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3D Carbon Frameworks for Ultrafast Charge/

Discharge Rate Supercapacitors with High 

Energy‑Power Density

Changyu Leng1, Zongbin Zhao1 *, Yinzhou Song1, Lulu Sun1, Zhuangjun Fan3, 

Yongzhen Yang4, Xuguang Liu4, Xuzhen Wang1, Jieshan Qiu1,2 *

HIGHLIGHTS

• 3D carbon frameworks (3DCFs) constructed by interconnected nanocages show a high specific surface area, hierarchical porosity, 

and conductive network.

• The deoxidization process removed most of surface oxygen-containing groups in 3DCFs that leads to fast ion diffusion kinetics, good 

electric conductivity, and limited side reactions.

• The deoxidized 3DCFs exhibit an ultrafast charge/discharge rate as electrodes for SCs with high energy-power density in both aqueous 

and ionic liquids electrolytes.

ABSTRACT Carbon-based electric double layer capacitors (EDLCs) 

hold tremendous potentials due to their high-power performance and 

excellent cycle stability. However, the practical use of EDLCs is lim-

ited by the low energy density in aqueous electrolyte and sluggish dif-

fusion kinetics in organic or/and ionic liquids electrolyte. Herein, 3D 

carbon frameworks (3DCFs) constructed by interconnected nanocages 

(10–20 nm) with an ultrathin wall of ca. 2 nm have been fabricated, 

which possess high specific surface area, hierarchical porosity and good 

conductive network. After deoxidization, the deoxidized 3DCF (3DCF-

DO) exhibits a record low IR drop of 0.064 V at 100 A g−1 and ultrafast 

charge/discharge rate up to 10 V s−1. The related device can be charged 

up to 77.4% of its maximum capacitance in 0.65 s at 100 A g−1 in 6 M 

KOH. It has been found that the 3DCF-DO has a great affinity to  EMIMBF4, resulting in a high specific capacitance of 174 F g−1 at 1 A g−1, 

and a high energy density of 34 Wh kg−1 at an ultrahigh power density of 150 kW kg−1 at 4 V after a fast charge in 1.11 s. This work provides 

a facile fabrication of novel 3D carbon frameworks for supercapacitors with ultrafast charge/discharge rate and high energy-power density.
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1 Introduction

Due to the high power density and long cycle life, carbon-

based supercapacitors (SCs) have many applications in 

energy storage fields, e.g., power grid, portable devices and 

electric vehicles [1]. Carbon electrode materials are one of 

the most important factors that govern the performance of 

SCs. Up to now, considerable efforts have been made aiming 

at developing advanced carbon materials for SCs with high 

energy density. 0D Carbon dots [2], 1D carbon nanotubes 

[3], and 2D graphenes [4] were all explored as electrodes 

for high performance SCs. In particular, 3D carbon frame-

works with high specific surface area, hierarchical porosity 

and large conductive network are considered as promising 

electrodes for SCs [5–9]. Carbon nanocages with accessi-

ble active sites, thin carbon walls and small hollow spaces 

can provide high specific capacitance, shorten the transport 

length for ions and buffer the stress from the expansion and 

shrinkage during the charge/discharge process [10–14]. 

However, the isolated carbon nanocages without continuous 

networks may reduce the electric conductivity as electrodes, 

leading to slow charge transfer. Therefore, the construction 

of 3D carbon frameworks with large and continuous con-

ductive network made of carbon nanocages still remains a 

challenge.

For carbon materials, the surface properties also have 

a remarkable impact on their capacitive performance [7, 

15–21]. It has been demonstrated that surface oxygen func-

tional groups are beneficial to the wettability of carbon 

electrode surface and provide additional pseudocapacitance 

in aqueous electrolyte [22]. However, high surface oxygen 

content will decrease the electric conductivity of carbon 

electrodes, cause rapid capacity loss at high current density 

and generate polarization reaction at high voltage during the 

charge/discharge process, which should be avoided [23]. All 

in all, the understanding of the relationship between surface 

properties of carbon electrodes and electrochemical perfor-

mance is critical for the development of SCs [24–26].

To date, there is an urgent need for developing SCs 

with high energy density because the low energy den-

sity (5–10 Wh kg−1) of SCs cannot meet the ever grow-

ing demands of energy storage [27–29]. According to the 

equation E =1/2  CV2, the energy density (E) of SCs can be 

improved by increasing the specific capacitance (C) and/

or operation voltage (V) [30]. Major strategies to improve 

C are realized by exploring redox-active materials (such 

as conducting polymers [31–33], transition metal oxides 

[34–36], hydroxides [37–39]) to contribute additional pseu-

docapacitance or designing hybrid supercapacitors (HSCs) 

[40–42] and asymmetric supercapacitors (ASCs) [42–44]. 

But these strategies cause the sabotaging of the rate perfor-

mance and cycling stability of SCs inevitably. On the other 

hand, enlarging V is considered as a more effective tactic for 

improving the energy density of carbon-based SCs. The volt-

age window of SCs can be easily widened by using organic 

and ion liquids (ILs) electrolytes (3–4.4 V) [45–49]. How-

ever, ILs are seriously plagued by their intrinsic large ion 

size, high viscosity and sluggish diffusion kinetics that will 

decrease the power density of SCs. The suitable pore size 

distribution, ideal surface properties and excellent electric 

conductivity of carbon electrode materials can improve the 

ion transport and electron transfer to ameliorate sluggish 

diffusion kinetics of ILs, which can provide a high energy 

density without sacrificing the rapid energy storage rate for 

SCs [50].

Herein, we have proposed a simple strategy involving one-

step gas foaming and in situ activation to fabricate 3D car-

bon framework constructed by continuous nanocages with 

high specific surface area, hierarchical porosity and large 

conductive networks. After deoxidization, the deoxidized 

3DCF showed an ultrafast charge/discharge rate in both 

aqueous and ILs electrolytes and high energy density while 

maintaining high power density in ILs electrolyte, suggest-

ing a promising electrode for high-performance SCs.

2  Experimental

2.1  Synthesis of 3DCF Materials

Polyvinylpyrrolidone (10 g, PVP k30) was dispersed into 

deionized water at room temperature, followed by adding 

7.5 g  KNO3 under stirring to form clear solution without 

any suspended solid. After that, the solution was transferred 

into a container and placed into a refrigerator at − 20 °C 

for 24 h until fully frozen. Then the ice cake was put in 

a lyophilizer at − 80 °C at 1.0 Pa for 3 days, yielding dry 

white powders. Next, the precursor was put into a corundum 

boat and heated at a rate of 10 °C min−1 in pure Ar with a 
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flow rate of 200 mL min−1 and kept at different tempera-

tures (700, 800, and 900 °C) for 1 h, yielding black products 

that were then washed by deionized water and 1 M HCl 

solution until pH = 7. Finally, the materials were dried in 

oven at 120 °C for 12 h, named as 3DCF-X (X refers to the 

final temperature of the annealing process). The deoxidized 

3DCFs (3DCF-DO) were obtained by further annealing 

3DCF-900 at 900 °C for 1 h in mixed  H2/Ar atmosphere 

(5%  H2, in volume ratio) to eliminate most surface oxygen 

functional groups.

2.2  Characterization

Thermogravimetric analysis (TG) was performed on a ther-

mal analyzer (TA-Q50) to explore temperature of chemical 

blowing and in situ activation process. The surface morphol-

ogy and internal structure of samples were examined by the 

scanning electron microscopy (FESEM) and transmission 

electron microscopy (TEM), respectively. X-ray diffrac-

tion (XRD) and Raman analysis were carried out to analyze 

the crystallinity and graphitic nature of the materials. The 

porous texture of the obtained materials was analyzed by a 

nitrogen adsorption/desorption technique. XPS analysis was 

carried out to analyze the elements of the materials. Please 

refer to the Supplementary File for details.

2.3  Electrochemical Test of 3DCF Electrodes

All electrodes were prepared by a mixture of 5 wt.% of 

PVDF, 10 wt.% of acetylene black and 85 wt.% of as-

obtained materials. The mixture was pressed on the Ni 

foam at 10.0 MPa. The two-electrode symmetric devices 

were fabricated in 6 M KOH and  EMIMBF4, respectively. 

All ILs-based two-electrode cells were assembled in an 

Ar-filled dry glove-box (MIKROUNA, with < 1 ppm of 

 O2 and  H2O). Two electrodes slices with similar mass 

loadings (~ 2, 5, and 10 mg) were directly placed inside 

the CR2026 coin-type cells and separated. Galvanostatic 

charge/discharge curve (GCD), cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS) were 

carried out on the electrochemical workstation (Bio-Logic, 

VP3, France).

3  Results and Discussion

3.1  Structure Characterization

The surface morphology and nanostructures of 3DCF 

materials were characterized by scanning electron micros-

copy (SEM) and transmission electron microscopy (TEM) 

(Fig. 1). It can be seen that the direct carbonization of pure 

PVP has yielded a bulk and compact materials (Fig. 1a), 

while the pyrolysis of PVP/KNO3 resulted in porous and 

loose materials (Fig. 1b, c). As shown by the TEM images 

(Fig. 1d, e), the 3DCF materials are made of continuous 

nanocages (10-20 nm) with ultrathin walls (ca. 2 nm). The 

HR-TEM observation has clearly revealed that the inter-

connected nanocages have micro-/mesopores on their 

walls (Fig. 1f). The morphologies and formation mecha-

nism of 3DCFs fabricated by traditional KOH activation 

and in situ activation are shown and compared (Figs. S6, 

S7). The traditional KOH activation destroys the con-

tinuous frameworks irreversibly, while the present in situ 

activation (inside-out activation) creates homogeneous 

micropores on the walls of adjacent nanocages. In other 

words,  KNO3 results in both gas foaming and in situ acti-

vation, forming continuous nanocages and a large number 

of micro-/mesopores.

The formation of 3DCFs with continuous nanocages 

includes a series of processes: thermal melting, pyrogenic 

decomposition, in situ activation and deoxidization. The 

synthetic protocol (Scheme 1) is strongly evidenced by 

TG-MS analysis (Fig. S1). It can be seen from Fig. S1a 

that the pyrolysis temperature of PVP,  KNO3, and PVP/

KNO3 is 450, 600, and 375 °C, respectively. The lower 

pyrolysis temperature (375 °C) of PVP/KNO3 compared 

with pure PVP demonstrates that  KNO3 effectively pro-

motes the pyrolysis of PVP, indicating the strong interac-

tion between PVP and  KNO3. According to the TG-MS 

analysis, the rapid mass loss and a large amount of gases 

release (NO, CO,  CO2) have simultaneously taken place 

at about 375 °C, ascribed to the gas foaming process. 

Subsequently, the foamed polymer is converted to carbon 

materials at the elevated pyrolysis temperature, indicated 

by the mass loss peak at about 450 °C (Fig. S1b). It should 

be noted that another mass loss peak (Fig. S1a) and CO 

emission peak (Fig. S1c) appeared at about 700 °C, which 

can be attributed to the activation of carbon by  K+ derived 
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from  KNO3. As a result, abundant micro-/mesopores were 

created during the in situ activation process. The univer-

sality of this strategy was confirmed by using other alkali 

metal nitrates, such as  NaNO3 and  LiNO3 (Figs. S2, S3), 

3DCF materials were also obtained with these alkali metal 

nitrates (Figs. S4, S5). Finally, the oxygen functional 

groups on the surface of as-obtained 3DCFs were removed 

in  H2/Ar mixed atmosphere (5%  H2) at 900 °C.

The porous structure of the obtained 3DCF materials 

was studied by  N2 adsorption–desorption isotherm meas-

urements. As shown in Fig. 2a, all these materials showed 

a type IV adsorption–desorption isotherm with a hysteresis 

loop at the relative pressure from 0.4 to 1.0 in the des-

orption branch, indicating multiple scale pores of 3DCFs. 

The 3DCF-450 exhibited the Brunauer–Emmett–Teller 

(BET) surface area of 1502 m2 g−1 mainly resulting from 

the foaming process. With the rise in temperature, the 

SSA of 3DCF-700, 3DCF-800, and 3DCF-900 increases 

from 2098 to 2592, 2602 m2 g−1, respectively. The higher 

SSA is due to the activated etching of the carbon frame-

works by  K+ formed from the pyrolysis of  KNO3. In 

addition, the Vmeso/Vmicro ratio of 3DCF-700, 3DCF-800 

and 3DCF-900 increases gradually from 1.2 to 1.4 and 

2.2 (Table S1), respectively, indicating that micropores 

(0.5–1 nm) in 3DCFs were extended to mesopores with 

increasing temperature. The pore size distribution (PSD) 

(a) (b) (c)

(d) (e) (f)

1 µm 10 µm 1 µm

50 nm 20 nm 10 nm

Fig. 1  SEM images of a pure PVP-derived carbon and b, c 3DCFs. TEM images of d pure PVP-derived carbon and e 3DCFs. f High-resolution 

TEM image of 3DCFs consisting of continuous nanocages (10–20 nm) with ultrathin walls (ca. 2 nm)
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of 3DCF materials is mainly centered at 1–2, 2–5, and 

8–20 nm (Fig. 2b). The numerous micropores are formed 

by the in situ activation of  K+, and mesopores are further 

expanded from micropores due to the etching effect of 

 CO2. The mesopores of 3DCF-DO can provide accessible 

space for rapid ion buffer and energy storage; this is espe-

cially the case with  EMI+ ions (~ 0.7 nm) as electrolyte. 

Overall, the hierarchical porosity of 3DCFs is not only 

beneficial to energy storage and rapid ion transfer, but also 

shortening path of ion diffusion [47]. After deoxidization 

of 3DCF-900 at 900 °C in  H2/Ar mixed atmosphere, the 

as-formed 3DCF-DO is very similar to 3DCF-900 in terms 

of SSA and micropores, suggesting the robust structure at 

high temperature. The crystallinity and graphitic nature 

of 3DCFs are examined by X-ray diffraction and Raman 

analysis, of which the results are shown in Fig. 2c, d. The 

XRD patterns of the materials show two typical diffrac-

tion peaks at 2θ = 22°–24° and 42°–44°, corresponding 

to (002) and (100) planes of graphite, respectively. All 

patterns exhibit broad (002) diffraction peak, suggesting 

the amorphous structure of 3DCF materials. The (002) 

peak of 3DCF-DO is higher than other 3DCFs, indicating 

that the crystallization is enhanced during the deoxidiza-

tion process. According to the Bragg equation [51], the 

interlayer spacing of 3DCF-DO is calculated to be about 

0.43 nm for (002) plane, which is larger than 0.335 nm of 

the typical graphite layer [52]. Raman analysis of 3DCF 

materials shows two typical Raman peaks at 1350 cm−1 (D 

band) and 1580 cm−1 (G band). The IG/ID ratio of 3DCF-

DO (1.08) is the highest among these materials, which is 

consistent with the XRD results mentioned above.

The content and chemical state of C, N, and O in 3DCF 

materials were analyzed by XPS, as shown in Fig. 2e. For 

3DCFs prepared at different annealing temperature of 450, 

700, 800, and 900 °C, the oxygen content is 11.33, 8.63, 

7.90, and 5.80  at.%, respectively (Table  S2). After the 

deoxidization process, the surface oxygen content of 3DCF-

DO further dropped to 1.69 at.%, indicating that most of 

oxygen on the surface of 3DCF-900 has been eliminated 

effectively by annealing at high temperature in  H2/Ar mixed 

atmosphere. The XPS survey spectrum of 3DCFs in Fig. 2e 

reveals the peaks of C 1s, O 1s, and N 1s, indicative of the 

self-doping of O, N in the materials. The C 1s spectrum 

of 3DCF materials is deconvolved into five peaks at 284.5, 
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285.4, 286.8, 287.3, and 288.8 eV (Fig. S9), corresponding 

to C=C, C–OH, C–O–C, C=O, and O=C–OH, respectively. 

As shown in Fig. 2f, the C–OH content sharply decreases 

from 23.8 to 15.4% with temperature rise. Meanwhile, other 

O species, such as C–O–C (8.6–6.5%), O=C–OH (5.2–3.5%) 

and C=O (4.9–4.5%), are also reduced. It can be attributed 

to the easier removal of O=C–OH and C–OH distributed in 

edges of materials than those C–O–C and C=O within car-

bon planes [7] (Table S3). Generally, the O doping of carbon 

electrodes is regarded as desirable in aqueous electrolytes for 

additional reversible pseudocapacitance. However, excess 

oxygen in the carbon electrode can cause serious problems 

such as gas evolution (CO,  CO2) and polarization during the 

charge/discharge process in organic or ILs electrolyte [7]. 

Therefore, the elimination of surface O functional groups is 

necessary for carbon materials working under high working 

potential windows (> 3 V) [23]. N doping is known to affect 

the electrochemical performance of carbon materials [52]. 

In our case, after deoxidization, the content of N in 3DCFs 

is slightly reduced from 1.11 to 0.86%, which is assumed to 

have slight impact on the electrochemical performance of 

3DCF electrodes (Fig. S10).

3.2  Electrochemical Performance

The electrochemical performance of 3DCFs//3DCFs sym-

metric supercapacitors was tested in 6 M KOH. All GCD 

curves showed highly symmetric triangle profiles (Fig. 3a). 

The specific capacitance of 3DCF-DO is 168 F g−1, with 

78% capacitance retention at a high current density of 

100 A g−1, in comparison with 70% for 3DCF-900. As 

shown in Fig. 3d, the voltage drop (IR drop) obtained from 

the GCD curves of the 3DCF-DO varies linearly with the 

current density. At the current density of 100 A g−1, the IR 

drop of the 3DCF-DO is as low as 0.064 V, much lower than 

the values reported previously. Furthermore, the structure-

performance relationship of carbon materials is explored by 

electrochemical impedance spectroscopy (EIS) (Fig. 3e). 

Compared with 3DCF-900, the Nyquist plot of 3DCF-DO 

displays a smaller semicircle in the high-frequency region 
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and almost vertical line in the low-frequency region, sug-

gesting smaller Rs, Rct and more ideal capacitive behavior.

The Bode phase diagram of 3DCF-DO exhibits a charac-

teristic frequency (f0) at the phase angle of − 45° of 5.4 Hz, 

corresponding to a characteristic time constant (τ0 = 1/f0) 

of 0.19 s (inset in Fig. 3e). The rapid frequency response 

is consistent with the high rate performance of 3DCF-DO. 

Furthermore, the 3DCF-DO shows an ultrafast charge time 

of 0.65 s at 100 A g−1 and a capacitance retention of 77.4% 

at the current density of 1 A g−1. 3DCF-DO//3DCF-DO 

symmetric SCs show a satisfactory cycle stability, retain-

ing 100% initial specific capacitance after 10,000 cycles at 

1 V s−1 in 6 M KOH (Fig. 3f). The CV of 3DCF-DO was 

measured in 6 M KOH ranging from 10 mV s−1 to 10 V s−1, 

and the typical EDLC-type curves with ideal rectangular 

shape were obtained without distortion even at an ultrafast 

scan rate of 10 V s−1 (Fig. S11). It can be seen that the 

3DCF-DO shows a specific capacitance of 240, 138, and 

132 F g−1 at 10 mV s−1, 5 V s−1, and 10 V s−1, respec-

tively. The good linear dependence of the discharge current 

on the scan rate up to 10 V s−1 (R2 = 0.9996) demonstrates 

an ultrahigh rate performance for the 3DCF-DO electrode. 

The CV curves of the 3DCF-DO at the scan rate of 1, 2, and 

5 V s−1 show almost rectangular shapes (Fig. S11d-f). The 

above results have suggested the ultrafast charge/discharge 

rate and high power capability of the 3DCF-DO as electrode 

for aqueous SCs. The electric conductivity of the materials 

can affect the charge transfer to some extent. In this regard, 

the slope of 3DCF-DO is bigger than that of the other sam-

ples based on the linear sweep voltammetry (LSV) curves 

(Fig. S13a), implying its highest electric conductivity from 

the large conductive networks. The 3DCF-DO electrode 

keeps a great rate performance even at the mass loading of 

10 mg cm−2 with a specific capacitance of 142 F g−1 at the 

current density 1 A g−1 (85% capacitance retention with the 

mass loading of 2 mg cm−2, Fig. S13b). The results further 

prove that the thick electrodes of 3DCF-DO have high spe-

cific capacitance, outstanding rate performance, and robust 

electrochemical kinetics, which is required for practical 

applications.

3DCFs//3DCFs symmetric two-electrode cells using 

 EMIMBF4 as electrolyte were tested at a high voltage of 4 V, 
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Fig. 4  Electrochemical performance of 3DCF-900 and 3DCF-DO as electrodes of symmetric two-electrode coin cells in EMIMBF4 electrolyte 

at 4 V; a GCD curves of 3DCF-DO at current density from 1 to 20 A g−1; b GCD curves of 3DCF-DO at current density from 50 to 150 A g−1; c 

Rate performance, d Nyquist plots (inset is the Bode plots). e Ragone plots of 3DCF-900 and 3DCF-DO. f Stability test conducted at 1 V s−1 for 

10,000 cycles in EMIMBF4 at 4 V
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as shown in Fig. 4. The relationship between surface deoxi-

dization and electrochemical performance of 3DCF elec-

trodes is more significant in EMIMBF4 ILs. The capacitive 

performance of 3DCF-DO is demonstrated from the GCD 

curves in Fig. 4a, b. Accordingly, the calculated specific 

capacitance of 3DCF-DO is 174, 141, 98, and 83 F g−1 at 

the current densities of 1, 10, 100, and 150 A g−1, respec-

tively (Fig. 4c). An ultrafast discharge time of 1.96 s at 

100 A g−1 and a capacitance retention of 56% at the cur-

rent density of 1 A g−1 indicate the superb rate capability 

of 3DCF-DO, while the capacity retention of 3DCF-900 

is only 20%. The capacitive performance of 3DCF-700, 

3DCF-800, and 3DCF-900 as electrodes is investigated and 

compared in ILs electrolyte (Fig. S14). The electrochemi-

cal properties of these 3DCFs are improved with the tem-

perature rise. Compared with 3DCFs without deoxidization, 

the 3DCF-DO has shown the highest rate performance and 

the smallest IR drop at 100 A g−1 (Fig. S15). In addition, 

3DCF-DO as electrode for SC is tested in  EMIMBF4 at dif-

ferent potential windows, the charge curves of GCD at 3, 

3.5, and 4 V overlap each other fully (Fig. S16). These excel-

lent electrochemical properties can be attributed to the low 

oxygen content of 3DCF-DO, which limits gas evolution 

and polarization to ensure the high rate capability and cycle 

stability at 4.0 V. The 3DCF-DO exhibits the smaller Rs, Rct, 

and ESR than the 3DCF-900 in Fig. 4d. The Nyquist plots 

of 3DCF-DO reveal a vertical low-frequency line, a high-

frequency semicircle region and 45°-slop mid-frequency 

Warburg region with the knee f0 of 1.12 Hz corresponding 

to a characteristic time constant τ0 of 0.89 s. The charge 

transfer resistance (Rct) and total internal resistance (Rs) of 

3DCF-DO are 0.18 and 0.80 Ω, respectively, which proves 

the rapid diffusion kinetics and high electric conductivity 

of the 3DCF-DO electrode in  EMIMBF4 ILs electrolyte 

(Tables S4, S5). In Fig. 4e, the energy densities of 3DCF-

900 and 3DCF-DO are acquired in Ragone plots in the range 

of power density from 1 to 150 kW kg−1. The 3DCF-900 

shows an energy density of 100 Wh kg−1 at 1 kW kg−1 but 

only preserved 1.46 Wh kg−1 at 150 kW kg−1. However, the 

3DCF-DO shows 97 Wh kg−1 at 1 kW kg−1 and still remains 

a high energy-power density of 34 Wh kg−1 at 150 kW kg−1 

(~ boosted 23-fold in performance after deoxidization) for 

4 V  EMIMBF4-based SC. A capacitance retention of 93.2%, 

only 0.068% decay per cycle, at a scan rate of 1 V s−1 for 

10,000 cycles is obtained for 3DCF-DO//3DCF-DO sym-

metric SCs in  EMIMBF4 at 4 V (Fig. 4f). These results 

have indicated that the 3DCF-DO is a promising electrode 

to deliver ultrafast charge/discharge rate and high energy 

density at ultrahigh power density in  EMIMBF4 electrolyte. 

The Ragone plots of 3DCF-DO//3DCF-DO symmetric SCs 

are compared with reported symmetric SCs in the literature. 

Obviously, the electrochemical properties of 3DCF-DO have 

exceeded most of the carbon-based electrodes for SCs in 

aqueous and ILs electrolytes (Tables S6, S7).

The excellent electrochemical properties of 3DCF-DO are 

not only attributed to the 3D carbon framework with con-

tinuous nanocages to provide large conductive networks for 

rapid charge transfer, but also the elimination of surface oxy-

gen groups, which results in the following benefits: (a) the 

removal of surface O groups on the pore openings makes the 

easy entrance of electrolyte ions and thus improve the ion 

diffusion kinetics during the charge/discharge process; (b) 

the reduction of surface O groups improves the electric con-

ductivity of materials and boosts the rapid electron transfer; 

(c) the removal of surface O groups limits gas evolution and 

various side reactions to keep material’s stability as elec-

trode especially working at 4.0 V high potential windows.

4  Conclusions

In summary, the 3D carbon frameworks with continuous 

nanocages have been fabricated via a combined process of 

gas foaming, in situ activation and deoxidization. The deoxi-

dized 3DCF shows high specific surface area, continuous 

conductive network with multiple scale pores, and ultralow 

surface O content. As electrode for aqueous SCs, the deoxi-

dized 3DCFs show an ultrafast charge/discharge rate, which 

can be charged up to 77.4% of its maximum capacitance in 

0.65 s at 100 A g−1. The deoxidized 3DCFs can deliver a 

high energy density of 34 Wh kg−1 at an ultrahigh power 

density of 150 kW kg−1 in 1.11 s in  EMIMBF4 electrolyte 

at 4 V. Our strategy provides a pathway to the preparation of 

novel 3D carbon frameworks for ultrafast charge/discharge 

rate SCs with high energy-power density.

Acknowledgements The authors acknowledge the financial 

support from the National Natural Science Foundation of China 

(51672033, U1610255, U1703251).

Open Access This article is licensed under a Creative Commons 

Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 

as long as you give appropriate credit to the original author(s) and 



Nano-Micro Lett. (2021) 13:8 Page 9 of 11 8

1 3

the source, provide a link to the Creative Commons licence, and 

indicate if changes were made. The images or other third party 

material in this article are included in the article’s Creative Com-

mons licence, unless indicated otherwise in a credit line to the 

material. If material is not included in the article’s Creative Com-

mons licence and your intended use is not permitted by statutory 

regulation or exceeds the permitted use, you will need to obtain 

permission directly from the copyright holder. To view a copy of 

this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Electronic supplementary material The online version of this 

article (https ://doi.org/10.1007/s4082 0-020-00535 -w) contains 

supplementary material, which is available to authorized users.

References

 1. P. Simon, Y. Gogotsi, Materials for electrochemical capacitors. 

Nat. Mater. 7, 845–854 (2008). https ://doi.org/10.1038/nmat2 

297

 2. Y. Wu, Y. Yang, X. Zhao, Y. Tan, Y. Liu, Z. Wang, F. Ran, 

A novel hierarchical porous 3D structured vanadium nitride/

carbon membranes for high-performance supercapacitor nega-

tive electrodes. Nano-Micro Lett. 10, 63 (2018). https ://doi.

org/10.1007/s4082 0-018-0217-1

 3. Q. Wu, L. Yang, X. Wang, Z. Hu, From carbon-based nano-

tubes to nanocages for advanced energy conversion and 

storage. Acc. Chem. Res. 50, 435–444 (2017). https ://doi.

org/10.1021/acs.accou nts.6b005 41

 4. S. Kondrat, C.R. Pérez, V. Presser, Y. Gogotsi, A.A. Korny-

shev, Effect of pore size and its dispersity on the energy stor-

age in nanoporous supercapacitors. Energy Environ. Sci. 5, 

6474–6480 (2012). https ://doi.org/10.1039/c2ee0 3092f 

 5. X. Wang, Y. Zhang, C. Zhi, X. Wang, D. Tang et al., Three-

dimensional strutted graphene grown by substrate-free sugar 

blowing for high-power-density supercapacitors. Nat. Com-

mun. 4, 2905–2913 (2013). https ://doi.org/10.1038/ncomm 

s3905 

 6. Y. Dong, M. Yu, Z. Wang, Y. Liu, X. Wang, Z. Zhao, J. Qiu, 

A top-down strategy toward 3D carbon nanosheet frameworks 

decorated with hollow nanostructures for superior lithium stor-

age. Adv. Funct. Mater. 26, 7590–7598 (2016). https ://doi.

org/10.1002/adfm.20160 3659

 7. L. Lyu, K. Seong, J.M. Kim, W. Zhang, X. Jin et al., CNT/high 

mass loading  MnO2/graphene-grafted carbon cloth electrodes 

for high-energy asymmetric supercapacitors. Nano-Micro Lett. 

11, 88 (2019). https ://doi.org/10.1007/s4082 0-019-0316-7

 8. J. Wang, Q. Ma, Y. Wang, Z. Li, Z. Li, Q. Yuan, New insights 

into the structure–performance relationships of mesoporous 

materials in analytical science. Chem. Soc. Rev. 47, 8766 

(2018). https ://doi.org/10.1039/c8cs0 0658j 

 9. J. Wang, Y. Cui, D. Wang, Design of hollow nanostructures 

for energy storage, conversion and production. Adv. Mater. 31, 

1801993 (2018). https ://doi.org/10.1002/adma.20180 1993

 10. K. Xie, X. Qin, X. Wang, Y. Wang, H. Tao et al., Carbon 

nanocages as supercapacitor electrode materials. Adv. Mater. 

24, 347–352 (2012). https ://doi.org/10.1002/adma.20110 3872

 11. L. Wang, T. Wei, L. Sheng, L. Jiang, X. Wu et al., “Brick-and-

Mortar” sandwiched porous carbon building constructed by 

metal-organic framework and graphene: ultrafast charge/dis-

charge rate up to 2 V s−1 for supercapacitors. Nano Energy 30, 

84–92 (2016). https ://doi.org/10.1016/j.nanoe n.2016.09.042

 12. Z. Ling, Z. Wang, M. Zhang, C. Yu, G. Wang et al., Sus-

tainable synthesis and assembly of biomass-derived B/N Co-

doped carbon nanosheets with ultrahigh aspect ratio for high-

performance supercapacitors. Adv. Funct. Mater. 26, 111–119 

(2015). https ://doi.org/10.1002/adfm.20167 0001

 13. T. Lin, I. Chen, F. Liu, C. Yang, H. Bi, F. Xu, F. Huang, Nitro-

gen-doped mesoporous carbon of extraordinary capacitance 

for electrochemical energy storage. Science 350, 1508–1513 

(2015). https ://doi.org/10.1126/scien ce.aab37 98

 14. Z. Pan, H. Zhi, Y. Qiu, J. Yang, L. Xing et al., Achieving com-

mercial-level mass loading in ternary-doped holey graphene 

hydrogel electrodes for ultrahigh energy density supercapaci-

tors. Nano Energy 46, 266 (2018). https ://doi.org/10.1016/j.

nanoe n.2018.02.007

 15. Z. Liu, L. Jiang, L. Sheng, Q. Zhou, T. Wei, B. Zhang, Z. 

Fan, Oxygen clusters distributed in graphene with “paddy 

land” structure: ultrahigh capacitance and rate performance 

for supercapacitors. Adv. Funct. Mater. 28, 1705258 (2017). 

https ://doi.org/10.1002/adfm.20170 5258

 16. X. Jiang, R. Li, M. Hu, Z. Hu, D. Golberg, Y. Bando, X. 

Wang, Zinc-tiered synthesis of 3D graphene for monolithic 

electrodes. Adv. Mater. 31, 11901186 (2019). https ://doi.

org/10.1002/adma.20190 1186

 17. J. Chmiola, C. Largeot, P. Taberna, P. Simon, Y. Gogotsi, 

Desolvation of ions in subnanometer pores and its effect on 

capacitance and double-layer theory. Angew. Chem. Int. Ed. 

120, 3340–3443 (2008). https ://doi.org/10.1002/ange.20070 

4894

 18. C. Largeot, C. Portet, J. Chmiola, P. Taberna, Y. Gogotsi, P. 

Simon, Relation between the ion size and pore size for an 

electric double-layer capacitor. J. Am. Chem. Soc. 130, 2730–

2731 (2008). https ://doi.org/10.1021/ja710 6178

 19. F. Zhang, T. Liu, M. Li, M. Yu, Y. Luo, Y. Tong, Y. Li, Mul-

tiscale pore network boosts capacitance of carbon electrodes 

for ultrafast charging. Nano Lett. 17, 3097 (2017). https ://doi.

org/10.1021/acs.nanol ett.7b005 33

 20. W. Zhao, H. Zhang, J. Liu, L. Xu, H. Wu et al., Controlled 

air-etching synthesis of porous-carbon nanotube aerogels with 

ultrafast charging at 1000 A g−1. Small 40, 1802394 (2018). 

https ://doi.org/10.1002/smll.20180 2394

 21. C. Liu, Y. Liu, T. Yi, C. Hu, Carbon materials for high-voltage 

supercapacitors. Carbon 145, 529–548 (2019). https ://doi.

org/10.1016/j.carbo n.2018.12.009

 22. C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, A 

review of electrolyte materials and compositions for electro-

chemical supercapacitors. Chem. Soc. Rev. 44, 7484 (2015). 

https ://doi.org/10.1039/c5cs0 0303b 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-020-00535-w
https://doi.org/10.1038/nmat2297
https://doi.org/10.1038/nmat2297
https://doi.org/10.1007/s40820-018-0217-1
https://doi.org/10.1007/s40820-018-0217-1
https://doi.org/10.1021/acs.accounts.6b00541
https://doi.org/10.1021/acs.accounts.6b00541
https://doi.org/10.1039/c2ee03092f
https://doi.org/10.1038/ncomms3905
https://doi.org/10.1038/ncomms3905
https://doi.org/10.1002/adfm.201603659
https://doi.org/10.1002/adfm.201603659
https://doi.org/10.1007/s40820-019-0316-7
https://doi.org/10.1039/c8cs00658j
https://doi.org/10.1002/adma.201801993
https://doi.org/10.1002/adma.201103872
https://doi.org/10.1016/j.nanoen.2016.09.042
https://doi.org/10.1002/adfm.201670001
https://doi.org/10.1126/science.aab3798
https://doi.org/10.1016/j.nanoen.2018.02.007
https://doi.org/10.1016/j.nanoen.2018.02.007
https://doi.org/10.1002/adfm.201705258
https://doi.org/10.1002/adma.201901186
https://doi.org/10.1002/adma.201901186
https://doi.org/10.1002/ange.200704894
https://doi.org/10.1002/ange.200704894
https://doi.org/10.1021/ja7106178
https://doi.org/10.1021/acs.nanolett.7b00533
https://doi.org/10.1021/acs.nanolett.7b00533
https://doi.org/10.1002/smll.201802394
https://doi.org/10.1016/j.carbon.2018.12.009
https://doi.org/10.1016/j.carbon.2018.12.009
https://doi.org/10.1039/c5cs00303b


 Nano-Micro Lett. (2021) 13:88 Page 10 of 11

https://doi.org/10.1007/s40820-020-00535-w© The authors

 23. K. Zhang, L. Zhang, X.S. Zhao, J. Wu, Graphene/polyaniline 

nanofiber composites as supercapacitor electrodes. Chem. 

Mater. 22, 1392–1401 (2010). https ://doi.org/10.1021/cm902 

876u

 24. N. Yang, S. Yu, J.V. Macpherson, Y. Einaga, H. Zhao, G. 

Zhao, Conductive diamond: synthesis, properties, and electro-

chemical applications. Chem. Soc. Rev. 48, 157–204 (2019). 

https ://doi.org/10.1039/c7cs0 0757d 

 25. S. Yu, N. Yang, M. Vogel, S. Mandal, O.A. Williams, S. Jiang, 

H. Schönherr, Battery-like supercapacitors from vertically 

aligned carbon nanofibers coated diamond: design and dem-

onstrator. Adv. Energy Mater. 8, 1702947 (2018). https ://doi.

org/10.1002/aenm.20170 2947

 26. J. Xu, N. Yang, S. Heuser, S. Yu, A. Schulte, H. Schönherr, 

X. Jiang, Achieving ultrahigh energy densities of super-

capacitors with porous titanium carbide/boron-doped dia-

mond composite electrodes. Adv. Energy Mater. 9, 1803623 

(2019). https ://doi.org/10.1002/aenm.20180 3623

 27. K. Zhou, Y. He, Q. Xu, Q. Zhang, A. Zhou et al., A hydrogel 

of ultrathin pure polyaniline nanofibers: oxidant-templating 

preparation and supercapacitor application. ACS Nano 12, 

5888–5894 (2018). https ://doi.org/10.1021/acsna no.8b020 

55

 28. Q. Wu, Y. Xu, Z. Yao, A. Liu, G. Shi, Supercapacitors based 

on flexible graphene/polyaniline nanofiber composite films. 

ACS Nano 4, 1963–1970 (2010). https ://doi.org/10.1016/j.

elect acta.2017.11.008

 29. Z. Sun, T. Liao, Y. Dou, S. Huang, M. Park, L. Jiang, S. Dou, 

Generalized self-assembly of scalable two-dimensional transi-

tion metal oxide nanosheets. Nat. Commun. 5, 3813 (2014). 

https ://doi.org/10.1038/ncomm s4813 

 30. S.P. Lonkar, J. Raquez, P. Dubois, One-pot microwave-assisted 

synthesis of graphene/layered double hydroxide (LDH) nano-

hybrids. Nano-Micro Lett. 7, 332–340 (2015). https ://doi.

org/10.1007/s4082 0-015-0047-3

 31. X. Guo, G. Zhang, Q. Li, H. Xue, H. Pang, Non-noble metal-

transition metal oxide materials for electrochemical energy 

storage. Energy Storage Mater. 15, 171 (2018). https ://doi.

org/10.1016/j.ensm.2018.04.002

 32. J. Yang, C. Yu, C. Hu, M. Wang, S. Li et al., Surface-confined 

fabrication of ultrathin nickel cobalt-layered double hydrox-

ide nanosheets for high-performance supercapacitors. Adv. 

Funct. Mater. 28, 1803272 (2018). https ://doi.org/10.1002/

adfm.20180 3272

 33. Z. Xiao, Y. Mei, S. Yuan, H. Mei, B. Xu et al., Controlled 

hydrolysis of meta-organic frameworks: hierarchical Ni/Co-

layered double hydroxide microspheres for high-performance 

supercapacitors. ACS Nano 13, 7024–7030 (2019). https ://doi.

org/10.1021/acsna no.9b021 06

 34. Z. Li, H. Duan, M. Shao, J. Li, D. O’Hare, M. Wei, Z. Wang, 

Ordered-vacancy- induced cation intercalation into lay-

ered double hydroxides: a general approach for high-perfor-

mance supercapacitors. Chem 4, 2168–2179 (2018). https ://

doi.org/10.1016/j.chemp r.2018.06.007

 35. S. Chen, J. Wang, L. Fan, R. Ma, E. Zhang, Q. Liu, B. Lu, 

An ultrafast rechargeable hybrid sodium-based dual-ion 

capacitor based on hard carbon cathodes. Adv. Energy Mater. 

8, 1800140 (2018). https ://doi.org/10.1002/aenm.20180 0140

 36. H. Wang, C. Zhu, D. Chao, Q. Yan, H. Fan, Nonaqueous 

hybrid lithium-ion and sodium-ion capacitors. Adv. Mater. 

29, 1702093 (2017). https ://doi.org/10.1002/adma.20170 2093

 37. Y. Luo, L. Liu, K. Lei, J. Shi, G. Xu, F. Li, J. Chen, A non-

aqueous potassium-ion hybrid capacitor enabled by two-

dimensional diffusion pathways of dipotassium terephthalate. 

Chem. Sci. 10, 2048 (2019). https ://doi.org/10.1039/c8sc0 

4489a 

 38. W. Guo, C. Yu, S. Li, X. Song, H. Huang et al., A univer-

sal converse voltage process for triggering transition metal 

hybrids in situ phase restriction toward ultrahigh-rate super-

capacitors. Adv. Mater. 31, 1901241 (2019). https ://doi.

org/10.1002/adma.20190 1241

 39. Y. Shao, M. El-Kady, J. Sun, Y. Li, Q. Zhang et al., Design and 

mechanisms of asymmetric supercapacitors. Chem. Rev. 118, 

9233–9280 (2018). https ://doi.org/10.1021/acs.chemr ev.8b002 

52

 40. Z. Fan, J. Yan, T. Wei, L. Zhi, G. Ning, T. Li, F. Wei, Asym-

metric supercapacitors based on graphene/MnO2 and activated 

carbon nanofiber electrodes with high power and energy den-

sity. Adv. Funct. Mater. 21, 2366–2375 (2011). https ://doi.

org/10.1002/adfm.20110 0058

 41. K. Nomura, H. Nishihara, N. Kobayashi, T. Kyotani, 4.4 V 

supercapacitors based on super-stable mesoporous carbon 

sheet made of edge-free graphene walls. Energy Environ. Sci. 

12, 1542 (2019). https ://doi.org/10.1039/c8ee0 3184c 

 42. F. Sun, X. Liu, H. Wu, L. Wang, J. Gao, H. Li, Y. Lu, In situ 

high-level nitrogen doping into carbon nanospheres and boost-

ing of capacitive charge storage in both anode and cathode 

for a high-energy 4.5 V full-carbon lithium-ion capacitor. 

Nano Lett. 18, 3368 (2018). https ://doi.org/10.1021/acs.nanol 

ett.8b001 34

 43. Y. Ahn, B. Kim, J. Ko, D. You, Z. Yin et al., All solid state 

flexible supercapacitors operating at 4 V with a cross-linked 

polymer–ionic liquid electrolyte. J. Mater. Chem. A 4, 4386–

4391 (2016). https ://doi.org/10.1039/c6ta0 0643d 

 44. J. Li, N. Wang, J. Tian, W. Qian, W. Chu, Cross-coupled 

macro-mesoporous carbon network toward record high energy-

power density supercapacitor at 4 V. Adv. Funct. Mater. 28, 

1806153 (2018). https ://doi.org/10.1002/adfm.20180 6153

 45. C. Cui, W. Qian, Y. Yu, C. Kong, B. Yu, L. Xiang, F. Wei, 

Highly electroconductive mesoporous graphene nanofibers 

and their capacitance performance at 4 V. J. Am. Chem. Soc. 

136, 2256–2259 (2014). https ://doi.org/10.1021/ja412 219r

 46. Q. Wang, Y. Jun, Z. Fan, Carbon materials for high volumetric 

performance supercapacitors: design, progress, challenges and 

opportunities. Energy Environ. Sci. 9, 729–762 (2016). https 

://doi.org/10.1039/c5ee0 3109e 

 47. J. Hou, C. Cao, F. Idrees, X. Ma, Hierarchical porous nitro-

gen-doped carbon nanosheets derived from silk for ultrahigh-

capacity battery anodes and supercapacitors. ACS Nano 9, 

2556–2564 (2015). https ://doi.org/10.1021/nn506 394r

 48. G. Zhao, C. Chen, D. Yu, L. Sun, C. Yang et al., One-step pro-

duction of O–N–S Co-doped three-dimensional hierarchical 

https://doi.org/10.1021/cm902876u
https://doi.org/10.1021/cm902876u
https://doi.org/10.1039/c7cs00757d
https://doi.org/10.1002/aenm.201702947
https://doi.org/10.1002/aenm.201702947
https://doi.org/10.1002/aenm.201803623
https://doi.org/10.1021/acsnano.8b02055
https://doi.org/10.1021/acsnano.8b02055
https://doi.org/10.1016/j.electacta.2017.11.008
https://doi.org/10.1016/j.electacta.2017.11.008
https://doi.org/10.1038/ncomms4813
https://doi.org/10.1007/s40820-015-0047-3
https://doi.org/10.1007/s40820-015-0047-3
https://doi.org/10.1016/j.ensm.2018.04.002
https://doi.org/10.1016/j.ensm.2018.04.002
https://doi.org/10.1002/adfm.201803272
https://doi.org/10.1002/adfm.201803272
https://doi.org/10.1021/acsnano.9b02106
https://doi.org/10.1021/acsnano.9b02106
https://doi.org/10.1016/j.chempr.2018.06.007
https://doi.org/10.1016/j.chempr.2018.06.007
https://doi.org/10.1002/aenm.201800140
https://doi.org/10.1002/adma.201702093
https://doi.org/10.1039/c8sc04489a
https://doi.org/10.1039/c8sc04489a
https://doi.org/10.1002/adma.201901241
https://doi.org/10.1002/adma.201901241
https://doi.org/10.1021/acs.chemrev.8b00252
https://doi.org/10.1021/acs.chemrev.8b00252
https://doi.org/10.1002/adfm.201100058
https://doi.org/10.1002/adfm.201100058
https://doi.org/10.1039/c8ee03184c
https://doi.org/10.1021/acs.nanolett.8b00134
https://doi.org/10.1021/acs.nanolett.8b00134
https://doi.org/10.1039/c6ta00643d
https://doi.org/10.1002/adfm.201806153
https://doi.org/10.1021/ja412219r
https://doi.org/10.1039/c5ee03109e
https://doi.org/10.1039/c5ee03109e
https://doi.org/10.1021/nn506394r


Nano-Micro Lett. (2021) 13:8 Page 11 of 11 8

1 3

porous carbons for high-performance supercapacitors. Nano 

Energy 47, 547 (2018). https ://doi.org/10.1016/j.nanoe 

n.2018.03.016

 49. B. Song, J. Zhao, M. Wang, J. Mullavey, Y. Zhu et al., System-

atic study on structural and electronic properties of diamine/

triamine functionalized graphene network for supercapacitor 

application. Nano Energy 31, 183–193 (2017). https ://doi.

org/10.1016/j.nanoe n.2016.10.057

 50. H. Peng, B. Yao, X. Wei, T. Liu, T. Kou, P. Xiao, Y. 

Zhang, Pore and heteroatom engineered carbon foams for 

supercapacitors. Adv. Energy Mater. 9, 1803665 (2019). https 

://doi.org/10.1002/aenm.20180 3665

 51. D. Liu, K. Ni, J. Ye, J. Xie, Y. Zhu, L. Song, Tailoring the 

structure of carbon nanomaterials toward high-end energy 

applications. Adv. Mater. 30, 1802104 (2018). https ://doi.

org/10.1002/adma.20180 2104

 52. F. Wei, X. He, L. Ma, H. Zhang, N. Xiao, J. Qiu, 3D N, 

O-Codoped egg-box-like carbons with tuned channels for high 

areal capacitance supercapacitors. Nano-Micro Lett. 12, 82 

(2020). https ://doi.org/10.1007/s4082 0-020-00416 -2

https://doi.org/10.1016/j.nanoen.2018.03.016
https://doi.org/10.1016/j.nanoen.2018.03.016
https://doi.org/10.1016/j.nanoen.2016.10.057
https://doi.org/10.1016/j.nanoen.2016.10.057
https://doi.org/10.1002/aenm.201803665
https://doi.org/10.1002/aenm.201803665
https://doi.org/10.1002/adma.201802104
https://doi.org/10.1002/adma.201802104
https://doi.org/10.1007/s40820-020-00416-2

	3D Carbon Frameworks for Ultrafast ChargeDischarge Rate Supercapacitors with High Energy-Power Density
	Highlights
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Synthesis of 3DCF Materials
	2.2 Characterization
	2.3 Electrochemical Test of 3DCF Electrodes

	3 Results and Discussion
	3.1 Structure Characterization
	3.2 Electrochemical Performance

	4 Conclusions
	Acknowledgements 
	References


