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Experimental Section 

Materials synthesis 

Synthesis of 3DCF-Na and 3DCF-Li: For comparison, 3DCF-Na and 3DCF-Li 

materials were also prepared with NaNO3 or LiNO3 instead of KNO3 with the same 

procedure. These materials were named as 3DCF-Na-Y, 3DCF-Li-Y (Y refer to the 

final temperature of annealing process). 

Synthesis of 3DCF-KOH materials: KNO3 was replaced by KOH to prepare 

activated carbon materials for the comparison of the traditional activation with in-situ 

activation proposed in this paper (Supporting information, Fig. S6-S7). 

Material characterization 

Thermogravimetric Analysis (TG) was performed on a thermal analyzer (TA-Q50) to 

explore temperature of chemical blowing and in-suit activation process. The surface 

morphology and internal structure of samples were examined by the scanning electron 

microscopy (FE-SEM, HITACHI UHR FE-SEM SU8220) and transmission electron 

microscopy (TEM, HR-TEM FEI Tecnai G2 F30), respectively. X-ray diffraction 

(XRD) was carried out on the Rigaku D/Max 2400 diffractometer with Cu Kα 

radiation (λ=1.5406 Å). The porous texture of as-obtained materials was analyzed by 

Micrometrics ASAP 2020 Surface Area and Porosity Analyzer at 77 K. The specific 

surface area (SSA) was calculated from the N2 isotherm with p/p0 in the range 

0.1-0.25 by applying BET method. The pore size distribution was calculated by the 

DFT equation. XPS analysis was carried out on Thermo ESCALAB 250 to analyze 

the content of C, O, N of obtained materials. 
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Electrochemical measurements 

Galvanostatic charge/discharge (GCD), cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) were carried out on the electrochemical workstation 

(Bio-Logic, VP3, France). The CV scan rate was in a range of 10 mV s-1 to 10 V s-1 in 

aqueous electrolyte. The voltage window for ILs electrolyte was set as 4 V. The GCD 

curves were measured under the current density ranging from 0.5 to 200 A g-1 and EIS 

was performed at frequencies from 100 kHz to 10 mHz. The cycle stability was 

measured by 10000 cycles. The energy and power densities (Ragone plots) were 

evaluated from the galvanostatic discharge curves by taking account the total mass of 

electrode materials. The gravimetric capacitance of samples in the three-electrode 

system was calculated from discharge curves, according to the equation:[2-4]  

mV/IC t
 

The gravimetric capacitance of samples in the two-electrode cell was calculated from 

discharge curves, according to the equation:
 

VmtIC  /2
 

where ∆t, ∆V, I and m are the discharging time (s), voltage window after removing 

ohmic drop (V), current (mA) and the total mass of single carbon electrode (mg).  

The energy density was calculated according to the equation:  

/28.8IRVCE 2)( 
 

where C is the specific capacitance of samples in the two-electrode cell, V is the set 

voltage window (V), IR is the IR drop of discharge curves (V).
 

The power density was estimated using the equation: 



t/EP   

Where E (Wh kg-1)is the energy density of two-electrode cell, ∆t is the current (mA). 

The volumetric energy density (Ev) was estimated using the equation: 

*EvE   

The volumetric power density (Pv) was estimated using the equation: 

*PvP   

Where ρ was the packing density of electrode materials. 

The EIS spectra is fitted by the model R(C(RW)) as below: 

 

where Rs, Cd, Rct, and Zw represent the solution resistance, double layer capacitance,  

charge transfer resistance, and Warburg impedance, respectively.  

The equivalent series resistance (ESR) which was obtained according to the equation: 

I/VESR
drop

  

where Vdrop is the IR drop (V) in the discharge curve. 



 

Fig. S1. (a) TGA and (b) DTG curves of PVP, KNO3 and PVP/KNO3. (c) TG-MS of 

the released gases from the pyrolysis of PVP/KNO3. 

 

 

 

 



 

Fig. S2. (a) TGA and (b) DTG curves of PVP, NaNO3 and PVP/NaNO3. (c) TG-MS 

of the released gases from the pyrolysis of PVP/NaNO3. 

 



 

Fig. S3. (a) TGA and (b) DTG curves of PVP, LiNO3 and PVP/LiNO3. (c) TG-MS of 

the released gases from the pyrolysis of PVP/LiNO3. 

 



 

Fig. S4. SEM images of (a-b) 3DCF-900, (c-d) 3DCF-Na-900, (e-f) 3DCF-Li-900. 

 

 

 

 

 

 

 

 

 



 

Fig. S5. TEM images of (a-b) 3DCF-900, (c-d) 3DCF-Na-900, (e-f) 3DCF-Li-900, 

indicating that the structures of 3DCF can be controlled by using different alkali metal 

nitrates (NaNO3, LiNO3).  

 

 

 

 

 

 

 



 

Fig. S6. SEM images of (a-c) 3D carbon frameworks with continuous nanocages by 

in-situ activation of KNO3; (d-f) 3DCFs by activation of KOH. 

 

 

 

 

 

 

 

 



 

Fig. S7. The difference between mechanism of (a) traditional activation by KOH and 

(b) in-situ activation by uniform distribution of alkali metal oxides (AMOs).  

The formation pores might undergo an expansion-etching mechanism on the basis of 

the following equations started above its decomposition temperature above 450 °C.  

Expansion: 12 KNO3 → 6K2O+N2 ↑ +10O2 ↑ +10NO ↑                       

(1)  

Etching: 2K2O+C → 4K+ CO2 ↑                                                                

(2) 

CO2 ↑ +C → 2CO ↑                                            

(3) 

 

 

 

 

 

 



 

 

Fig. S8. The proposed ion diffusion models of EMI+ in pores with different size. (a) < 

0.7 nm; (b) 2-4 nm. 

Ions in KOH electrolyte are small (0.3-0.45 nm for hydrated K and 0.6-0.65 nm for 

hydrated OH). Therefore, KOH based supercapacitors usually work well in terms of 

capacitance and its high-current retention with well selected microporous carbons 

without much need for mesopores. However, the mesopores of 3DCFs can provide 

accessible space for rapid ion buffer and energy storage even using EMI+ ions (~0.7 

nm) as electrolyte. When the pore size was smaller than 0.7 nm, the pore was 

inaccessible and useless to store energy in Fig. S8.  

 

 

 

 

 



 

Fig. S9. X-ray photoelectron spectroscopy (XPS) spectra of the 3DCF materials. (a) 

Survey spectra and (b-f) C1s deconvoluted spectra of 3DCF-450, 3DCF-700, 

3DCF-800, 3DCF-900 and 3DCF-DO, respectively.  

 

 

 



 

Fig. S10. (a-e) N1s deconvoluted spectra of 3DCF materials, (f) The change of 

various N species with annealing temperature. 

 

 

 

 

 

 

 

 

 



 

Fig. S11. Cyclic voltammetry performance of 3DCF-DO as electrode of symmetric 

two-electrode coin cell in 6 M KOH; (a) CV curves of various scan rates from 10 mV 

s-1 to 10 V s-1; (b) Rate performance from 10 mV s-1 to 10 V s-1; (c) Discharge current 

versus scan rate. A linear dependence is obtained at scan rates up to 10 V s-1 in the 

capacitive region. (d-f) CV curves of 3DCF-DO at different scan rates of 1 V s-1, 2 V 

s-1, 5 V s-1, respectively. 



 

Fig. S12. Electrochemical performance characteristics of 3DCF-Li and 3DCF-Na 

materials measured in a two-electrode system in 6 M KOH; (a) Rate performance, (b) 

CV curves and (c) Nyquist plots of 3DCF-Li materials. (d) Rate performance, (e) CV 

curves and (f) Nyquist plots of 3DCF-Na materials.  



 

Fig. S13. The relationship between interconnected nanocages and corresponding 

materials properties, such as (a) LSV curves of 3DCF-700, 800, 900 and 3DCF-DO; 

(b) 3DCF-DO-based supercapacitors in 6 M KOH at various mass loadings of 2, 5 

and 10 mg cm-2. 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S14. Rate performance of 3DCF materials (3DCF-700, 3DCF-800, 3DCF-900 

and 3DCF-DO) in (a) 6 M KOH and (b) EMIMBF4 electrolyte. 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S15. Electrochemical performance of 3DCFs in a symmetric two-electrode coin 

cells in EMIMBF4 at 4 V; (a) IR drop, (b) Nyquist plots of 3DCF-700, 3DCF-800, 

3DCF-900 and 3DCF-DO, (c) The electrochemical polarization in GCD curves of 

3DCF-900 and 3DCF-DO at the current density of 1 A g-1. (Two obvious peaks for O 

decomposition and side reactions disappeared even at the small current density of 1 A 

g-1 after the deoxidization process.) 



 

Fig. S16. 3DCF-DO-based supercapacitor at different potential windows of 3 V, 3.5 

V, 4 V in EMIMBF4. (a) At the current density of 1 A g-1; (b) At the current density 

of 10 A g-1; (c) Rate performance at 3 V, 3.5 V and 4 V. 

 

 

 

 

 



Table S1. Structural characteristics of 3DCF materials. 

Materials 
SSA 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Vmeso 

(cm3 g-1)* 

Vmicro 

(cm3 g-1)* 
Vmeso/Vmicro 

Average pore 

width (nm) 

3DCF-450 1502 1.44 0.71 0.43 1.65 3.83 

3DCF-700 2098 1.83 0.89 0.72 1.24 3.50 

3DCF-800 2592 1.97 1.02 0.71 1.44 3.49 

3DCF-900 2602 2.29 1.24 0.56 2.21 3.04 

3DCF-DO 2612 2.32 1.26 0.60 2.10 3.02 

*: Vmeso: mesopore volume (2-50 nm); Vmicro: micropore volume (0-2 nm); 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Contents of C, N, O in 3DCF materials based on XPS. 

Materials (at%) 3DCF-450 3DCF-700 3DCF-800 3DCF-900 3DCF-DO 

C 83.07 86.35 90.42 93.09 97.45 

N 5.6 5.02 1.68 1.11 0.86 

O 11.33 8.63 7.90 5.80 1.69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. C1s analysis of 3DCF materials. 

Materials (at%) 
C=C 

(284.5 eV) 

C-OH 

(285.4 eV) 

C-O-C 

(286.8 eV) 

C=O 

(287.3 eV) 

COOH 

(288.8 eV) 

3DCF-450 57.57 23.77 8.60 4.88 5.18 

3DCF-700 58.70 19.17 9.04 6.79 6.30 

3DCF-800 63.13 16.72 8.92 5.92 5.31 

3DCF-900 66.38 16.43 7.05 4.86 5.28 

3DCF-DO 70.11 15.37 6.54 4.53 3.45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4. Various resistances of the 3DCF materials in ILs electrolyte. 

Materials ESR (Ω) Rs (Ω) Rct (Ω) 

3DCF-700 10.75 2.41 2.74 

3DCF-800 5.51 1.69 2.22 

3DCF-900 3.94 1.37 0.90 

3DCF-DO 2.43 0.80 0.18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S5. The corresponding relaxation time constant (τ, s) of the 3DCF materials. 

Electrolyte 3DCF-700 3DCF-800 3DCF-900 3DCF-DO 

6 M KOH 0.94 s 0.43 s 0.29 s 0.19 s 

EMIMBF4 3.73 s 3.54 s 2.50 s 0.89 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6. Comparison of 3DCF materials with other advanced carbon electrodes for 

aqueous SCs. 

Materials SBET (m2 g-1) C (F g-1) 
Potential 

(V) 

Current Density 

(A g-1) 
Electrolyte Ref. 

3DCF-900 2602 220 (160) 1 1 (100) 6 M KOH This work 

3DCF-DO 2612 168 (130) 1 1 (100) 6 M KOH This work 

ZNG 2020 336 1 0.5 1 M H2SO4 S1 

CoDCs 1730 270 (120) 1 1 (100) 6 M KOH S2 

OMC-1 650 208 (106) 1 0.2 (100) 6 M KOH S3 

EM-CCG 962 203 (145) 1 0.1 (100) 1 M H2SO4 S4 

KNOSC 2685 403 (309) 1 1 (100) 6 M KOH S5 

GO-160-8D 305 436 (261) 1 0.5 (50) 6 M KOH S6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S7. Comparison of 3DCF materials with other advanced carbon electrodes for 

ILs-based SCs. 

Materials 
SBET 

(m2 g-1) 

Energy Density 

(Wh kg-1) 

Power Density 

(kW kg-1) 

Potential 

(V) 
Electrolyte Ref. 

3DCF-900 2602 100 (1.46) 1 (150) 4 EMIMBF4 This work 

3DCF-DO 2612 97 (34) 1 (150) 4 EMIMBF4 This work 

3DCF-DO(40 ºC) 2612 108.3 (58.3) 1 (100) 4 EMIMBF4 This work 

3DCF-DO(60 ºC) 2612 127.8 (62.8) 1 (100) 4 EMIMBF4 This work 

BNP-HGH 980 38.5 83 3.5 EMIMBF4 S7 

AHPC 2650 67 18 3.6 EMIMBF4 S8 

PC-1000 2096 65 81.5 3.5 EMIMBF4 S9 

GNFs 1280 55.4 20 4 EMIMBF4 S10 

GMS sheet 1500 48 20 4.4 TEABF4 /PC S11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S8. Comparison of mass loading performance for various carbon-based SCs in 

aqueous electrolytes. 

Materials 
Mass loading  

(mg cm-2) 

Cg  

(F g-1) 

3DCF-DO 

(this work) 

2 

5 

10 

168 (1 A g-1) 

155 (1 A g-1) 

142 (1 A g-1) 

Activated carbon [S12] 5-10 80-120 

EM-CCG film [S13] 
1 

10 

167 (1 A g-1) 

126 (1 A g-1) 

Compressed MEGO [S14] 4.3 147 (1.2 A g-1) 

Graphene framework [S15] 
1 

10 

289 (1 A g-1) 

246 (1 A g-1) 

CNT arrays [S16] 5 160 (1 A g-1) 

Actived grephene [S17] 4 231 (1 A g-1) 

CCNC3 [S18] 
3.5 

10.6 

177 (1 A g-1) 

156 (1 A g-1) 

Laser scribed graphene [S19] 0.036 276 (5 A g-1) 
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