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ABSTRACT:  

Hybridising 2D materials into 3D aerogels have attracted considerable interest in ultralight 

electrochemical energy storage devices. However, to optimise the device structure for more 

efficient charge storage and transport, a better understanding of the ratio-dependent 

hybridisation process and interface charge transfer mechanisms are highly required. Here, we 

perform a comprehensive study to elucidate the fundamental process during the reduced 

graphene oxide (rGO) and carbon nanotube (CNT) hybridisation, which enabled the fabrication 

of a rational-designed rGO/CNT hybrid aerogel (GCA) with a record energy storage 
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performance beyond previously reported works. Based on spectroscopy and microscopy 

analysis, we found the hydrophilic and hydrophobic transition of GO which eliminates the 

surface-functionalised oxygen-containing moieties, is the origin of the π-π stacking 

hybridisation between rGO and CNTs. Moreover, we found the different amount of CNTs 

‘solder’ in-between rGO sheets can offer GCA distinct mechanical elasticity, ion diffusion 

resistance and specific capacitance. As illustrated in the electrochemical impedance 

spectroscopy (EIS) and charge/discharge analysis, we found GCA 2-2 (rGO:CNT=2:2) display 

the best gravimetric capacitance of 117 F∙g-1 at a discharge current density of 1 A∙g-1, which 

help us to fabricate an ultra-flyweight supercapacitor with a large energy density of 3.53 Wh∙kg-

1 at a power density of 283.4 W∙kg-1.  

 

INTRODUCTION 

Miniaturisation and integration are new challenges in modern electronic devices with an 

emerging focus on wearable electronics.1 Due to close contact with the human body, wearable 

devices require low weight, biocompatibility, small size, and flexibility.2-5 Flexible and 

lightweight energy storage devices are essential for powering new-generation wearable 

electronics.6-8 The supercapacitor (SC) is one of the promising devices for these portable 

energy-storage applications as their energy densities are much higher than conventional 

capacitors and possess much better power delivery capabilities than batteries.9-10 At present, 

carbon is primary electrode materials used in SCs due to their abundant sources and facile 

modification processes.11 Among them, electrical double-layer capacitors (EDLCs) are most 
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common device configuration,12-14 whereas pure nonreactive carbon materials store charges 

electrostatically.15-17 Indeed, in porous carbon materials with sub-nanometre pores, the 

desolvation of the ions leads to surprisingly high capacitances.10, 18 

 

Lowering the weight of carbon electrode materials for ultralight as well as increase porosity, 

and specific surface area are new challenges in carbon-based supercapacitors.19-21 Generally, 

three-dimensional (3D) aerogel, such as Graphene aerogel (GA), can be fabricated by using 

two-dimensional graphene oxide (GO) which can generate a 50% higher specific capacitance 

(152 F∙g−1) than normal GO agglomerate particles-based SCs together with extremely 

lightweight.22 GO is oxidised graphite flakes with excellent hydrophilicity associated with 

abundant oxygen-containing functional groups attaching to the edges and planes.10, 23-24 

However, due to the randomly distributed pore wall structure, GA shows low electrical 

conductivity, high brittleness, and can be easily collapsed under pressure.25-26 Therefore, 

preparing a 3D framework GA with both high electrical conductivity and super-elasticity for 

high-performance supercapacitors is high demand.  

 

Conductive and robust materials have been tried to blend into GA for enhancing the electrical 

conductivity, elasticity and specific capacitance.14, 25, 27 However, GO has strong hydrophilic 

surface properties which give rise to difficulties for hybridising with other carbon materials 

such as hydrophobic carbon nanotubes.10 Recently, the graphene/carbon nanotube hybrid 

aerogels (GCA) have shown some promise in improving specific capacitance (252 F∙g-1 at 0.5 
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A∙g-1) and stability associated with their high electrical conductivity, excellent mechanical 

strength, and proprietary hollow structures.27 However, GO, and CNTs are difficult to be 

miscible with each other because of the low solubility of CNTs in water. Therefore, polymers, 

ionic liquid or cellulose nanofibrils are usually employed for dispersing CNT or GO, which not 

only makes the fabrication process complicates but also adds additional weight to the 

electrodes.10, 27-29 Furthermore, to optimise the device structure to allow for more efficient 

charge storage and transport, a better understanding of the ratio-dependent hybridisation 

process as well as interface charge transfer mechanisms that take place in these proprietary 

hollow structures are highly required.  

 

In this work, we fabricated the super-elastic graphene/carbon nanotube aerogels (GCA) by 

stepwise hydrothermal and freeze-drying process. The effect of CNT content on the structure, 

electrical conductivity and specific capacity of GCA were systematically studied. Based on 

electron microscopy analysis, we found the intercalation of CNT into the rGO sheets can form 

a rich porous structure, which provides open channels for ion transport and reduces ion 

diffusion resistance. Meanwhile, CNT ‘soldered’ in-between rGO sheets can avoid the slip of 

cellular layers under compression, which offers the as-prepared aerogels super-elasticity. 

During the hydrothermal reduction of GO sheets, an efficient self-assembly process is triggered 

as a result of hydrophobic π-π stacking interactions between rGO and SWCNTs. We found the 

hydrophilic and hydrophobic transition of GO is originated from the partially hydrothermal 

reduction reaction, which eliminates the surface-functionalised oxygen-containing moieties 

during the formation of rGO. Additionally, the electrochemical impedance spectroscopy (EIS) 
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results prove that the addition of CNT can dramatically improve the electrical conductivity of 

GCA. In the end, electrochemical measurements show that GCA 2-2 SCs display excellent 

gravimetric capacitance of 117 F∙g-1 at a discharge current density of 1 A∙g-1, which can provide 

a high energy density of 3.53 Wh∙kg−1 at a power density of 238.4 kW∙kg−1 for our as-prepared 

symmetrical supercapacitor. Our findings elucidate the ratio-dependent electrochemical 

performance between GO, reduced GO (graphene), CNT and self-organised GCA, which offers 

practical guidance of assembling 2D materials into 3D aerogels for ultra-flyweight 

electrochemical energy storage applications. 

MATERIALS AND METHODS 

Preparation of GO. GO was prepared via a modified Hummers approach30 from natural 

graphite flake (Graphite was purchased from Aladdin Industrial Corporation with 1200 mesh, 

purity > 99.95%). Typically, a 9:1 mixture of concentrated acids (180 mL H2SO4: 20 mL H3PO4) 

was added into a flask with 1.5 g of graphite at room temperature. 9.0 g of KMnO4 powder was 

gradually added into the graphite suspension solution under vigorous stirring to keep the 

temperature under 30 ℃. The reaction mixture was held at 50 °C for a 12 h, and then the 

reaction was quenched by adding 200 mL of ice water into the reaction solution together with 

an ice bath. Furthermore, 30% of H2O2 was dropwise added to the reaction solution to remove 

excess KMnO4. The resultant bright yellow dispersion was centrifuged and washed with 10% 

HCl aqueous solution to remove metal ions, followed by repeated centrifugation and washing 

with distilled water to remove the acidic residues until the solution is neutral. Pure GO solid 

was obtained by further centrifugation and drying at 80 °C for two days. 
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Acidification of CNT. 400 mg of single-walled carbon nanotubes (SWCNT was purchased 

from Aladdin Industrial Corporation, purity > 95%, external diameter: < 2 nm, length: 0.3~5 

μm) were dispersed into 160 mL H2SO4 and HNO3 mixture (3:1 v/v) in a 500 mL beaker. The 

mixture was subsequently sonicated for 4 h at room temperature and then diluted by slowing 

adding of 200 ml of distilled water (at this point, the mixture will become a suspension, which 

is convenient for filtration). Later, the resulting product was recovered from the suspension by 

filtration and washing with distilled water and acetone several times to remove the acidic 

residues. In the end, the product of CNT was collected by drying at 80 °C for 24 h. 

Preparation of rGO/CNT aerogels (GCA) electrode. The preparation process was 

schematically illustrated in Figure1a. Typically, a series of GO dispersion with a concentration 

of 2, 3, and 4 mg∙mL-1 was prepared by dispersing GO powder into deionised water under 

continuous sonication (KQ-300VDE, 45 kHz, 8 h). Because of the difficulties of dispersing 

CNT powder into deionised water, we prepared 2 mg∙mL-1 CNT dispersion in N, N-

Dimethylformamide (DMF) under 8 h sonication. Then, CNT dispersion was added into GO 

dispersion with a volume ratio of H2O: DMF = 9:1 (this is the optimal ratio for hydrogel 

moulding, Figure S1), and the mixture was further sonicated for 30 min to produce a 

homogeneous dispersion. rGO/CNT hydrogel was formed by self-assembly of GO sheets and 

CNT using a hydrothermal reduction approach under 180 ℃ for 4 h in a Teflon-lined autoclave. 

After naturally cooling down to room temperature, the received rGO/CNT hydrogels were 

immersed in deionised water for two days, during which deionised water was changed every 

12 h to remove DMF. After freezing the hydrogels in refrigerator for 24 h, following with 

freeze-drying for 2 days, the rGO/CNT aerogels were produced. The as-prepared rGO/CNT 
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aerogels were defined as GCA 4-2, GCA 3-2, and GCA 2-2 based on the concentration ratio of 

pristine GO to CNT (e.g. 4 mg∙mL-1 GO dispersion mixing with 2 mg∙mL-1 CNT dispersion 

defined as GCA 4-2). Also, GO/CNT aerogels were also made by changing the concentration 

of CNT dispersion without GO hydrothermal reduction, and the specific naming 

correspondence and the mass ratio of GO to CNT are listed in Table S1. A pure graphene aerogel 

(GA) without CNT was also prepared under the same approach (3 mg∙mL-1 GO dispersion was 

employed in this process).  

 

The working electrode was prepared as follows: aerogels (electroactive material), 

polyvinylidene fluoride (PVDF, binder) and carbon black (conductive agent) were mixed with 

N-methyl-2-pyrrolidone (NMP) solvent to form a homogeneous slurry with a weight ratio of 

8:1:1. This slurry was coated onto the nickel foam substrate (1×1 cm) and dried at 80 °C for 12 

h, and then pressed at a pressure of 10 MPa to form a thin sheet. The mass of the active material 

on one electrode is about 5 mg·cm-2. 

 

Structure and morphology characterization. The morphological structure of the aerogels 

was investigated by an FEI-Quanta 250 FEG scanning electron microscopy (SEM, FEI, 

Hillsboro, USA) with 10 kV operating voltage. Transmission electron microscopy (TEM) 

images were acquired using HT7700 microscopy (Hitachi, Ltd., Chiyoda, Japan). Fourier 

transform infrared spectroscopy was employed to identify the functional groups on the 

materials by a Nicolet Avatar 360 FT-IR spectroscopy (FT-IR, Instrument Co., Madison, WI, 
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USA). Raman spectroscopy analysis was carried out on a dried solid with an excitation 

wavelength of 532 nm (LabRAM HR Evolution, HORIBA Jobin Yvon, France). X-ray 

diffraction (XRD) patterns were collected on Rigaku MiniFlex 600 X-ray diffractometer 

(Rigaku Co., Tokyo, Japan) with Cu Kα radiation over the 2θ range of 5°−80°. X-ray 

photoelectron spectroscopy (XPS) measurements were carried out on K-alpha (Thermo 

Scientific Inc. U.K). The N2 adsorption/desorption isotherms were measured via ASAP 2020 

HD88 (Micromeritics Instrument Corp., USA) at 77K. The electrical conductivity was 

measured by an RTS-9 (4 PROBES TECH, Guangzhou, China) four-point probes station. 

 

Electrochemical measurements. All electrochemical measurements were performed on a 

CHI660E electrochemical workstation (Shanghai Chen Hua Instruments Co., Shanghai, China). 

All the tests were carried out in a three-electrode cell consisted of the as-prepared carbon 

aerogels electrode as the working electrode, a 2 cm × 2 cm Pt sheet as the counter electrode, 

Ag/AgCl (saturated KCl) as the reference electrode, and 1 M Na2SO4 aqueous solution as the 

electrolyte. Cyclic voltammograms (CV) curves were recorded at a scan rate of 10 mV∙s-1 with 

a potential window of 0-1 V. Electrochemical impedance spectroscopy (EIS) measurements 

were measured in a frequency range from 10-2-105 Hz with ac amplitude of 5 mV at open circuit 

potential. Galvanostatic charge-discharge (GCD) tests were performed at a current of 1, 2, 4, 6, 

8, 10, 15, 20 A∙g-1 with a cut-off voltage of 0-1 V. 

 

The gravimetric specific capacitance (Cs) was calculated from the GCD discharge curves using 
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the following equation: Cs (F∙g−1) = I∙Δt/(m∙ΔU), where I is the discharging current (A), Δt is 

the discharging time (s), m is the mass of active material on one electrode (g), and ΔU (V) is 

the potential discharging range.  

 

The symmetric supercapacitor (SC) was fabricated with a 1.0 M Na2SO4 aqueous solution to 

evaluate the energy density. Two GCA 2-2 electrodes were immersed in 1.0 M Na2SO4 aqueous 

solution for 12 h and then separated by filter paper soaked with electrolyte. The GCD test was 

performed at a current density of 2 A∙g-1 with a potential range of 0-1 V. The gravimetric 

specific capacitance (Cs) was calculated based on the total mass of two electrodes: Cs (F∙g−1) = 

4I∙Δt/(m∙ΔU) and Cs (F∙g−1) = ∫I(U)dU/(2∙m∙υ∙ΔU), where υ is the scan rate (V∙s−1).  

 

RESULTS AND DISCUSSION 

The fabrication process of the GCA is described schematically in Figure 1a. It can be seen that 

GO has a hydrophilic surface property and dispersible in water which is resulted from oxygen-

containing functional groups on its surface.10 In order to realize a homogeneous miscible 

solution between hydrophilic GO and hydrophobic CNTs, a co-solvent mixing strategy is 

employed, where CNT powders are dispersed into DMF prior to the hybridization with GO in 

water solution. We found a volume ratio of H2O: DMF = 9:1 is the optimal ratio to obtain a 

homogeneous dispersion between GO and CNTs. During the reduction of GO sheets in the 

autoclave at hydrothermal conditions, GO was partially reduced to rGO, and the surface polarity 

subsequently changed to hydrophobic. Thus, efficient self-assembly occurs as a result of 
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hydrophobic and π-π stacking interactions between rGO and CNT.31 Based on the steric 

hindrance effect of graphene sheets, a 3D porous structure of graphene can be formed. The 

microstructure of CNT, GO, rGO, rGO/CNT hydrogel, and rGO/CNT hydrogel (GCA) are 

shown in Figure 1b. Because of the porous structure of aerogel, it has a relatively low density 

(14.3 kg∙m-3 for GCA 2-2, see Figure S2). However, the main contribution to its specific surface 

area is the microporous structure of CNT itself and the micropores formed by the stacking of 

rGO sheets and CNT. As shown in Figure S3, the pore size ranges from 1 to 10 nm. Pore 

structure parameters of GCA 2-2 are listed in Table S2 and the Brunauer-Emmett-Teller (BET) 

specific surface areas of GCA 2-2 and GCA 3-2 are calculated to be 259.7 and 223.0 m2∙g-1, 

respectively.  

 

The microstructure of GA which made from GO-only was also characterised through SEM 

analysis. Figure 2a shows that the GA has a randomly lapped three-dimensional (3D) 

framework with continuous macropores. An enlarged micrograph reveals crinkly ultrathin GO 

sheet, which suggests GO is well dispersed (Figure 2b) in as-prepared GA. Due to the existence 

of a large number of carboxyl and hydroxyl groups (Figure 1b), the GO sheet is negatively 

charged in the aqueous dispersion which prevents them from aggregation.32-34 On the other hand, 

the alternation of surface polarity of GO sheets shall significantly affect its solubility due to the 

changing of their electrostatic repulsion.32-34  

 

The morphological structures of GCA with different CNT contents are analysed via SEM and 
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TEM, as shown in Figure 3(a-c), Figure S4, Figure S5 and Figure S6 (the mass ratio of GO to 

CNT was listed in Table S1). As shown in the TEM images (Figure S6), the interconnected 

structure and the cell dimension changed dramatically after introducing CNT into GO monoliths. 

Different forms of interconnection structures have also been resolved under high-resolution 

SEM analysis such as semi-curling for GCA 4-2 (Figure 3d), bending for GCA 3-2 (Figure 3e) 

and scrolling for GCA 2-2 (Figure 3f). The corresponding cartoons of CNT-intercalated GO 

building block and its geometrical interconnections are shown in Figure 3g-i. The other forms 

of the interconnections such as overlapping (Figure S7 a,d), tearing (Figure S7b, e), and 

enwrapping (Figure S7c, f) are shown in Figure S7. It is worth noting that, in Figure 3 (d-f), 

these aligned CNTs intercalated into rGO layers not only suppress the further-accumulation of 

rGO stacking sheets but also provide good porosity in the hybrids associated with the maximum 

utilisation of CNT.35-36 It should be noted that as-prepared neat GA without CNT is frangible 

and has no elasticity, while GCA has excellent flexibility (Figure 3j). 

 

FTIR was employed to identify the changing of surface functional groups on the electrode 

materials. Similar characteristic absorption peaks are observed in the spectra of all aerogels. As 

shown in Figure 4a and Figure S8, the peaks located at 3460 cm-1 and 1630 cm-1 are attributed 

to O−H hydroxyl stretching vibrations of adsorbed water. The presence of carboxylic acid 

functional groups was confirmed by the O−H stretching vibrations peak at 3230 cm-1, C=O 

stretching vibrations peak at 1790 cm-1, and C-O stretching vibrations peak at 1320 cm-1. The 

other signals such as 3580, 2890, 1440, 1180, 990, and 680-880 cm−1 correspond to O−H 

hydroxyl stretching vibration, C−H stretching vibration, C=C stretching vibration of the 
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benzene ring, C−O epoxy stretching vibration, C−O alkoxy stretching vibration, and C−H out-

of-plane bending vibration of aromatic ring.10 It can be observed that signals in the spectrum of 

GCA 2-2 are weaker than the others, which indicate the elimination of oxygen moieties and a 

different stacking mode between GO and CNT shall be presented (as shown in Figure 3f).  

Raman spectroscopy was used to further investigate the structural changes of aerogels as a 

function of the CNT intercalation. Figure 4b shows the Raman spectra of GA, GCA4-2, GCA3-

2, and GCA2-2 aerogels. The G-band at around 1590 cm−1 is attributed to the vibration of sp2 

hybrid carbon atoms in a hexagonal lattice (such as in a graphene sheet or CNT), and the D-

band at about 1340 cm−1 is usually associated with the defect or disorder structure.37-38 The peak 

intensity ratio of D-band and G-band (ID/IG) of GA was calculated to be 1.021, which is 

considerably higher than those of GCA4-2 (0.093), GCA3-2 (0.068), and GCA2-2 (0.113). 

Large ID/IG value indicates GA has a high disorder degree in sp2 carbon.37-39 After intercalation 

of CNT, ID/IG value drops dramatically, which is attributed to the higher peak intensity of CNT 

than GA. Compared with other GCA aerogels, GCA3-2 shows the lowest ID/IG value of 0.068, 

which indicate that GCA3-2 has the most ordered structure.37, 39-40 This result is consistent with 

the SEM results shown in Figure 3(d-f). There is a 2D-band peak has also been observed in all 

samples. GO usually stack together owing to the interlayer hydrogen bonding, so GA (GO 

aerogel) has weak and broad 2D peaks.41 In comparison, in all GCA samples, an enhanced 2D-

band peak can be observed, which suggests that the addition of CNT can effectively prevent 

the attacking of GO sheets. 
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To better understand the crystal structure of GCA materials, the XRD analysis of Gt (natural 

graphite), GO, CNT, and GA was performed and shown in Figure 5a. The characteristic peak 

at 26.4° is owing to the (002) crystal plane of Gt with an interlayer spacing of 0.34 nm. For GO 

sample, the (002) diffraction peak is shifted to 2θ = 9.4° (d = 0.94 nm) after chemical oxidation. 

It indicates that the introduction of oxygen moieties can function effectively and separate the 

GO sheets.35 After the hydrothermal reaction, a broad diffraction peak at 2θ = 24.0° (d = 0.370 

nm) is observed, which is attributed to the (002) crystal plane of graphitic carbon in GA. The 

decrease of interlayer distance suggests that GO was successfully reduced by the depletion of 

oxygen, and the broader peaks indicated high stacking disorder.42 Figure 5b shows the XRD 

patterns of GO/CNT hybrid aerogel (GCA) as a function of their mass ratios for GCA4-2 is 

18:1, GCA3-2 is 13.5:1, and GCA2-2 is 9:1, respectively (XRD patterns of the other aerogels 

are shown in Figure S9). For GCA samples, a broad peak was observed at 2θ = 24.7°, indicates 

the stacking disorder of GO sheets along their stacking direction and reflects that the framework 

of the GCA is formed by stacking a few-layer GO sheets and CNT. The appearance of the sharp 

peaks at 22.2° and 26.5° in the XRD patterns of GCA4-2 and GCA3-2, indicates a strong 

stacking between GO layers and CNT, and the degree of graphitisation increased22, which is 

consistent with the SEM results. 

 

XPS spectra of GA and GCA2-2 are shown in Figure 5c. The contents of C and O elements are 

83.76% and 16.24% for GA, 85.6% and 14.4% for GCA2-2. The presence of CNT reduced the 

content of O in GCA2-2. The C1s spectra of GA (Figure 5e) and GCA2-2 (Figure 5f) were 

divided into four main peaks centered at 284.1, 285.5, 287.8 and 289.8 eV corresponding to C-
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C/C=C, C-OH, C=O and O-C=O bonds, respectively. As shown in Figure 5d, the O1s spectra 

mainly divided into three peaks with binding energies of 530.6, 532.5 and 535.3 for GA, and 

531.1, 533.0 and 534.3 for GCA2-2. These peaks attributed to C=O, O-C=O and C-O bonds, 

respectively. The O1s spectrum of GCA2-2 shows significant changes owing to the presence 

of CNT. The content of C=O bonds increased significantly, while O-C=O bonds decreased, 

indicating O-C=O is the main oxygen-containing functional groups in GA. 

 

To investigate the performance of supercapacitor electrode based on GO/CNT aerogels, cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic 

charge/discharge (GCD) analysis were performed with a three-electrode system in 1 mol∙L−1 

Na2SO4 aqueous solution. As shown in Figure 6a, owing to its fast charge transfer and ion 

diffusion within the electrodes, CNT showed a quasi-rectangular shape CV curves. The 

appearance of the slight hump indicates the existence of pseudo-capacitance which may be 

originated from the oxygen functional groups on carbon materials such as hydroxyls and 

carboxyls.43-44 For the GA electrode, though GA electrode shows a larger integral area than GO 

electrode, its CV curves considerably deviate from rectangle which was due to the inferior ion 

diffusion and poor electrical conductivity caused by the stacking of GO sheets.45 Figure 6b 

shows the CV curves of a series of GCA electrodes with different rGO/CNT mass ratio. With 

the increase of the content of CNT, the CV curve is getting closer to the rectangular shape, and 

the loop area is increased, which attributes to the CNT-mediated fast ion transfer as well as high 

electrical conductivity.10  
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To further investigate the ion transport and electron transfer dynamics, EIS analysis was carried 

out on the electrodes. Nyquist plots of GO, GA, CNT and GCA electrodes are shown in Figure 

6c and d and Figure 6e, respectively. The fitting results showed that the values of Rct for GO, 

GA, and CNT electrodes are 742.6, 25.6 and 0.34 Ω, respectively (Figure S10 and Figure S11). 

Compare with GO electrode, GA shows a much smaller Rct and a more vertical tail means a 

faster charge transfer and excellent capacitive behaviour. In addition, a CNT electrode has the 

smallest Rct, which means it has the quickest charge transfer rate and the highest electrical 

conductivity. As shown in Figure 6e, the Rct is monotonically decreasing with CNT loading, 

which indicates an improvement of electrical conductivity in GCA electrodes. The fitting 

results are shown in Figure S11, and the values of Rct are 10.9, 9.36 and 7.62 Ω for GCA 4-2, 

GCA 3-2, and GCA 2-2, respectively. These results are consistent with four-probe electrical 

conductivity test (Figure S12, and Table S3), which shows the sheet resistance of GCA 4-2, 

GCA 3-2, and GCA 2-2 are 0.5, 1.0 and 1.33 S∙cm-1, respectively. Moreover, the Warburg 

impedance of GCA electrodes was much smaller than that of GA, indicates the improved ion-

diffusion upon the addition of CNT. To better analyse the frequency response of the electrode, 

the relaxation time constant t0 was calculated, as shown in Figure 6h. t0 represents the minimum 

time required to discharge the stored energy with 50% efficiency.46 Compare with the other 

GCA electrodes, GCA 2-2 exhibited the smallest t0 of 14.7 s, indicates the fastest charge-

discharge characteristics and the most facile penetration of ions into pores.  

 

The GCD curves of GO, GA, CNT, and GCA at a current density of 2 A∙g-1 are shown in Figure 

7a and Figure 7b, which reveal the electrochemical double-layer capacitive behaviour of these 
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electrodes. Generally, the discharge time is indicative of the specific capacitance of the active 

material at the same current density.47 It can be seen that GCA 2-2 exhibited extended charging 

and discharging time as well as small “IR drop” (isosceles triangle shape), suggesting that the 

addition of CNT improved the energy storage and the power performance.42 The calculated 

specific capacitance values of all electrodes were shown in Figure 7c, and d. As the current 

density increases from 1 to 10 A∙g-1, GA and GCA 2-2 maintain 14% (from 171.8 F·g-1 to 23.0 

F·g-1) and 57% (from 130.5 F·g-1 to 73.7 F·g-1) of their initial capacitances, indicate that GCA 

2-2 has better rate capability than GA. It should be noted that compared to monolayer Graphene, 

GO has many defective structures, which results in the ‘sudden drop’ of the capacitance when 

increasing current density.31, 42, 48-49 Thus, the GCA 2-2 electrode was selected to test the cycling 

stability. As shown in Figure 7e, the capacitance retentions of GCA 2-2 was about 61% over 

2,000 cycles at 2 A∙g-1, and the Coulombic efficiency reaches nearly 100%. 

 

To further investigate the electrochemical stability of GCA 2-2 electrode, symmetrical 

supercapacitor (GCA2-2//GCA2-2) was assembled and evaluated in 1 M Na2SO4 aqueous 

electrolyte. The symmetrical supercapacitor cross-section configuration is shown in Figure 8a. 

It should be noted that the as-prepared GCA 2-2 electrode exhibits good mechanical stability. 

As shown in Figure S13, the microporous structure can well remain after the device fabrication. 

Figure 8b show the CV curves at various scan rates between 5 mV∙s-1 and 100 mV∙s-1. The 

rectangular shape of the CV curves indicates the ideal capacitive behavior of the electrodes. 

Figure 8c shows the effects of scan rates on the specific capacitance of GCA2-2//GCA2-2 

symmetrical supercapacitor. The result shows that the specific capacitance of the device is 
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almost 1/4 of that of a single electrode. As showed in Figure 8d, a highly symmetrical GCD 

curve can be revealed at a current density of 0.5-20 A∙g-1, which indicates excellent 

electrochemical reversibility. The specific capacitances of 26.5, 25.45, 23.8, 21, 18.6, 16.2, 15.1, 

12.75, 11 F∙g-1 were calculated based on the discharge time at a current density of 0.5, 1, 2, 4, 

6, 8, 10, 15, 20 A∙g-1 (Figure 8d and Figure 8e), respectively. As shown in Figure S14, the 

Ragone plots of the assembled symmetric supercapacitor exhibit an energy density of 3.53 

Wh∙kg−1 at a power density of 283.4 W∙kg−1. A minimal IR drop (~ 0.05 V) was observed at a 

current density of 1 A∙g-1, which suggests low internal resistance for the GCA 2-2 electrodes. 

The relaxation time constant t0 of the device is 31.6 s (Figure 8f), which is very close to that of 

one single electrode, which indicates fast charge-discharge characteristics. Meanwhile, there is 

only one peak was observed in Figure 8f, which indicates that there is only one primary charge 

storage mechanism, which is more likely due to ion adsorption.50 

 

CONCLUSIONS 

In summary, we elucidate the ratio-dependent electrochemical performance between GO, 

reduced GO (graphene), CNT and self-organised GCA, which offers practical guidance of 

assembling 2D materials into 3D aerogels. GCA was designed and synthesised via controlling 

the hydrophobic and hydrophilic transition during hydrothermal reduction. The addition of 

CNT greatly enhanced electrical conductivity and mechanical durability of GCA, which shows 

a much smaller charge transfer resistance (7.62 Ω) than conventional GA (25.6 Ω). In addition, 

the presence of CNT in the aerogel effectively prevents the collapse of the 3D framework of 
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GA and improves the rate performance and cycle stability of GA electrode. The GCA 2-2 based 

symmetrical supercapacitor delivered an excellent energy density of 3.53 Wh∙kg−1 at a power 

density of 283.4 W∙kg−1 and 1.53 Wh∙kg−1 at a power density of 6875 W∙kg−1. The GCA 2-2 

based symmetrical supercapacitor shows a relaxation time constant t0 of 31.6 s, which is very 

close to that of one single electrode, indicating fast charge-discharge characteristics. These 

findings are an essential step towards a new approach for addressing the fundamental challenge 

of low conductivity and collapsible 2D assembled cellular aerogels. Various ultra-flyweight 

electrochemical energy storage devices with the already reported properties and preparation 

methods can be envisioned. 
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Figure 1. (a) Schematics illustration of the fabrication process of GCA. (b) An atomistic 

illustration of the microstructure of CNT, GO, rGO, rGO/CNT hydrogel, and GCA. 
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Figure 2. SEM images of GA at different magnifications. 
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Figure 3. (a-c) SEM images of GCA 4-2, GCA 3-2, and GCA 2-2. (d-f) SEM images of different 

interconnections based on the CNT contents: (d) GCA 4-2, (e) GCA 3-2, and (f) GCA 2-2. (g-

i) Cross-section models correspond to the three interconnection styles shown in (d-f), 

respectively. (j) Snapshot image of GCA 2-2 with excellent elasticity. 

 

 

 

 

 



26 

 

 

 

 

Figure 4. (a) FTIR spectra. (b) Raman spectra of GA, GCA4-2, GCA3-2, and GCA2-2. 
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Figure 5. (a, b) XRD patterns, (c~f) XPS spectra of GA and GCA2-2. 
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Figure 6. Electrochemical charge and ion transfer and storage performance in hybridised GO 

and CNT aerogels. (a, b) CV curves at a scan rate of 10 mV∙s-1, (c, d, e) Nyquist plot, (f) 

equivalent circuits, Bode plots of (g, h) imaginary capacitance Cʺ vs Frequency. 
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Figure 7. Rationalised supercapacitor performance of GO, GA, CNT and hybridised GCA 

aerogels. (a, b) GCD curves at a current density of 2 A∙g-1. (c, d) specific capacitance vs the 

current density. (e) Cycling stability of GCA 2-2 based supercapacitor over 2000 cycles at a 

current density of 2 A∙g-1. 
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Figure 8. (a) Schematic illustration of the as-prepared symmetrical supercapacitor 

configuration. (b) CV curves at different scan rates. (c) The effects of the scan rate on the 

specific capacitance. (d) GCD curves at different current densities. (e) Specific capacitance vs 

the current density. (f) imaginary capacitance Cʺ vs Frequency and Nyquist plot (inset).  
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