI

out by a CHI 660C electrochemical workstation over the
potential range from —1 to 1 V.*2 Electrochemical impedance
spectroscopy (EIS) measurements were measured in a
frequency range of 0.01 Hz to 100 kHz with AC amplitude of 5
660C electrochemical workstation. The
specific capacitance for a single electrode (Cgingre, F gfl) was
calculated from the galvanostatic discharge curves as Cjj,ge =
2IAt/AV, where | is the constant discharging current density

This journal is © The Royal Society of Chemistry 20xx
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based on the total mass of a single electrode, At is the
discharging time and AV is the potential window, respectively.
The energy density (E, Wh kg_l) and average power density
(Pavg, W kg_l) of the device in Ragone plots were calculated by
s5using the formula E = (1/8)Cs,-,,g,e(AV)2/3600 and P, = E/At,
respectively.37

Results and discussion
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Fig. 1 Illustration of the mixed growth and self-assembly
10methodology for controlled synthesis of 3D V,05/MWCNTs
core/shell hybrid aerogels.

Three—dimensional (3D) V,05/MWCNTs core/shell hybrid
aerogels with different MWCNTs content were built from an
1sefficient and effective mixed growth and self-assembly
methodology. A certain concentration of mixed acid—treated
MWCNTs aqueous dispersion was added into the V,0s5 sol
under vigorous stirring to induce hydrolysis of vanadium oxide
(VO,) oligomers in V,05 sol. As described in Fig. 1, when the
20V0, oligomers hydrolyse, vanadium exhibits a six—fold
coordination with one H,0 molecule opposite the V=0 double
bond and an —OH group in the equatorial plane.38 Some VO,
oligomers coordinate with —OH or —COOH on the surface of
acid—treated MWCNTs, and these coordination bonds anchor
25the VO, oligomers on MWCNTs.” 3% %° Then VO, oligomers
condense rapidly and in situ grow along MWCNTs, yielding
V,05 coated MWCNTs. Simultaneously, the other VO,
oligomers coordinate with —OH in H,0O molecules, just like
conventional hydrolysis procedure of V205.41 After olation and
300xolation process, fibrous V,05 are obtained through preferred
orientation growth. During aging extension, V,0s; coated
MWCNTs and V,0s nanofibers fully grow and gradually
interconnect with each other. Finally, the two kinds of 1D
nanowires self-assemble into a monolithic 3D architecture.
35After freeze drying and thermal treatment process, the ideal
3D porous structure is completely retained. Thus,
V,05/MWCNTs core/shell hybrid aerogel is successfully
constructed through a facile mixed growth and self-assembly
methodology. Moreover, to further determine and evaluate its
40influence on the electrochemical behavior of VMA, we
adjusted the amount of MWCNTs through changing the
concentration of its aqueous dispersion, and hybrid aerogels

a

This journal is © The Royal Society of Chemistry 20xx
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with different MWCNTs content were controlled synthesized.
The digital photographs of as—prepared aerogels are displayed
45in Fig. S1 in ESI. There are two reasons for acid treatment of
MWCNTSs in our method: (i) homogeneous and stable aqueous
dispersion prepared from acid—treated MWCNTs is the
prerequisite for uniform 3D architecture; (ii) the abundant
functional groups on the surface of acid—treated MWCNTs
s0make it highly active in capture VO, oligomers, which makes

sure the formation of core/shell structures in in—situ growth
step.

500 nm

55Fig. 2 (a) SEM image of V,05 aerogel and diameter distribution
of V,05 nanofibers (inset); (b) TEM image of V,05 aerogel and
SAED patterns of V,05 nanofibers (inset); (c, d) SEM and TEM
images of VMA-120 hybrid aerogel. Curled MWCNTs are
pointed out by red arrows and detailed SEM and TEM images

600f MWCNTs, VMA-15, VMA-30 and VMA-60 are displayed in
Fig. S5 in ESI.

The microstructures of synthesized aerogels are investigated

by scanning electron microscopy (SEM), transmission electron
65microscopy (TEM), and high resolution transmission electron
microscopy (HRTEM). As shown in Figs. 2a and 2b, 3D pure
V,0;5 aerogel is composed of intersectional randomly arranged
V,0;5 nanofibers. The SAED patterns and XRD results of VO, and
V,0;5 aerogel (Figs. 2b, S2 and S3 in ESI) indicate that V,05
70nanofibers crystallized after thermal treatment. Similar results
can also be obtained from thermogravimetric curve of VO,
aerogel (Fig. S4a). These V,0s
micrometres long, with an average diameter of 33.8 nm (inset

nanofibers are several
in Fig. 2a). The morphology of these fibers are nearly straight
75due to their crystalline structure, which makes it easy to
distinguish them from the curled MWCNTSs in hybrid aerogels.
Figs. 2c and 2d confirm that V,0s5 nanofibers combine with
MWCNTSs and obtained V,0s/MWCNTs hybrid aerogels exhibit
similar 3D structures even after thermal treatment at 300 °C
8o(for details, see Fig. S5 in ESI). The elemental mapping of
hybrid aerogels (Fig. S6 in ESI) displays a uniform mixture of

J. Name., 2013, 00, 1-3 | 3
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V,05 and MWCNTs in composite materials. That is mainly
caused by the favorable dispersity of acid—treated MWCNTSs in

a b
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5Fig. 3 XPS spectra of V2p3/2 and V2p1/2 in (a) raw V,0s, (b)
VO, aerogel, (c) V,05 aerogel and (d) VMA—-120 hybrid aerogel.
See Fig. S7 for XPS spectra of VMA-15, VMA—-30 and VMA—-60
hybrid aerogels.

10 In addition, X-ray photoelectron spectroscopy (XPS)
measurement was applied to investigate the valence change of
vanadium in synthesis process.43 As shown in Figs. 3 and S7,
the transformation from VO, to V,05 during thermal treatment
is confirmed through compare the ratio of Val peak area to v

15peak area under XPS spectra of raw V,0s, VO, aerogel, V,05
aerogel and V,0s/MWCNTs hybrid aerogels. The ratio of
V‘E’J'/V4+ for VO, aerogel (1.78) is much lower than raw V,05
(13.57), which confirms the existence of abundant v*in VO,
aerogel. After thermal treatment, the ratio of V‘E’J'/V4+ for V,05

20aerogel is 11.64, indicating that v*™ is oxidized to V" by O,
during thermal treatment at 300 °C in air. Same results can
also be concluded in VMA hybrid aerogels, indicating that the
vanadium in VMA hybrid aerogel is mainly composed of V,0s.
The incorporation of V,05 and MWCNTSs in hybrid aerogels is

2s5further verified through comparing the Raman spectra of
MWCNTSs, pure V,0s5 aerogel and hybrid aerogels. As shown in
Fig. 4, there are six peaks at 140, 282, 406, 518, 688 and 993
cm™ for V,0s/MWCNTs hybrid aerogels corresponding to the
skeleton bending vibration of the V-O-V bonds, bending

3ovibration of V=0 bonds, bending vibration of bridge oxygen
bonds, stretching vibration of triply coordinated oxygen bonds,
stretching vibration of doubly coordinated oxygen and in—
phase stretching vibrational of V=0 bonds, respectively.44
Notably, the characteristic peaks of the D and G bands of

35MWCNTs at 1349 and 1577 cm ™ are also detected in hybrid
aerogels and their relative peak intensities are increased with
the increase of MWCNTSs content.*? Thus, the incorporation of
V,05 with MWCNTs and the different MWCNTs content in
hybrid aerogel are proved simultaneously.

4| J. Name., 2012, 00, 1-3

Journal Name

140
1577
282 406 515 688 1349 57 wma120
o= [ vMA60
= i
(“' y
- VMA-30
=
2
g VMA-15
£
MWCNTS

200 400 600 800 1000 1200 1400 1600 1800 2000

40 Raman shift (cm™)
Fig. 4 Raman spectra of MWCNTs,
V,05/MWCNTs hybrid aerogels.

raw V,0s and

To further investigate the core/shell structure of V,0Os
45coated MWCNTs, we focused on the individual MWCNTs. As
shown in Fig. 5a, the outer diameter of naked tubular
MWCNTs is about 25 nm. During hydrolysis process, V,0s in
situ grows on the surface of acid—treated MWCNTs, forming a
double—layer tubular core/shell structure (Fig. 5b). The
sothickness of V,05 coating layer is ranging from 5 nm to 13 nm
(Fig. 5c). As shown in Figs. 5d—g, the high—angle annular
diffraction—scanning  transmission  electron  microscopy
(HAADF-STEM) image and corresponding element mappings of
vanadium, oxygen and carbon in V,05 coated MWCNTs
s5intuitively conform its core/shell microstructure.

o

26 A (310)

Fig. 5 (a) HRTEM image of naked MWCNTs; (b, c) HRTEM
images of V,05; coated MWCNTs; (d) HAADF-STEM image of

60V,0s/MWCNTs core/shell nanowire and corresponding
elemental mapping images of (e) vanadium, (f) oxygen and (g)
carbon.

It is worth noting that different from 1D V,0s coated
65sMWCNTs nanowires or 2D V,0;/MWCNTs intertwined

This journal is © The Royal Society of Chemistry 20xx
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composite firms, our synthesized V,05/MWCNTs core/shell
hybrid aerogels exhibit unique uniform 3D porous frameworks,
which is benefiting from the good dispersibility of acid treated
MWCNTs, mild sol—gel reaction and freeze drying process. As
ssummarized in Table 1, the obtained V,0;/MWCNTSs core/shell
composite aerogels are extraordinary light. With different
content of MWCNTSs, their densities are ranging from 26 to 30
mg cm73, which are quite lighter than other metal based
aerogels, such as Al,O5 aerogel (93 mg cm73), CuO aerogel (267
iomg cm73), TiO, aerogel (145 mg cmf3), ZrO, aerogel (446 mg
cm73), Mo aerogel (150 mg cm73) and Cr aerogel (230 mg cm™
3).45419 Many metal aerogels are notably weak and fragile in
monolithic form. In particular, it is especially difficult to
prepare uncracked, robust and stable metal aerogels with
15densities less than 30 mg em3.2° Supported by the strong V,05
nanofibers, the skeleton structure of our V,05 aerogel is very
sturdy, with no crack and shrinkage after freeze—drying
process. According to the decrease of compress modulus (E.)
of hybrid aerogels in Table 1, it can also be concluded that
20incorporating with flexible MWCNTs can further reduce the
compressive modulus of aerogel, partly overcome the
brittleness of 3D V,05 architecture and improve its mechanical
characteristics, which is conductive to mass production,
further processing and application. In addition, owning to the
25high electrical conductivity of MWCNTSs, the bulk electrical
conductivity of synthesized aerogels are improved when the
MWCNTSs content was increased. Notably, due to its robust 3D
porous structure, low density and high specific surface area of
added MWCNTs (147 m? gfl), VMA has a large specific surface
30area even after thermal treatment at 300 °C (Table 1). Besides,
our 3D hybrid aerogels exhibit typical hierarchical macro—,
meso—, and microporous structures, the nitrogen adsorption—
desorption isotherms and Barrett—Joyner—Halenda (BJH) pore—
size distributions of hybrid aerogel are concluded in Fig. S8 in
35ESI. These abundance porous structure can afford enough
adsorption and facilitate the diffusion in
electrochemical process.

sites ion
porous structure, high specific
surface area and excellent electrical conductivity of the
40V,05/MWCNTSs hybrid aerogel render it an excellent candidate
in electrode materials of supercapacitors. As evidence, we
analyzed the electrochemical behavior of the as—prepared

The unique hierarchical

Table 1 Physical characteristics of synthesized aerogels

Journal-of:Materials-Chemistry A

hybrid aerogels in a symmetric two—electrode system with a 1
M Na,SO, aqueous solution as electrolyte. As shown in Fig. 6a,
45the nearly rectangular cyclic voltammetry (CV) curve of VMA—
30 exhibits largest area and typical characteristics of
electrochemical double layer capacitors (EDLCs)
pseudocapacitors. In agreement with the conclusion of CV

and

curves, the specific capacitance derived from galvanostatic
socharge/discharge curves (Figs. 6b and S9 in ESI) at 0.5 A gf1 of
V,05/MWCNTs hybrid aerogel (625 F gf1 for VMA-30) is much
higher than raw V,05 powder (156.5 F gf1 at 0.5 A gfl), pure
V,0s aerogel (223 Fg - at 0.5 A g '), MWCNTs (147 Fg* at 0.5
A gfl), interconnected V,05 nanoporous network (304 F gﬁ1 at
550.1 A gfl),51 3D V,05 nanosheets (451 F gf1 at 0.1 A gfl),12
interpenetrating V,05/CNTs networks (440 F gf1 at 0.25 A g
1),52 V,0s/graphene hybrid aerogel (486 F gf1 at 0.5 A gfl).25 To
further explore the reason of the high capacitance of our
hybrid aerogel and the relationship of MWCNTs with the
60electrochemical performance of VMA, we systematically
tested the CV and galvanostatic charge/discharge curves of
VMA with different content of MWCNTSs, and the results are
shown in Figs. 6¢c and S10 in ESI. The specific capacitances at
0.5 A gf1 of VMA-15, VMA-30, VMA-60 and VMA-120 are
65410, 625, 356 and 279 F gfl, respectively.

Consistent with the results of Chen et al, the effect of
MWCNTs content on the electrochemical performance of
composite materials is not in Iinearity.52 According to our
experiment, the specific capacitance of VMA hits its peak of

70625 F gf1 when the content of MWCNTSs is 7.6% (VMA-30). To
elucidate the mechanism of this affection, the charge transfer
resistance (R) of as—prepared aerogels are compared via the
electrochemical impedance spectroscopy (EIS) measurements
(see Fig. S11 and Table S1 in ESI for more details). As shown in

75Fig. 6d, the R, of V,0;5 aerogel (5.87 Q) is much lower than raw
V,0s5 powder (49.33 Q). It is mainly due to the homogeneous
3D structure and high SSA of VA, which can minimize the
diffusion distance of electrolytes to interior surfaces.” In
addition, MWCNTSs can further decrease the resistance of V,05
g8oaerogel, and the R, of VMA-15, VMA-30, VMA-60 and VMA—
120 are 3.22, 2.28, 2.27 and 1.99 Q, respectively. From above
results, we can conclude that: when the content of MWCNTSs in
VMA is less than 7.6% (VMA-30), electrical conductivity is the
major limitation in the electrochemical performance of hybrid

Aerogels MWCNTs? Densit\iJ Compress modulus Bulk electrical c?lnductivity Specific Slle‘fice area
[%] [mgem™] [MPa] [mScm™] [m gl
VA 0 26.11 0.38 0.66 35
VMA-15 4.3 28.58 0.22 0.87 61
VMA-30 7.6 28.43 0.20 0.91 103
VMA-60 11.2 27.30 0.12 1.02 146
VMA-120 31.8 29.97 0.08 1.39 163

®The contents of MWCNTs in hybrid aerogel were calculated according to their TG curves (Fig S4b). ® The densities of
synthesized aerogels were calculated according to the ratio of their mass and volume.

This journal is © The Royal Society of Chemistry 20xx
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aerogels; Meanwhile, once the MWCNTs content is higher 40composite (356.5 F g_l, 0.5A g_l) is much lower than VMA-30

than 7.6%, the electrical conductivity of VMA is as good as
individual MWCNTs (1.80 Q), and the SC of VMA is mainly
attributed to the pseudocapacitors of V,0s. Since specific
ssurface area plays an important role in the adsorption—
desorption process in EDLCs, the influence of SSA on the
specific capacitance of hybrid aerogels must also be taken into
account. However, the contribution of EDLCs by improving the
specific surface area is much smaller than pseudocapacitors

10owing to V,0s. And the V,05 content in VMA-30 is highest
among the same mass of electrode materials prepared from
VMA-30, VMA-60 and VMA-120. This is the reason why
VMA-30 exhibits highest specific capacitance among these
hybrid aerogels.
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Fig. 6 (a) CV curves of raw V,05 powder, MWCNTs, V,05
aerogel and VMA-30 hybrid aerogel at a scan rate of 5 mV s
(b) Specific capacitance as a function of current density for raw
20V,05 powder, MWCNTs, V,05 aerogel and VMA-30 hybrid
aerogel; (c) Specific capacitances of hybrid aerogels with
different MWCNTs content; (d) EIS spectra of raw V,05
powder, V,0s; aerogel, V,05/MWCNTs hybrid aerogels and
MWCNTs.
25
Difference is worth noting that the SC of V,05/MWCNTs
intertwined composites reaches peak when the content of
MWCNTs is about 35%,52 whereas the best amount of
MWCNTSs in our hybrid aerogel is 7.6%. It is partly because of
30the good electrical conductivity of original V,05 aerogel itself,
but more importantly because of the unique core/shell
structures of V,05 coated MWCNTs. In addition, to evaluate
the attribution of core/shell structure to the improvement of
the specific capacitance of supercapacitors, we prepared V,05
35aerogel/MWCNTs composite through simply mixing V,0g
aerogel and MWCNTs. The content of MWCNTs in the
composite material was 7.6%. And for convenience of

65SC  of

hybrid aerogel. It is because that the core/shell structure can
significantly shorten the charge transfer distance and reduce
the charge transfer resistance (from 4.82 to 2.28 Q) between
V,05 and MWCNTSs (Fig. 7b and Table S1). Thus, the role of

45MWCNTs and V,0s in the hybrid aerogel is clear: MWCNTSs is in

charge of reducing the electrical conductivity of VMA and
providing smooth pathways for electron transfer; V,Os
contributes to the pseudocapacitors through Faradic reactions.
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Fig. 7 (a) CV curves of VMA-30 hybrid aerogel and VMC-30
composite at a scan rate of 5 mV 571; (b) EIS spectra of VMA-30
hybrid aerogel and VMC-30 composite; (c) Ragone plots of
supercapacitors based on V,05 powder, V,05; aerogel, MWCNTs,

55V,0s/MWCNTs hybrid aerogels and VMC-30 composite material;

(d) Cycling performance of supercapacitor with VMA-30 electrodes
at a large current density of 10 A gfl; (e) Schematic of
electrochemical behavior in hybrid aerogels.

Fig. 7c compares the energy density and power density of
different prototype supercapacitors. Notably, the VMA-30
exhibits a highest energy density of 86.8 Wh kgf1 at an average
power density of 250 W kgfl, which bridges the gap between
supercapacitors and Li—ion batteries. As shown in Fig. 7d, the
VMA-30 gradually increases in first 5000
charge/discharge recycles at a large current density of 10 A gfl,
which is owing to the improvement of surface wetting
between the electrode materials and the electrolyte during

the cycling and the electroactivation process.54 The

comparing, the composite was denoted as VMC-30. As shown 70capacitance retention of VMA-30 stabilizes around 120% even

in Fig. 7a and S11, the specific capacitance of VMC-30

6 | J. Name., 2012, 00, 1-3

after 20000 circulations, indicating the excellent cycling

This journal is © The Royal Society of Chemistry 20xx
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stability of hybrid aerogel. As concluded in Fig. 7e, the Notes and references

enhanced specific capacitance, high energy and power 1
densities and extremely long cycle life of VMA-based g5
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and shorten the transport distances of electrolyte; (ii)
synergistic effect of the EDLCs and pseudocapacitors, which g
increases specific capacitance and cycling stability of
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Controlled synthesis of three-dimensional V,Os/MWCNTs core/shell hybrid aerogel
through a mixed growth and self-assembly methodology in a one-pot sol-gel process

for high-performance supercapacitor.
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