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A B S T R A C T   

Carbon aerogels hold great promise as the electrode materials for energy storage owing to their desirable porous 
structures and specific surface areas. Here, we report a scalable approach for the preparation of Co-doped gra-
phene/carbon hybrid aerogel (CGCA) with hierarchically porous structure through a dual cross-linking strategy. 
By adjusting the cross-linking structure of the hydrogel precursor, the porous structure of CGCA can be readily 
regulated and the specific surface area of CGCA can achieve 1217 m2 g− 1. As a result, the CGCA samples not only 
manifest improved electrical conductivity, but also possess enhanced capacitance storage capacity. The opti-
mized CGCA electrode displays a high specific capacitance of 371 F g− 1 at 1 A g− 1 and maintains a large specific 
capacitance of 57 % at 150 A g− 1. Meanwhile, the supercapacitor assembled with CGCA electrodes shows a high 
specific capacitance of 80 F g− 1 at 0.5 A g− 1 and good cyclic stability with a capacitance retention of 95 % after 
10,000 cycles. Moreover, the supercapacitor device can provide a high energy density of 11.1 Wh kg− 1 at a 
power density of 250 W kg− 1. The superior energy-storage behaviors of CGCA make them promising electrode 
materials for high-performance supercapacitors.   

1. Introduction 

The ever-growing global energy demands and environmental issues 
nowadays have accelerated the development of renewable energy. As 
the highly promising energy-storage systems, the supercapacitors 
receive a lot of attention because of their high-power density, long cycle 
life, environment-friendly property and wide operating-temperature 
range [1–6]. Accordingly, great efforts have been made to prepare 
high performance and low-cost electrode materials to realize the large- 
scale application of supercapacitors. To date, carbon materials have 
shown their potentials as low-cost and highly-durable electrode mate-
rials for supercapacitors, whose capacitive energies are stored by electric 
double-layer capacitor (EDLC) between electrolytes and electrode ma-
terials [7–9]. However, the carbon materials usually have poor EDLC 
(<100 F g− 1) [10], which seriously affects the capacitive performance of 
the supercapacitors with carbon-based electrode materials. According to 
the literatures [11–13], the capacitive performance of carbon materials 
can be effectively promoted through the pore engineering. Therefore, 

the researchers are currently devoted to modulate the porous structures 
of carbon-based electrode materials and increase their specific surface 
areas to boost their EDLC-derived capacitive properties. 

With the attractive features of large specific surface area and supe-
rior mass-transfer capability, the three-dimensional (3D) porous carbon 
aerogels (CA) have been extensively investigated as the inspiring elec-
trode materials for supercapacitors [14–18]. Unfortunately, as for the 
low bulk density and high surface area, the CA materials usually show 
poor electrical conductivity, resulting in reduced charge transfer and 
power density [19]. While, the high conductivity of CA materials can be 
achieved through graphitization to build better-connected structures, 
but this method usually reduces the surface area and porosity of these 
prepared CA materials [20]. Therefore, it is a challenge to combine the 
high surface area and high conductivity of CA materials. 

Recently, lots of efforts have been done in the design and preparation 
of carbon-based composite aerogels to implement the desired combi-
nation of properties and synergies through multiple components 
[21–24]. As reported, the carbon materials can be combined with 

* Corresponding authors. 
E-mail addresses: zhangls@jiangnan.edu.cn (L. Zhang), txliu@jiangnan.edu.cn (T. Liu).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2022.105445 
Received 15 June 2022; Received in revised form 20 July 2022; Accepted 6 August 2022   

mailto:zhangls@jiangnan.edu.cn
mailto:txliu@jiangnan.edu.cn
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2022.105445
https://doi.org/10.1016/j.est.2022.105445
https://doi.org/10.1016/j.est.2022.105445
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2022.105445&domain=pdf


Journal of Energy Storage 55 (2022) 105445

2

polymers to prepare prefabricated polymer hydrogels, which can be 
converted to carbon aerogels through subsequent freeze-drying and 
carbonization processes [25–28]. Among others, the graphene oxide 
(GO) sheets work well as the cross-linking agents to anchor polymer 
chains to prepare the carbon-based composite aerogels with improved 
mechanical property and enhanced electrochemical advantages 
[29–33]. Meanwhile, it is an effective way to modulate the hierarchical 
porosity of carbon aerogels by adjusting the cross-linking points of the 
prefabricated polymer hydrogels [34–37]. According to the literatures, 
the metal ions are effective cross-linking points to anchor polymer 
chains to form metal-polymer gel precursors for the preparation of 
porous CA materials [38–40], which is conducive to obtaining porous 
materials with high conductivity. On these bases, we propose that the 
prefabricated composite hydrogels can be synthesized using GO sheets 
and metal ions as the dual cross-linking agents, which is expected to 
prepare CA materials with high conductivity and high specific surface 
area, achieving high capacitive performance of CA materials. 

Here, we reported a well-designed Co-doped graphene/carbon 
hybrid aerogel (CGCA) using a dual cross-linking strategy derived from 
cobalt ions (Co2+) and GO cross-linked polyamic acid (PAA) hydrogel. 
The PAA was employed as the skeleton material to construct the three- 
dimensional structure of the aerogels, which could provide good me-
chanical properties to maintain the porous structure through imidiza-
tion. Meanwhile, with Co2+ and GO sheets as dual cross-linking agents, 
the molecular chains of PAA were effectively anchored and the pore 
structure of CGCA could be adjusted by tuning the crosslinking degree of 
hydrogel precursor. Due to the multi-porous architecture, the specific 
surface area of CGCA can even achieve 1217 m2 g− 1 with pores ranging 
from micropore to mesopore. In addition, the graphitization degree of 
CGCA can be enhanced because of the Co doping and the presence of N 
and O elements can promote the wettability of the CGCA, thus 
improving the conductivity and making the electrolyte easily penetrate 
into the porous electrode material. With the advantages of hierarchically 
porous structures and multielement doping, the CGCA has a high spe-
cific capacitance of 371 F g− 1 at 1 A g− 1, which can remain about 57 % of 
the initial capacitance at 150 A g− 1. Moreover, the supercapacitor with 
CGCA-2 electrodes provides a large high energy density of 11.1 Wh kg− 1 

at a power density of 250 W kg− 1. This work provides a facile and 
scalable approach for the preparation of carbon-based hybird aerogel 
with high electrical conductivity and hierarchically porous structure to 
achieve the enhanced capacitive energy storage. 

2. Experimental section 

2.1. Preparation of CGCA 

Firstly, the PAA was synthesized according to the previous reports 
[41,42], and the specific experimental steps were shown in Supple-
mentary material. Then, the PAA (1 g) and triethanolamine (1 g) were 
immersed into 10 ml GO solution (8 mg mL− 1) under stirring. When PAA 
was completely dissolved, the CoCl2⋅6H2O solution was added under 
stirring. At rest for 24 h, the solution went from a liquid state to a gel 
state, which resulted in the Co2+ and GO cross-linked PAA hydrogel 
(CGPH). By regulating the amount of CoCl2⋅6H2O, a series of CGPH 
samples were prepared, which were named as CGPH-1 (0.2 g 
CoCl2⋅6H2O), CGPH-2 (0.4 g CoCl2⋅6H2O) and CGPH-3 (0.6 g 
CoCl2⋅6H2O), respectively. For comparison, the PAA-based hydrogel 
(PH) and the GO cross-linking PAA hydrogel (GPH) were also prepared. 
After freeze-drying for 2 days, the dried gel samples could be obtained. 
Then, the dried gel samples were imidized at 350 ◦C for 1 h and 
carbonized at 800 ◦C for 2 h in a tubular furnace in Ar. Finally, the 
obtained carbon aerogels were named as PCA (PH-derived), GCA (GPH- 
derived), CGCA-1 (CGPH-1-derived), CGCA-2 (CGPH-2-derived) and 
CGCA-3 (CGPH-3-derived), respectively. 

2.2. Preparation of electrode 

The slurry-coating approach was employed to prepare the working 
electrodes and the carbon papers were used as the current collectors 
during the electrochemical tests. Using the slurry-coating approach, the 
amount of electrode materials can be readily adjusted by controlling the 
amount of electrode slurries used to paste on the current collectors. The 
acetylene black, polyvinylidene fluoride, N-methyl-2-pyrrolidone 
(NMP) were employed as conductive agent, binder and solvent, 
respectively. Under tiring, the prepared CA materials, binder and 
conductive agent were mixed into NMP in a weight ratio of 8:1:1 to 
prepare the ink. Then, the electrodes were prepared by homogeneous 
coating the ink (1 mg) on carbon paper (1 × 1 cm2) and dried overnight 
at 80 ◦C. The electrochemical tests were carried in 1 M H2SO4 electrolyte 
or 6 M KOH electrolyte. The detailed electrochemical testing process and 
related calculation were shown in the Supplementary materials. 

3. Result and discussion 

3.1. Preparation of CGCA materials 

As illustrated in Fig. 1, the CGCA was schematically obtained by a 
simple two-step method. Firstly, a series of PAA-based hydrogels were 
synthesized by controlling the type and amount of cross-linking agent 
(Fig. 2a). For the Co2+ and GO cross-linked PAA hydrogel (CGPH), the 
Co2+ and the GO sheets could link the oxygen-containing groups and 
amide groups of PAA chains as the dual cross-linking points. Moreover, 
the Co2+ could connect the oxygen-containing groups of GO sheets and 
PAA chains via coordinate interactions. In addition, the physical cross- 
linking points were established due to the entangled PAA molecular 
chains. Simultaneously, the H-bond between the oxygen-containing 
groups of GO sheets and the amide groups of PAA chains could also 
improve the mechanical performance of CGPH. These physical and 
chemical cross-linking points were able to structure the 3D cross-linking 
networks of CGPH with good mechanical properties. As shown in stress- 
strain curves of these obtained hydrogels (Fig. 2b), it is clear that the 
tensile stress of the GO sheets cross-linked PAA hydrogel (GPH) is higher 
than that of the PAA hydrogel without cross-linker (PH), but much lower 
than those of CGPH samples with dual cross-linking points, illustrating 
that the dual cross-linking strategy can effectively promote the me-
chanical performance of the prefabricated PAA-based hydrogels. 
Moreover, the CGPH-2 manifests the highest tensile stress and the 
strongest modulus among these samples, illustrating that the CGPH-2 
has the outstanding cross-linking strength. The above results may be 
attributed to the moderate amount of cross-linking points and good 
cross-linking state of CGPH-2. The insufficient Co2+ content leads to 
insufficient cross-linking degree of hydrogels, while the high amount of 
Co2+ will lead to the over-dense cross-linking points and restrict the 
movement of molecular chains. Therefore, the amount of Co2+ is critical 
in determining the generation of cross-linking structure of hydrogels. 

To further reveal the mechanical properties of these obtained 
hydrogels, the rheological properties of these hydrogels were measured. 
The dynamic rotate strain sweep curves of these prepared hydrogels 
were taken within the strain ranging from 0.005 % to 350 %. As dis-
played in Fig. 2c, the dynamic strain sweep curves of these obtained 
hydrogels have the similar wide linear viscosity region, where storage 
moduli (G′) is higher than loss moduli (G′′), illustrating that these 
hydrogels have the typical gel-like property. Among these prepared 
hydrogels, the G′ value of CGPH-2 is the largest, indicating that the 
mechanical property of CGPH-2 is the strongest. When the strain in-
creases to 100 %, the G′ and the G′′ begin to fluctuate and the hydrogel 
samples appear quasi-liquid states. Compared with the prepared CGPH, 
the PH and GPH can only stay the gel state (G′ > G′′) within a smaller 
strain interval, which is mainly due to their poor degree of cross-linking. 
Notably, the linear decrease of viscosity with angular frequency in-
dicates the presence of chemical cross-linking and physical interaction 
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in the sample (Fig. 2d). Significantly, the CGPH-2 has the highest vis-
cosity among these obtained hydrogels, indicating the strongest cross- 
linking architecture with Co2+ and GO dual cross-linking points. 

3.2. Morphological and structural characterization 

By freeze-drying and carbonization, the porous CA samples were 
obtained from the prefabricated hydrogels. Primarily, the morphology 
of these prepared CA samples was observed using the scanning electron 

microscopy (SEM). Compared with the PH-derived CA sample (PCA), the 
pore size of GPH-derived CA sample (GCA) is relatively small (Fig. S1), 
indicating that the pore size of GCA can be effectively adjusted by using 
GO cross-linking agent. In the SEM images of these obtained CGCA 
(Figs. 3a and S2), it can be unambiguously seen that the pore size of 
these prepared CGCA samples decreases and the density of pores in-
creases with increased amount of Co2+. Obviously, the CGCA-2 exhibits 
the best porous morphology for the appropriate amount of Co2+. While, 
the CGCA-3 sample has dense lumpy structure due to the addition of 

Fig. 1. Schematic of CGCA derived from PAA-based hydrogel.  

Fig. 2. (a) The gel exhibition and (b) stress-strain curves of different hydrogel samples. (c) Strain sweeps curves at fixed frequency with strain ranging from 0.005 % 
to 350 % (fixed frequency: 1 Hz). (d) Apparent viscosity of different hydrogel samples with the frequency from 0 to 700 s− 1 (fixed strain: 0.5 %). 
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excessive Co2+. The above results illustrate that the pore structure of 
CGCA samples can be effectively regulated by controlling the addition of 
Co2+. To further study the morphology and chemical composition of 
CGCA-2 sample, transmission electron microscopy (TEM) with X-ray 
energy dispersive spectroscopy (EDS) mapping was employed. As shown 
in the TEM image of CGCA-2 (Fig. S3), the hierarchically porous surface 
can be observed, which is helpful to improve the surface area of the 
CGCA-2. As shown in the high-resolution TEM image of CGCA-2 
(Fig. 3b), the lattice spacing of Co nanoparticle is 0.204 nm, which 
can be attributed to (111) crystal plane of metallic Co phase. As re-
ported, the doping of Co can effectively promote the conductivity of CA 
materials [43]. Furthermore, the EDS mapping images of CGCA-2 reveal 
that the C, N, O and Co elements homogeneously coexist in CGCA-2 
sample (Fig. 3c). 

Notably, the N2 adsorption-desorption isotherms of these obtained 
CA samples are IV-type curves (Fig. 3d), which is due to the presence of 
mesopores and macropores in these prepared CA samples [44]. 
Compared with CGCA-1 and CGCA-3, the N2 adsorption capacity of 
CGCA-2 increases quickly at relatively low pressures (P/P0 < 0.01) and 
the hysteresis loop of CGCA-2 is more evident at high pressure (0.4 ≤ P/ 
P0 < 0.99), illustrating that the CGCA-2 has more micropores and the 
pore size of CGCA-2 is smaller than that of CGCA-1 or CGCA-3. By 
comparing the surface area, pore-size distribution and hole volume of 
these prepared CA samples (Table S1, Fig. 3e and f), it can be seen that 
the micropore volume and mesoporous volume of these prepared CGCA 
samples are much higher than those of GCA and PCA. Especially, the 
CGCA-2 has the largest micropore volume among these prepared CA 

samples, which is beneficial to accelerate ion transport and improve the 
electrochemical performance. 

The X-ray diffraction (XRD) patterns of these obtained CA samples 
show the broad peaks centered around 24◦–26◦ (Fig. 4a), which is 
derived from the (002) crystal plane of graphite. Moreover, in the XRD 
patterns of CGCA samples, there are three additional XRD peaks at 
44.2◦, 51.6◦ and 76.3◦, corresponding to the (111), (200) and (220) 
crystal plane of metallic Co (PDF#15-0806). The graphitization degree 
of these prepared CA samples was also confirmed by Raman measure-
ments. There are two peaks at 1596 and 1350 cm− 1 in the Raman spectra 
of these CA samples (Fig. 4b), which are the peaks of G band and D band 
[44,45]. The graphitization degree of the CA samples can be evaluated 
by calculating the ratio of D band and G band. Among these CA samples, 
the ID/IG of CGCA-2 is the lowest, indicating that the graphitization 
degree of CGCA-2 is the highest. Meanwhile, it is demonstrated that the 
graphitization degree of the CGCA samples with Co doping is higher 
than those of PCA and GCA. The results prove that the graphitization 
degree of CA materials can be greatly improved for the addition of Co2+, 
so as to improve the conductivity of CA samples. 

The chemical states of these prepared CA samples were also inves-
tigated with X-ray photoelectron spectroscopy (XPS). Obviously, the 
XPS spectra of the obtained CGCA samples clearly show the presence of 
Co elements (Fig. S4). In the high-resolution Co 2p spectra of these 
obtained CGCA samples (Fig. 4c), the XPS peaks at 797.4 and 781.5 eV 
correspond to the Co 2p1/2 and Co 2p3/2 of Co2+ and their two satellite 
peaks are observed at 786.4 and 803.3 eV [46,47]. Notably, no metallic 
Co signal peak is detected in the Co 2p spectra of these CGCA sample, 

Fig. 3. (a) SEM image, (b) TEM images and (c) corresponding EDS mapping of obtained CGCA-2. (d) N2 adsorption-desorption isotherms, (e) pore-size distribution 
and (f) pore volume of the CGCA-2 and control samples. 
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which may be due to the carbon coating on the surface of Co nano-
particles. Meanwhile, the N 1s spectra of these prepared CGCA samples 
can be resolved into pyridinic N (398.3 eV), Co–N (399.1 eV), pyrrolic 
N (400.5 eV) and graphitic N (401.2 eV) (Fig. 4d), respectively [48,49]. 
As report, the presence of Co–N can make contributions to offer high 
electrical conductivity for the enhanced EDLC-derived capacitive per-
formance [50]. Moreover, the C 1s and O 1s spectra of these obtained 
CGCA samples indicate that the surfaces of these prepared CGCA sam-
ples are rich in oxygen-containing functional groups (Fig. S5). With 
these nitrogen and oxygen functional groups, these CGCA samples 
possess good wettability, which makes electrolyte easily permeate into 
the porous CGCA samples, thus improving their capacitive properties. 

3.3. Electrochemical performance 

The electrochemical performances of the porous CA samples were 
tested in a three-electrode system in 1 M H2SO4 electrolyte. Obviously, 
the CV curves feature two distinct redox peaks (Fig. 5a), indicating the 
predominant EDLC-derived contribution of the carbon component, as 
well as the pseudo-capacitive contribution of the electrochemically 
active N species [51–53]. Notably, the CV curve area of CGCA-2 is the 
largest among these prepared CA samples, representing the highest ca-
pacity of CGCA-2. Meanwhile, the galvanostatic charge-discharge (GCD) 
curves of these prepared CA samples present a set of oxidation-reduction 
plateaus at around 0.4 and 0.5 V at 1 A g− 1 (Fig. 5b), which follows the 
peak position in the CV curves. Notably, compared with other obtained 

CA samples, the CGCA-2 has a much longer GCD curve and shows the 
excellent electrochemical performance. Moreover, the calculated spe-
cific capacities of these CA-based samples at 1 A g− 1 demonstrates the 
largest specific capacity of CGCA-2 (371 F g− 1) among these obtained CA 
samples (Fig. 5c), which outperforms other reported CA-based electrode 
materials (Table S2). At the same time, the GCD curves of the CGCA-2 
were measured at different specific current values from 1 to 150 A g− 1 

(Fig. S6). The corresponding capacities illustrate that the CGCA-2 has 
superior rate performance, even maintaining about 57 % at 150 A g− 1 

(Fig. S7). Meanwhile, the GCD curves of these CA samples were also 
measured in alkaline electrolyte (Fig. S8), which prove that the CGCA-2 
exhibits the best capacitive performance among these CA samples. These 
results indicate that the CGCA-2 electrode has the best capacitive per-
formance among all the CGCA electrodes, which can be attributed to its 
large specific surface area and high electrical conductivity. 

As shown in the electrochemical impedance spectroscopy (EIS) 
spectra of CA samples (Fig. S9), the line of CGCA-2 is nearly vertical in 
the low-frequency region, indicating the internal and charge-transfer 
resistance of CGCA-2 are relatively low. The above result can be due 
to the high graphitization degree of CGCA-2. In order to further reveal 
the intrinsic resistance of these CA samples, the correlation between 
bode phase angle and frequency was studied. At the frequency of 0.01 
Hz, the phase angles of these prepared carbon aerogels are about − 90◦

(Fig. 5d), which illustrates that these obtained CA samples have 
remarkable capacitive characteristics. The characteristic frequency, that 
is the frequency corresponding to the phase angle of 45◦, is the point at 

Fig. 4. (a) XRD patterns, (b) Raman spectra, (c) high-resolution Co 2p and (d) high-resolution N 1s spectra of the prepared CGCA samples.  
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which the capacitive impedance and resistive impedance are equal 
[54,55], whose corresponding time constant τ0 (1/ƒ0) is the shortest 
time required for the equipment to release all energy. Notably, the τ0 of 
GCA, CGCA-1, CGCA-2, CGCA-3 are 2.36, 0.94, 0.61 and 1.50 s, 
respectively. The result shows that the τ0 of CGCA-2 is the smallest 
among these CA samples, which can be due to the highly efficient ion 

diffusion within the multiscale pore structure. 
As illustrated in Fig. 6a, the symmetric supercapacitors were 

assembled using CGCA-2 as electrode materials. The Fig. 6b is the CV 
curves of the supercapacitor device, which are approximately quasi- 
rectangular at the scan rate from 10 to 200 mV s− 1. Meanwhile, the 
GCD curves present symmetrical triangular in the range of 0.5 to 10 A 

Fig. 5. (a) CV curves at the scan rate of 10 mV s− 1, (b) GCD curves at 1 A g− 1, (c) specific capacitances and (d) phase angles of the CGCA-2 and control samples.  

Fig. 6. (a) Schematic of the symmetric supercapacitor. (b) CV curves, (c) GCD curves, (d) specific capacitance, (e) cycling performance and Coulombic efficiency of 
the symmetric supercapacitor with CGCA-2 electrodes. (f) Ragone plot of the symmetric supercapacitor with CGCA-2 electrodes, in comparison with those reported 
by other literatures. 
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g− 1 (Fig. 6c). Moreover, the specific capacitance of the symmetric 
supercapacitor is 80 F g− 1 at 0.5 A g− 1 and maintains at 63 F g− 1 at 10 A 
g− 1 (Fig. 6d), indicating a perfect capacitance retention of 74 %. After 
10,000 cycles, the capacitance retention of the supercapacitor is 95 % 
and its Coulombic efficiency is nearly 100 % (Fig. 6e), illustrating that 
the supercapacitor assembled with CGCA-2 electrodes has good cycling 
stability. As shown in the Fig. S10 and Table S3, we have further carried 
out the post-mortem XPS measurements of the CGCA-2 sample after the 
electrochemical tests. It can be found that the content of N element is 
slightly decreases and the content of Co element appreciably decreases 
for CGCA-2 after the electrochemical tests, which can be attributed to 
the corrosion of the N-doped carbon substrate and the dissolution of Co 
species in the harsh acidic electrolytes and concomitantly the capaci-
tance decay during the electrochemical tests. The EIS measurement was 
also tested to assess the resistances of the supercapacitor with CGCA-2 
electrodes (Fig. S11), which indicates that the device has small diffu-
sion resistance and charge transfer resistance. Furthermore, the Ragone 
plot of the supercapacitor with CGCA-2 electrodes (Fig. 6f) illustrates 
that the energy density of the device can reach 11.1 Wh kg− 1 at a power 
density of 250 W kg− 1, and maintains 8.8 Wh kg− 1 at a power density of 
5029 W kg− 1, higher than other reported porous carbon-based electrode 
materials [56–65]. In addition, the symmetric supercapacitors assem-
bled with CGCA-2 electrodes can also exhibit capacitive energy-storage 
performance in alkaline electrolyte (Fig. S12). Furthermore, as shown in 
Fig. S13, the light-emitting diode can be powered by the symmetric 
supercapacitor with CGCA-2 electrodes. 

4. Conclusion 

In summary, the Co-doping graphene/carbon hybrid aerogel (CGCA) 
is prepared via a dual cross-linking strategy and applied for high- 
performance supercapacitor. Using Co2+ and GO sheets as dual cross- 
linking agents can not only adjust the pore structure of carbon aerogel 
to increase its capacitive property, but also improve the graphitization of 
carbon matrix to boost its electrical conductivity. Benefit from these 
merits, the optimized CGCA electrode shows a typical EDLC behavior 
with high specific capacitance (371 F g− 1 at 1 A g− 1), superior energy 
density (11.1 Wh kg− 1) and power density (5029 W kg− 1), as well as 
outstanding cycling stability (95 % after 10,000 cycles at 5 A g− 1). This 
work offers insights for further design and advancement of carbon aer-
ogels with modulated hierarchical porosity and enhanced electrical 
conductivity towards various energy storage devices. 
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