
mater.scichina.com link.springer.com Published online 4 March 2022 | https://doi.org/10.1007/s40843-021-1944-9
Sci China Mater 2022, 65(7): 1797–1804

Coherent V4+-rich V2O5/carbon aerogel nanocomposites for high
performance supercapacitors
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ABSTRACT V4+-rich V2O5/carbon aerogel (V4+-V2O5/CA)
composites were synthesized as electrode materials for su-
percapacitors via in-situ hydrolysis-condensation processing.
Carbon aerogel (CA) promotes the deposition of amorphous
vanadium oxide and catalyzes the crystallization of V4+-rich
V2O5 nanosheets at much reduced temperature. With a uni-
form distribution of V2O5 nanosheets in CA, the special
structure provides a large specific area and reactive sites. CA
also synergistically improves the electrical conductivity and
structural integrity. In addition, rich V4+ would enhance the
intrinsic electrical conductivity of V2O5, promote ion diffusion
and catalyze the electrochemical reactions. Consequently,
V4+-V2O5/CA exhibits much enhanced specific capacitance
(405 F g−1 at 0.5 A g−1), high energy density (56 W h kg−1 with
a power density of 250 W kg−1) and long cycle life (96% ca-
pacitance retention after 40,000 cycles).
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INTRODUCTION
Efficient energy storage devices are crucial for applying inter-
mittent renewable energy sources, such as solar, hydro, and
wind energy [1]. Supercapacitors deliver short charging time,
high power densities and ultralong cycle life [2–4] and thus have
been applied in many fields, including portable electronic pro-
ducts, hybrid electric vehicles and so on [5–7]. However, the
commercially available supercapacitors show much lower energy
density (∼5 W h kg−1) than batteries (up to 200 W h kg−1) [5].
More research efforts are made to achieve high energy-storage
capability. Energy density (E) can be achieved by improving the
specific capacitance (C) of electrode materials and enlarging the
voltage window (ΔV) according to E = (1/2)C(ΔV)2 [8,9].
Pseudocapacitors, one kind of supercapacitors which store
charges by fast, reversible Faradic redox reactions of conducting
polymers, transition metal oxides, metal carbides, metal sulfides
and so on, can deliver high theoretical specific capacitance but
unsatisfactory stability. Electrochemical double layer capacitors
(EDLCs) are another kind of supercapacitors based on carbo-
naceous materials, and possess excellent stability due to the
electrostatic adsorption/desorption of charges [2,10]. Thus,

optimized electrode materials with expected electrochemical
properties are important for high-energy-density super-
capacitors [9–12].

Carbonaceous materials (such as graphene, carbon nanotubes
and porous carbon materials) are widely used in EDLCs for their
high electrical conductivity, excellent structural stability and
long cycle life [13–16]. Among them, carbon aerogels (CA)
derived from organic hydrogels with polycondensation of
resorcinol and formaldehyde [17] were explored in EDLCs for
inherent characteristics, including tunable porous structure,
large specific area, scalable preparation, and low cost. However,
the specific capacitance of CA supercapacitors is usually less
satisfactory due to its intrinsic limitation of electric double layer
storage mechanism.

Transition metal oxides, on the other hand, offer far large
capacities through electrochemical reactions; for example,
vanadium pentoxide (V2O5) shows high theoretical capacitance
(2020 F g−1) derived from multiple states (+2–+5) [18–20], but
suffers from low electrical conductivity and poor cycling stabi-
lity. To improve the performance, nanostructured V2O5-based
materials with various morphologies, sizes and shapes, including
nanowires [21], nanotubes [22], nanobelts [23], nanoribbons
[24] and nanoporous network [25], were investigated. Incor-
porating vanadium oxides with highly conductive carbonaceous
materials is a feasible strategy to achieve high electrochemical
performance and stability. For instance, efficient redox activity
and high conductivity were demonstrated in V2O5/carbon
composite due to the synergistic effects of V2O5 and porous
carbon [26]. V4+ can also promote ion diffusion kinetics,
enhance electrical conductivity and improve storage capacity of
V2O5 [27].

In this study, V4+-rich V2O5 and CA (noted as V4+-V2O5/CA)
composites were fabricated and studied for supercapacitors. A
functionalized VOx sol was hydrolyzed and condensed in CA
when exposed in water vapor. V2O5 nanosheets rich with V4+

were uniformly distributed in CA. Due to the synergistic inte-
gration of porous nanostructure of CA and V4+-rich V2O5
nanosheets, great electrochemical performance of V4+-V2O5/CA
was achieved (405 F g−1 at 0.5 A g−1) with excellent cycling sta-
bility. The transport and reaction kinetics and structural inte-
gration were discussed.
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EXPERIMENTAL SECTION

Fabrication of V4+-V2O5/CA nanocomposite
CA was prepared with resorcinol and formaldehyde as raw
materials according to a reported method [17]. VOx sol was
prepared by continuously stirring a mixture of commercial V2O5
powder, benzyl alcohol and isopropanol (a molar ratio of 1:4:40)
at 90°C for 4 h, and then condensing the clear solution to 1/3
volume [28]. The synthesis of V4+-V2O5/CA was schematically
illustrated in Fig. 1a. Firstly, the as-prepared CA was immersed
into a mixed solution of ethanol and VOx sol with a volume ratio
of 1:1 for 12 h. Then, the CA filled with VOx sol was exposed in
water vapor at 80°C for 2 h for hydrolysis. V4+-V2O5/CA was
obtained after being heated at 275°C for 20 min in air.

Structural characterizations
All samples were characterized by means of X-ray powder dif-
fraction (XRD) using a Rigaku D/max-C diffractometer with a
Cu Kα radiation source (λ = 1.5406 Å), X-ray photoelectron
spectroscopy (XPS, Thermo-VG, Al Kα radiation) and electron

paramagnetic resonance (EPR, Bruker BioSpin GmbH). Fourier
transform infrared (FTIR) spectroscopy was measured using a
Bruker-TENSOR27 within a range from 400 to 4000 cm−1.
Thermogravimetric and differential scanning calorimetry (TG-
DSC, 10°C min−1 at air atmosphere), field emission scanning
electron microscopy (SEM, S-4800) and transmission electron
microscopy (TEM, HRTEM JEOL-2100) were conducted.
Nitrogen adsorption-desorption measurements were carried out
to calculate the Brunaue-Emmett-Teller (BET) surface area and
pore diameter distribution.

Electrochemical measurements
The electrochemical properties and performance of samples and
devices were tested in symmetrical two-electrode configuration
with 1 mol L−1 Na2SO4 aqueous solution as the electrolyte [29].
A slurry prepared by mixing the active materials and poly
(vinylidene fluoride) (PVDF) dispersed in N-methylpyrrolidone
(NMP) at a mass ratio of 9:1 was coated on graphite paper (1 cm
× 3 cm) with a mass of about 1 mg and an area of 1 cm2. Then,
these electrodes were dried at 120°C in vacuum for 12 h. The

Figure 1 (a) Schematic illustration of the synthesis process of V4+-V2O5/CA. (b) TG-DSC curves of VOx/CA and CA. (c) XRD patterns of CA, VOx/CA and
V4+-V2O5/CA. (d) The XPS V 2p3/2 peaks of VOx/CA and V4+-V2O5/CA. (e) FTIR spectra, (f) nitrogen adsorption-desorption isotherms and (g) pore diameter
distributions of CA, VOx/CA and V4+-V2O5/CA.

ARTICLES SCIENCE CHINA Materials

1798 July 2022 | Vol. 65 No. 7© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022



electrochemical properties of V4+-V2O5/CA-based super-
capacitors were evaluated by cyclic voltammogram (CV), gal-
vanostatic charge/discharge (GCD), and cycling stability
measurements with potential ranging from −1 to 1 V [28,30,31].
Electrochemical impedance spectroscopy (EIS) was collected
with a CHI 660C electrochemical workstation in the frequency
range from 0.01 to 100 kHz at an alternating current (AC)
amplitude of 5 mV. The specific capacitance (C, F g−1), energy
density (E, W h kg−1) and power density (P, W kg−1) of a single
electrode (C) were calculated respectively by the formulas: C =
2IΔt/ΔV, E = (1/8)C(ΔV)2/3600, and P = E/Δt, where I is the
constant discharging current density, Δt is the discharging time
and ΔV is the potential window in the galvanostatic discharge
curves [32,33].

RESULTS AND DISCUSSION
Fig. 1a illustrates the fabrication of V4+-V2O5/CA nanocompo-
sites. The as-prepared CA was immersed into VOx sol solution
for 12 h, and then exposed in water vapor for 2 h for the
hydrolysis process. In VOx sol, vanadium shows a six-fold
coordination with one water molecule and a short V=O double
bond along the z axis, another water molecule along x axis and
three –OH groups in the equatorial plane. Condensations
occurred among H2O–V–OHs, HO–V–OHs and other –OH
groups, forming VOx in porous CA, namely VOx/CA. Then, the
sample was heat-treated in air to obtain V4+-V2O5/CA. TG-DSC
measurements were firstly performed to ensure a proper tem-
perature to heat VOx/CA composites. As shown in Fig. 1b, both
CA and VOx/CA show a tiny weight loss before 120°C, likely due
to the removal of adsorbed water. CA was oxidized in air with an
exothermic peak at around 600°C and its weight reduces to zero.
In contrast, the weight of VOx/CA reduces slightly between 120
and 200°C probably due to the crystalline water. VOx/CA shows
an appreciable weight loss coupled with a strong exothermic
peak at around 350°C, likely attributable to the oxidation of VOx
(amorphous with predominant tetravalent vanadium) and V2O5
crystallization. The huge released heat would possibly lead to a
local oxidation of CA, resulting in the appreciable weight loss
between 200 and 400°C [26]. Then, noncatalyzed oxidization of
CA occurs with an exothermic peak at around 600°C. The
weight of sample remains 23% after 650°C, which belongs to
V2O5. Based on above TG-DSC analysis, VOx/CA was heated at
275°C in air for 20 min to obtain V4+-V2O5/CA without overly
oxidizing CA.

Fig. 1c displays XRD patterns of VOx/CA, CA and V4+-V2O5/
CA; all show two broad bands at around 24° and 44° [15],
revealing the presence of amorphous phase in all three samples.
CA is amorphous and VOx in VOx/CA is also likely amorphous.
V4+-V2O5/CA displays diffraction peaks that are well indexed to
V2O5 (JCPDS No.41-1426) in addition to the broad bands of
amorphous CA. This result suggests that V4+-V2O5/CA is com-
posited with V2O5 and CA. Note that the sample contains
crystalline V2O5 at 275°C, while the crystallization occurs at
around 350°C in TG-DSC. It is possible that the real temperature
inside the sample is higher than the detected 275°C, which is
common for muffle furnace, and hysteresis may occur in TG-
DSC measurements. However, it is more likely that amorphous
VOx rich with V3+ and V4+ catalyze V2O5 to crystallize at the
interface between VOx and carbon at lower temperatures with
more heat from VOx oxidation.

Both VOx/CA and V4+-V2O5/CA were further characterized by

means of XPS spectroscopy with the results shown in Fig. 1d.
Compared with VOx/CA, the V 2p3/2 peaks in V4+-V2O5/CA
shifts to higher binding energy, indicating the vanadium valence
increases in V4+-V2O5/CA. After deconvolution, the V3+ and V4+

peaks are presented in VOx/CA with the percentages of 68% and
32%, respectively. V4+-V2O5/CA demonstrates the domination of
V5+ (73%). The results corroborate that the heat treatment leads
to the oxidation of low-valence vanadium and the crystallization
of V2O5, which agrees well with the reported V2O5-coated
nanoporous carbon for sodium-ion batteries [26]. The different
binding energies of V4+ (516.4 and 516.8 eV) indicate that the
local chemical surrounding is different from some V4+ [34]. The
presence of an appreciable amount of V4+ (27%) may be caused
by the incompletely oxidation of VOx, and it is also possible that
oxygen vacancies are generated as oxygen may be insufficient for
the oxidation of VOx and CA [26]. The average valence of
vanadium increases from 3.3 (VOx/CA) to 4.7 (V4+-V2O5/CA)
caused by heat treatment. Considering that XPS measurement
characterizes the surface of materials (several nanometers), and
27% of V4+ in V4+-V2O5/CA is surface percentage, it is reason-
able that the V4+-V2O5/CA exhibits amorphous V2O5 phase
instead of a mixture of amorphous VO2 and V2O5. Combining
XPS and XRD analyses, V4+-V2O5/CA consists of V4+-rich V2O5
and CA, and the amount of V4+ (27%) is notably higher than
commonly reported in V2O5 (usually less than 10%) [31,35].

FTIR spectra of CA, VOx/CA and V4+-V2O5/CA are shown in
Fig. 1e. In the spectrum of CA, peaks at 645, 1004, and
1627 cm−1 are assigned to the stretching vibration of aromatic
rings, C–O bond and bending vibration of C–H bond in CA,
respectively [15]. VOx/CA shows peaks at 504, 584 and 835 cm−1

for V–O–V, V–Oc and V–Ob bonds, and another peak at
1014 cm−1 from the overlap of C–O and V=O bonds. The
spectrum of V4+-V2O5/CA exhibits the characteristic bands of
V2O5 at 478 cm−1 (V–O–V bonds), 586 cm−1 (V–Oc bonds),
819 cm−1 (V–Ob bonds) and 1022 cm−1 (V=O bonds) [36].

In Fig. 1f, the nitrogen adsorption-desorption isotherm curves
of CA, VOx/CA and V4+-V2O5/CA exhibit type IV curves with
H3 hysteresis loop characteristics according to the IUPAC [12].
In addition, the corresponding pore size distributions (Fig. 1g)
suggest a porous structure with micropores, mesopores and
macropores in CA, VOx/CA and V4+-V2O5/CA. The porous
structure of CA can provide a large contact area for electrolyte
and electrodes, shorten the charge transfer distance, and thus
facilitate electron transfer and ion diffusion. According to the
BET method, the surface area decreases significantly from 1569
(CA) to 125 m2 g−1 (VOx/CA) because the loading of VOx takes
some space in porous CA. However, the specific surface area
increases to 304 m2 g−1 in V4+-V2O5/CA likely due to the
deposition of small VOx particles. Compared with VOx/CA, the
larger specific surface area would provide more reactive sites to
enhance the charge storage ability of V4+-V2O5/CA.

The morphologies of samples are displayed with SEM images.
Compared with CA (Fig. 2a–c), curved VOx nanosheets uni-
formly disperse among the porous CA in VOx/CA in Fig. 2d–f.
Then, the nanosheets become less curved in V4+-V2O5/CA
(Fig. 2g–i), which can also result in an increased specific area in
V4+-V2O5/CA. Further characterized by TEM images (Fig. 2j, k),
dark V4+-V2O5 nanosheets distribute in CA and the EDS of
selected area demonstrates C and V elements in V4+-V2O5/CA
(Fig. S1). In the HRTEM image of V4+-V2O5/CA (Fig. 2l), layered
nanosheets were clearly observed with an average distance of
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0.81–0.93 nm. As V4+ possesses a larger ionic radius (72 pm) in
the six-coordination than V5+ (68 pm) in the same surroundings
[34], the larger ionic radius of V4+ would cause V2O5 layer dis-
tortions and expand the interlayer distance for fast ion diffusion
[36,37]. There is a large fraction of V4+ ions in the surface layer,
which would affect the interplanar distance and appear uneven,
while no peak shift is observed in corresponding XRD pattern.
As HRTEM images are highly localized, it is likely that such a
deviation occurs in the near surface layer with a small quantity
and thus is insensitive to XRD.

The electrochemical properties and performance of CA, VOx/
CA and V4+-V2O5/CA were tested in symmetric double-elec-
trode supercapacitors with Na2SO4 as electrolyte. As shown in
Fig. 3a, all the CV curves of CA, VOx/CA and V4+-V2O5/CA
show a nearly rectangle shape at 5 mV s−1, and the CV curves
show no obvious distortion as the scan rates increase to
100 mV s−1 (Fig. 3b and Fig. S2a, b). In addition, the rectangle
area become larger from CA to VOx/CA and V4+-V2O5/CA,
indicating an improved specific capacitance due to the loading of
V4+-rich V2O5 nanosheets. The GCD curves of CA, VOx/CA and
V4+-V2O5/CA are presented in Fig. 3c and Fig. S2c, d, respec-
tively. The specific capacitance of V4+-V2O5/CA calculated with
the GCD curve at 0.5 A g−1 (Fig. 3d) is 405 F g−1, much higher
than that of VOx/CA (170 F g−1) and pure CA (123 F g−1).
V4+-V2O5/CA also exhibits much better rate performance and
shows 201 F g−1 at a large current density of 10 A g−1 (Fig. 3e).
Moreover, the energy density of V4+-V2O5/CA (56 W h kg−1) is

higher than that of VOx/CA (23 W h kg−1) and CA
(17 W h kg−1) when the average power density is 250 W kg−1

(Fig. 3f). The above result confirms that V4+-V2O5/CA is pro-
mising for high-performance supercapacitors. The enhance-
ments in specific capacitance and energy density of V4+-V2O5/
CA should be attributed to the following factors: (1) In the
special nanostructure, the uniformly distribution of V2O5
nanosheets in porous CA shortens the electron transfer and ion
diffusion distance, and the large specific surface area provides
more reaction sites for electrochemical reactions. (2) Crystalline
V2O5 can make capacitance contributions via pseudocapacitive
intercalation [38]. High-valence vanadium (V5+) can be reduced
to V4+ and V3+ (V5+ + e− → V4+, V4+ + e− → V3+) to store more
charges than low-valence vanadium. (3) The accompanied V4+

may catalyze the redox reactions and improve the transport
kinetics of V4+-V2O5/CA, and (4) CA synergistically improves
the electrical conductivity and structural integrity.

To study the contributions of V4+, V2O5 obtained from the
hydrolysis of VOx and heat-treatment (characterized by XRD
and XPS in Fig. S3) was mechanically mixed with CA (noted as
V2O5/CA) according to the mass ratio from TG results. Tested in
the same conditions (Fig. 3g and Fig. S2e, f), the CV curve area
of V2O5/CA is smaller than that of V4+-V2O5/CA. Consistently,
the specific capacitance of V2O5/CA is 225 F g−1 at 0.5 A g−1,
larger than that of CA (123 F g−1) and VOx/CA (170 F g−1). This
result confirms that high-valence vanadium (+5) contributes to
enhanced specific capacity via redox reactions. On the hand, the

Figure 2 SEM images of (a–c) CA, (d–f) VOx/CA and (g–i) V4+-V2O5/CA. (j–l) TEM and HRTEM images of V4+-V2O5/CA.
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specific capacitance of V2O5/CA (225 F g−1 ) is nearly half that of
V4+-V2O5/CA (405 F g−1), indicating the capacitance contribu-
tion of V4+. The accompanied V4+ may catalyze the redox
reactions and improve the transport kinetics of V4+-V2O5/CA, as
reported in self-doped V4+-V2O5 nanoflakes [27]. Density
functional theory calculations suggest that the density of states of
V4+ is different from that of V5+. As the electrons occupy V 3d
orbitals at the conduction band bottom of V4+, V4+ thus
improves the electrical conductivity of electrodes, which cata-
lyzes the redox reactions and improves the transport kinetics
[39].

V4+-V2O5/CA also demonstrates excellent cycling perfor-
mance. As shown in Fig. 3h, the initial capacitance is 201 F g−1 at
10 A g−1, and 96% is maintained after 40,000 charge/discharge
processes. However, only 62% retention is kept in VOx/CA after
20,000 cycles (Fig. S4). CA exhibits superior stability of 95%
capacitance retention after 20,000 cycles, but the initial capaci-
tance is as low as 57 F g−1 (Fig. S4). The long lifespan of
V4+-V2O5/CA is attributed to CA which stabilizes the structure
with a firm and conductive framework. Also, V4+ also helps to
improve the stability of V2O5 nanosheets with fast charge
transportation. Moreover, the cycling performance of V4+-V2O5/
CA is also better than those of other materials, such as V2O5/

graphene/CNT (82.9% capacitance retention after 32,500 cycles
at 10 A g−1) [40], Co2VO4 (87% capacitance retention after
18,000 cycles at 10 A g−1) [3], and N,S self-doped hollow-sphere
porous carbon (80.3% capacitance retention after 5000 cycles at
5 A g−1) [41].

The kinetic factors for the excellent electrochemical perfor-
mance of V4+-V2O5/CA were explored with EIS measurements.
As shown in Nyquist plots in Fig. 4a, the Z′-intercept, the
semicircle and the sloping line correspond to the internal
resistance mostly from internal resistance (Rs), charge transfer
resistance (Rct) at the electrode/electrolyte interface and ion
diffusion of the electrode, respectively. In this work, the almost
same Rs values suggest less effects from the system. The smaller
Rct value and steeper slope of V4+-V2O5/CA than CA and
VOx/CA (Fig. 4b) suggest that electron transfer and ion diffusion
kinetics are enhanced by V4+-rich V2O5 nanosheets. In addition,
the ion diffusion coefficient (Dn) can be calculated with the
following equation [8]:
Dn =R2T2/(2A2n4F4C2σ2), (1)
where R (gas constant), T (absolute temperature), A (surface
area of electrode), n (the number of transferred electrons), F
(Faraday constant) and C (the concentration of ions) are con-
stant. Warburg factor (σ) can be obtained by fitting the low-

Figure 3 (a) CV curves of V4+-V2O5/CA at different scan rates. (b) CV curves of CA, VOx/CA and V4+-V2O5/CA at 5 mV s−1. (c) GCD curves of V4+-V2O5/
CA at different current densities. (d) GCD curves of CA, VOx/CA and V4+-V2O5/CA at 0.5 A g−1. (e) Specific capacitances tested at different current densities,
and (f) Ragone plots of CA, VOx/CA and V4+-V2O5/CA. (g) CV curves of V4+-V2O5/CA and V2O5/CA at 5 mV s−1. (h) Cycling performance of V4+-V2O5/CA at
10 A g−1.
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frequency points as Z′′ vs. ω−1/2, where ω is the angular frequency
(Fig. 4c). As calculated, Dn of V4+-V2O5/CA, CA and VOx/CA
are 2.7 × 10−10, 1.1 × 10−10 and 5.0 × 10−11 cm2 s−1, respectively.
The results indicate that the transport kinetics is greatly
enhanced in V4+-V2O5/CA. Coherent nanocomposite structure
and components collectively made noticeable enhancements in
electrochemical properties and supercapacitor performance. As
illustrated in Fig. 4d, the porous CA used as an EDLC electrode
material stores charges by adsorption/desorption of charges with
a large specific surface area [13,41]. Moreover, V2O5 nanosheets
show pseudo-capacitive reactions although there are no obvious
redox peaks in CV curves [38,42]. In addition, the V2O5
nanosheets uniformly distribute in porous CA in V4+-V2O5/CA.
The electron transfer and ion diffusion distance are shortened,
thus facilitating charge transportation and enhancing charge
kinetics. The large specific surface area of V4+-V2O5/CA com-
posite also provides a large amount of reaction sites for surface
adsorption/desorption and pseudo-capacitive reactions.

CONCLUSIONS
Direct hydrolysis and condensation of VOx sol in porous CA is
demonstrated to be an effective approach in the synthesis of
V4+-rich V2O5/CA. The uniform distribution of V2O5 nanosheets
shortens the charge transfer pathway with more reactive sites for
redox reactions. V4+ is believed to enhance the transport kinetics
of V4+-V2O5/CA and catalyze the electrochemical reactions.
V4+-V2O5/CA achieves a high specific capacitance of 405 F g−1

and exhibits a long lifespan (96% capacitance remained after
40,000 cycles). The excellent electrochemical properties and
supercapacitor performance of V4+-V2O5/CA are attributed to

the combined contribution of coherent nanocomposite structure
and the presence of crystalline V2O5 nanosheets with a large
amount of V4+.
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富含V4+的V2O5/碳气凝胶纳米复合材料用于高性能
超级电容器
毕文超1,2,3, 邓声远2, 汤海莎1, 刘源1, 沈军2, 高国华2*, 吴广明2*,
M. Atif4,5, MS AlSalhi4,5, 曹国忠3*

摘要 本文利用原位水解-聚合的方法合成了富含V4+的V2O5/碳气凝胶
纳米复合材料(V4+-V2O5/CA), 用于超级电容器的电极. 在合成过程中,
碳气凝胶(CA)促进了无序氧化钒的沉积并催化富含V4+的V2O5在较低
的温度下结晶. 由于V2O5纳米片均匀地分布在CA内, 这种特殊结构为
电化学储能反应提供了大比表面积和更多的活性位点; CA协同提高了
电极材料的导电性和结构稳定性; 丰富的V4+增强了V2O5原有的导电
性、促进了离子扩散速率并催化了电化学反应. 因此, 基于V4+-V2O5/
CA的超级电容器获得了高比容量(在0.5 A g−1下比容量达405 F g−1)、
高能量密度(56 W h kg−1, 功率密度为 250 W kg−1) 和长循环寿命
(40,000次循环后比容量保持率为96%).
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