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H I G H L I G H T S

• Activated carbon is prepared via flash Joule heating within 20 s.
• Through-hole structure and heteroatom doping improve electrochemical performance.
• The symmetric device reveals high energy density and good electrochemical stability.
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A B S T R A C T

The pore structure is the critical parameter affecting the performance of activated carbon (AC) based super
capacitors. However, most conventional high-temperature thermal treatment of AC is time-consuming, ener
getically demanding, and easy destroyed of pore structure. Here, the AC with through-hole structure is prepared 
by flash Joule heating method within 20 s, shortens the transport distance of electrolyte ions, solves the problem 
of slowing down the electro-adsorption kinetics with large specific surface area (1039 m2 g− 1). In addition, the 
rapid activation process helps to prevent the etching of heteroatoms by the KOH, so that the content of het
eroatom is higher than tube furnace, and the pseudocapacitance is increased. Based on these, electrode material 
exhibits high specific capacitance of 313.7 F g− 1 at 1 A g− 1. Symmetrical supercapacitor reveals specific 
capacitance retention of 99.8 % after 10000 circles in 6 M KOH. The prepared AC is assembled into a button cell 
by using 1 M TEATFB/AN electrolyte, it delivers good energy density of 57.8 Wh kg− 1 at the power density of 
748.5 W kg− 1, and a wide voltage window of 3 V. This strategy offers a broad prospect for rapid preparation of 
carbon-based electrode materials.

1. Introduction

The consumption of fossil fuels on a global scale has resulted in a 
number of natural disasters., so the continuous development and 
application of new energy technologies is particularly significant [1–3]. 
Supercapacitors (SCs) occupy a critical position in electrochemistry due 
to their long cycle stability, which are widely used in green energy 
storage devices [4,5]. Base on the different reaction mechanism, SCs are 
classified into electric double-layer supercapacitors (EDLCs) and pseu
docapacitors (PCs) [6]. Carbon materials are frequently employed as 
electrode materials, which including AC [7], graphenes [8], carbon 

nanofibers [9] and carbon nanotubes. AC is widely used in super
capacitors because of its large SSA and good electrical conductivity. The 
properties of activated carbon-based supercapacitors are closely related 
to the pore structure. The micropores (<2 nm) make the carbon material 
to have a larger SSA and provide more active sites for electrochemical 
energy storage, ultra-micropore (<0.7 nm) can effectively reduce the 
thickness of the EDLCs and increase the specific capacitance signifi
cantly, mesoporous pores (2–50 nm) facilitate the transport of ions, 
large pores (>50 nm) are conducive to electrolyte storage. However, 
with the increase of the SSA, ions in the electrolyte are more easily 
adsorbed on the surface of the micropores, resulting in greater resistance 
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to ion transport and movement, and the energy density and power 
density are also decreased. Therefore, the construction of through-hole, 
and the formation of interconnected through-hole network can promote 
the migration and transport of ions in solution, reduce the resistance of 
ion current flow, and improve the electrochemical performance of 
electrode materials. The interconnected channels between micropores, 
mesoporous and macropores providing facile pathways for electrolyte 
movement [10,11].

Although EDLCs have excellent cycle stability, their specific capac
itance is lower than PCs. Therefore, doping heteroatoms in the carbon 
skeleton to increase the pseudocapacitance is considered as a promising 
method to improve the specific capacitance. In addition, the rich porous 
structure will disrupt the conductive network of the carbon material, 
resulting in a decrease in conductivity, while heteroatom doping can 
enhance the conductivity of the electrode material in addition to 
improving the pseudocapacitance. Zhao et al. [12] synthesized MXe
ne/carbon nanotube electrodes with vertically aligned channels using a 
directional freezing strategy, reducing interfacial resistance, so that the 
assembled device provides a specific capacitance of 231 F g− 1 and a 
maximum energy density of 10.17 Wh kg− 1 at 2 mV s− 1. Yang et al. [13] 
prepared biochar with controllable micro/mesoporous structure by 
adjusting the ratio of salt to chitin and increasing the total nitrogen 
content and SSA (>1000 m2 g− 1), the pseudocapacitance can be 
increased by the N content to achieve a specific capacitance of 301.2 F 
g− 1.

AC based electrode materials usually need to be heat treated in an 
inert atmosphere, and carbon materials are etched with activators to 
improve the pore structure, which usually requires mixing more than 
two activators and consuming more than three times the mass of the 
carbon precursor [14]. The traditional heat treatment is usually carried 
out via thermal radiation, convection, or conduction, and the heating 
rate is less than 10 K min− 1. Therefore, the high-temperature treatment 
and activation process of AC often takes several hours to complete, and 
longer heating times can lead to the following problems: The carbon 
precursor will continuously react with the activator during the heating 
process. With the reaction, the pore diameter will continue to grow, the 
structure of the ultra-micropores will be destroyed and the yield of AC 
will be reduced. When the activator etched carbon, it also etched het
eroatoms in the carbon material. [15,16]. FJH is a method of heating 
through high temperature radiant heat shock, which can complete the 
activation and carbonization process of AC in a few seconds. The use of 
its rapid heating and cooling characteristics can prevent further 
destruction of the pore structure during the heat treatment process, as 
well as avoid additional etching of N and O atoms by the activator. 
However, there are few reports on this aspect.

Coal-based carbon materials contain a large number of aromatic 
compounds, but the high resistance and poor wettability hinder their 
further application. The introduction of heteroatoms into the carbon 
lattice, resulting in the changes of surface functional groups and struc
tures, can improving this problem [17]. In order to improve the chem
isorption of ions on carbon electrode material, Roy [18] et al. introduced 
N into the carbon material to reduce the electrode/electrolyte interface 
resistance, improve the hydrophilicity, and show excellent electro
chemical performance. Dong [19] et al. show that O-doped carbon 
surfaces exhibit an increase in dipole moments, suggesting a rise in 
surface polarization. O functional groups on the surface of carbon ma
terials has been shown to improve the ability to adsorb electrolyte ions 
(K+). In addition, the O-doped surface experiences a significant increase 
in adsorption energy, thus enhancing the pseudocapacitance of the 
supercapacitor. Pan [20] et al. prepared N/O co-doped carbon materials. 
The density functional theory (DFT) shows that N/O doping can produce 
heterogeneous atomic charge distribution, which can enhance the sur
face polarity and thus improve the surface wettability to the electrolyte. 
In conclusion, the coal is treated with HNO3 and H2SO4, the aromatic 
compounds in the coal are transformed into nitro aromatics through 
nitration reaction, N atom is introduced. A large number of carboxyl 

groups and oxygen-containing functional groups are introduced into the 
side chain and edge of the aromatic ring through oxidation reaction. The 
successful doping of N/O improves the electrochemical properties of 
carbon electrode materials.

Due to the rapid heating and cooling characteristics of flash Joule 
heating, the uniform mixing of carbon precursors and activators be
comes important. Therefore, oxidized coal is used as the precursor, the 
surface of oxidized coal contains a large number of acidic oxygen- 
containing functional groups such as phenolic hydroxyl group and 
-COOH. KOH as an alkaline activator neutralizes the acidic functional 
group before the activation process, which can make the activator fully 
contact with oxidized coal and prevent resource waste and uneven pore 
structure. In the activation process, functional groups such as -OH help 
to increase the active site, and KOH is etched from the surface to the 
inside of the carbon material, which can form a through-hole structure 
by adjusting the ratio [21]. K+ further corrodes the carbon layer and 
forms pores. Stable functional groups such as C-O-C and C=O are formed 
by the reaction of -COOH and -OH on the surface of oxidized coal, and 
CO2 and H2O are released at the same time [22].

In this work, the coal is pre-oxidized to enrich its surface with het
eroatoms and oxygen-containing functional groups. KOH is used as 
activator, coal-based AC with a SSA of 1039 m2 g− 1 was quickly pre
pared by flash Joule heating. The through-hole network from micro
pores to macropores shortened the distance of ion diffusion, two 
different heat treatment methods of Joule heating and tube furnace were 
used to investigate their differences in structure, composition and 
electrochemical properties. In addition to the advantages of the porous 
structure of the Joule-heated sample, the faster reaction process also 
prevents excessive etching of heteroatoms, the sample has a higher O 
content (24.18 %) and N content (3.32 %) compared to the tube furnace. 
Base on the advantages of pore structure and composition, Joule-heated 
sample has demonstrated a specific capacity 313.7 F g− 1 at 1 A g− 1, it 
delivers energy density of 57.8 Wh kg− 1 (power density 748.5 W kg− 1) 
in 1 M TEATFB/AN (Tetraethylammonium tetrafluoroborate/ 
acetonitrile).

2. Experimental section

2.1. Preparation of oxidized coal

The preparation of oxidized coal (OC) originated from our group’s 
previous work [23,24]. 10 g coal is mixed with 180 mL H2SO4 and 60 mL 
HNO3 in a beaker and stirred for 12 h. The acidified coal is washed three 
times with deionized water, named the product as OC.

2.2. Fabrication of TF-AC and FJH-AC-X

0.2 g OC and 0.2 g KOH were ground in mortar until fully grind, and 
the mixture was heated to 1000 ◦C in a tube furnace and held for 2 h, the 
heating rate is 5 K min− 1. The sample with 1 M HCl followed by repeated 
centrifugation with distilled water and was named TF-AC.

The mixture of 0.2 g OC and different masses of KOH (0.1, 0.2, 0.3 g) 
was fully ground and evenly mixed. The voltage and current of Joule 
heating are 40 V and 300 A respectively, heating rate 200 ◦C/s, set 
temperature 1000 ◦C. The subsequent washing method is the same as 
TF-AC. Coal-based porous carbon designated as FJH-AC-X. (In this 
article, TF represents the sample treated in the tube furnace, AC repre
sents activated carbon, FJH represents samples treated with flash Joule 
heating, X is the mass ratio of OC to KOH. X = 1 means mOC: mKOH =

1:0.5, X = 2 means mOC: mKOH = 1:1, X = 3 means mOC: mKOH = 1:1.5)

3. Results and discussion

The manufacturing process of FJH-AC-2 is illustrated in Scheme 1. 
Heteroatoms and the multitudinous of functional groups directly affect 
the conductivity and wettability of supercapacitors, which are crucial to 
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the performance of supercapacitors [25–27]. Therefore, N, O atoms and 
oxygen-containing functional group were successfully introduced into 
the carbon skeleton and macromolecular structure side chain of carbon 
by being treated with mixed acid. Flash Joule heating, which can be 
heated at a rate of 200 K s− 1 (Fig. S1.), KOH will rapidly react with OC to 
form a unique structure [28,29]. After reaching the set temperature the 
heating ceased and rapid cooling ensued, the rapid cooling process 
preserving these specific morphologies. However, in the tube furnace, 
KOH melts slowly and due to prolonged heating time, the reaction 
proceeds towards a reduction in Gibbs free energy, causing small 
droplets to gradually coalesce into larger ones and form large and un
even pores [28]. In a tube furnace, the long-term heating treatment 
causes more carbon in OC to be etched by KOH, and the small molecule 
compounds components in OC will also be thermal decomposed more 
completely. Hence these two reasons lead to the AC obtained by 
carbonization in tube furnace is less than that obtained by joule heating 
treatment, the yield of FJH-AC-2 is as high as 71.3 %, while the yield of 
TF-AC is only 33.9 % (Fig. S2).

As shown in Fig. 1b and S3, the TF-AC produced by the tube furnace 
has a relatively rough surface, with its 3D structure destroyed and no 
specific shape is formed. Fig. 1 a and 1 c demonstrate that FJH-AC-1 is 
composed of numerous granules. The KOH melts and disperses into 
smaller droplets, which can etch the OC and form a granular 
morphology. As shown in Fig. 1b–d, with the increase in the proportion 
of KOH, the KOH drops size becomes larger, resulting in an increase in 
the porous size formed, this leads to the formation of through-hole 
structures for FJH-AC-2 (Fig. S4 and S5.). As the ratio of KOH con
tinues to increase, the pore size of FJH-AC-3 also increased, however, 
the through-hole structure is partially destroyed (Fig. 1a and e). These 
different morphologies are related to the variations in heating rate and 
KOH ratio. The morphology of FJH-AC-2 was further characterized 
using TEM. The presence of small mesoporous and micropores is 
observed in (Fig. 1f), FJH-AC-2 does not exhibit obvious carbon lattice 
fringes, indicating its existence in the form of amorphous carbon. Ele
ments C, O and N are distributed within FJH-AC-2 (Fig. 1g), the struc
ture of interconnected macropores can be observed, which facilitates ion 
transport in electrolyte.

Fig. 2a reveals the XRD spectroscopy of TF-AC and FJH-AC-X. Two 
broad peaks appeared in the vicinity of 23◦ and 44◦, corresponding to 
the (002) and (100) crystal planes of carbon materials [30]. The wide 
and flat shape of the two characteristic peaks indicates high degree of 
defects [31,32], FJH-AC-X and TF-AC has a relatively high porosity. As 
shown in Fig. 2b, there are two characteristic peaks at about 1350 cm− 1 

and 1580 cm− 1, representing the D and G bands of carbon materials. The 
strength of the D-band indicates the degree of defects, while the strength 
of the G-band indicates its degree of graphitization. The ID/IG values of 

TF-AC, FJH-AC-1, FJH-AC-2 and FJH-AC-3 are 1.24, 0.82, 0.83, and 
0.99. The value increases with the increase of activation time and KOH 
ratio. The higher ID/IG of carbon materials suggests greater pore abun
dant [33,34].

To gain further insight into the pore structure, the N2 adsorption- 
desorption isotherms and PSD data for TF-AC and FJH-AC-X are pre
sented in Fig. 2c and Fig. S6, respectively. All samples are exhibit 
composite curves of type I and type IV, with the curve sharply rising at 
low relative pressure (P/P0 < 0.1), indicating a significant presence of 
micropores [35,36]. At high relative pressure (0.4 < P/P0 < 1), meso
porous is proven by the obvious hysteresis loops observed in the curve, 
in addition, the TF-AC hysteresis loop belongs to the type of H3, which 
represents the generation of slit pores, and the FJH-AC-2 belongs to the 
type of H4, which represents the generation of interstice pores. Interstice 
pores generally a collection of spherical pores and straight cylindrical 
pores, this matches with the pore types of the through holes observed by 
SEM and TEM. [37–39]. As shown in Table S1, the SSAs of TF-AC and 
FJH-AC-2 are 1313 and 1039 m2 g− 1, respectively. Even though TF-AC 
has a larger SSA, the larger SSA makes it easier for ion to be adsorbed on 
the micropores, which slows down the ion migration and increases the 
electrical resistance and thus reduces the electrochemical performance. 
Compared with the smooth surface of TF-AC, FJH-AC-2 has more 
through-hole structures, which are favorable for ion transport, and 
enhancing the electrochemical performance [11]. The increase in the 
SSA is due to a longer reaction time between KOH and OC in the tube 
furnace. The PSD reveals that FJH-AC-2 has a higher content of 
ultra-micropores (<0.7 nm), and the it matches more closely with the 
size of solvated ions, that is, hydrated K+ ions (0.63 nm) and OH− (0.6 
nm), thus improving the electrochemical performance [40,41]. The di
agram of desolvation of hydrated ions depicted in in Fig. 2d, the ions in 
the aqueous electrolyte combine with water to form solvated ions. When 
a voltage is applied to the electrode material, these solvated ions will 
slightly deform in pores smaller than their size and lose some water 
molecules. This desolvation phenomenon reduces the thickness of the 
double electric layer, thereby reducing the distance between the central 
ion and electrode surface and significantly improving its electro
chemical performance [42]. Under the same KOH ratio, FJH-AC-2 have 
a large number of ultra-micropores due to its rapid activation. However, 
the reaction time between TF-AC and activator is prolonged, resulting in 
a larger pore size and reduce the content of ultra-micropores, leading to 
performance deterioration. FJH-AC-2 is an ideal material for super
capacitors due to its reasonable distribution of micropores, mesoporous 
and macropores, which form an interconnected hierarchical pore 
structure.

As shown in Fig. S7 and Table S2, the changes of functional groups 
are explored through FTIR spectra. The infrared spectrum of OC and two 

Scheme 1. Formation Schematic of FJH-AC-2.
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samples with different heating methods. From the spectra, it can be 
observed that abundant functional groups, including -COOH, -NO2, 
-C=O and -OH, are introduced to the surface of OC. The FJH-AC-2 
contains significantly more functional groups than that of TF-AC, 
which is caused by the two factors of heating time and heating rate. 
The longer the heating time, the acidic functional groups in OC and KOH 
react more fully, resulting in a reduction of O-H bond and C=O of 
carboxyl functional groups at 3564 cm− 1 and 1730 cm− 1. As a result, 
this functional groups basically disappears in TF-AC. On the other hand, 
the longer heating time make more complete etching of C atoms and 
heteroatoms by KOH, so the content of nitro functional groups and 
functional groups in the TF-AC is diminished.

Elemental composition and content of TF-AC and FJH-AC-2 were 
analyzed through XPS testing. The binding energies of TF-AC and FJH- 
AC-2 at 284.8, 400.1 and 530.1 eV correspond to the peaks of C1s, 
N1s and O1s. The C1s spectrum of FJH-AC-2 (Fig. 2f) was fitted to five 
peaks, which correspond to C-C, C-N, C-O, C=O, and O-C=C bonds 
located near 284.8, 286.2, 287.1, 289.1, and 291.1 eV respectively [43]. 

The N1s spectrum (Fig. 2g) was decomposed into four peaks that cor
responded to N-5 (400.1 eV), N-6 (398.4 eV), N-Q (402.2 eV), and N-X 
(404.5 eV). N-5 and N-6 located in the marginal part of the carbon, 
which can improve the wettability and provide reaction active sites [44,
45]. N-Q refers to quaternary nitrogen, and the N-Q group can alter the 
charge density that provide positive charge and enhance the conduc
tivity [46,47]. The O1s spectrum was fitted by four peaks (Fig. 2h), 
centered at 531.6, 533.2, 535.3, 537.6 eV, which could be assigned to 
C=O, C-O, O=C-O-C=O, O=C-O [48]. The content of O in FJH-AC-2 is 
24.18 %, which is beneficial to the wettability and increases the 
capacitance performance (Table S4). The total content of N, O and the 
richness of functional groups in FJH-AC-2 are much higher than those in 
TF-AC (Fig. S8, Table S3 and S5), indicating that the types of the heating 
method change the content of oxygen, nitrogen and functional groups 
when the sample proportion is kept constant. Longer heating times are 
not conducive to the retention of heteroatoms. Therefore, it can be 
predicted that FJH-AC-2 has more excellent electrochemical properties. 
The contact angle is a crucial tool to measure the surface wettability 

Fig. 1. (a) Mechanism of pore structure formation in flash Joule heating process with different KOH ratio. (b) SEM images of TF-AC; (c) FJH-AC-1; (d) FJH-AC-2; (e) 
FJH-AC-3. (f) TEM images of FJH-AC-2 and (g) element mapping of C, O and N.
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(Fig. 2e). By comparing the water contact angles of TF-AC and 
FJH-AC-2, angles of TF-AC and FJH-AC-2 are 130◦ and 90◦ respectively, 
which indicates that FJH-AC-2 is more hydrophilic, which is caused by 
the fact that FJH-AC-2 contains more heteroatom and functional groups.

Electrochemical properties of TF-AC and FJH-AC-X were character
ized using a three-electrode system, with 6 M KOH. In Fig. 3a, the GCD 
curves of TF-AC and FJH-AC-X exhibit approximately triangular shapes. 
The specific capacitance of TF-AC, FJH-AC-1, FJH-AC-2, and FJH-AC-3 

can also be calculated as 140.8, 226.0, 313.7 and 247.7 F g− 1 respec
tively. Among them, FJH-AC-2 exhibits excellent electrochemical per
formance (Table S6). Meanwhile, the CV curves of TF-AC and FJH-AC-X 
displayed in Fig. 3b exhibit an approximately rectangular shape. Both of 
the CV and GCD curves present the energy storage mechanism of the 
electrode is predominantly governed by the EDLCs behavior. It can be 
observed that FJH-AC-2 exhibits the highest specific capacitance 
because its higher heteroatom and functional groups, which lead to the 

Fig. 2. (a) XRD patterns and (b) Raman spectra of TF-AC and FJH-AC-X. (c) N2 adsorption-desorption isotherms and pore size distribution curves of FJH-AC-2. (d) 
Schematic diagram of desolvation of hydrated ions. (e) Water contact angels of TF-AC and FJH-AC-2. (f) C1s, (g) N1s, (h) O1s XPS spectra of TF-AC and FJH-AC-2.
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occurrence of pseudocapacitance electrochemical behavior [49–52]. 
Secondly, because the advantages of ultra-micropores and 
through-holes, the ultra-micropores match the size of hydrated ions in 
solution, and desolvation occurs to enhance the specific capacitance. 
Meanwhile the through-hole that connects the micropores and meso
pores, which shortens the path of the ion migration, and then accelerates 
the transportation of the ions in solution, the electromobility rises, and 
the specific capacitance is increased [10,11]. Fig. 3c represents a 
Nyquist diagram for all samples, with Rs and Rct listed in Table S7. The 
Rs (0.42 Ω) and Rct (0.22 Ω) of FJH-AC-2 is the smallest, because the 
through-hole structure facilitates the transport of electrolyte ions 
[53–55]. From the Bode diagram in Fig. 3d shows that all samples are 
close to the phase angle of − 90◦, which means that the ideal capacitance 
characteristics for EDLCs. The relaxation time (τ0) for TF-AC, FJH-AC-1, 
FJH-AC-2 and FJH-AC-3 are 1.46, 3.16, 1.21 and 3.83 s, respectively. 
The shorter relaxation time indicates a stronger ion transport ability of 
the electrode material, FJH-AC-2 has the smallest resistance and relax
ation time [56,57]. The FJH-AC-2 exhibits good rate performance as a 
supercapacitors electrode material (Fig. 3e). The electrochemical per
formance of FJH-AC-2 is further analyzed. By examining the GCD dia
gram of different current densities (Fig. 3f) and CV diagram of different 
sweep speeds (Fig. 3g), as the scan rate and current density increase, the 
curves of FJH-AC-2 remains symmetrical without any obvious 

deformation, indicating that the material has remarkable chemical 
reversibility [58]. The specific capacitance changes from 320.5 to 200.2 
F g− 1 (0.5–100 A g− 1), and the capacitance retention possesses 62.5 %. 
The ratio of pseudocapacitance is analyzed in Fig. 6h, it can be observed 
that the percentage of double electric layer capacitance at 3 mV s− 1 in 
the total capacitance is 85.38 %. At a sweep speed of 1 mV s− 1, the 
proportion of pseudocapacitance can reach 19 %. With the sweep speed 
continuous increase, some reactions may not have enough time to occur, 
therefore, the proportion of EDLC will correspondingly increase while 
the proportion of pseudocapacitance will decrease (Fig. 3i).

To further verify the application performance of TF-AC and FJH-AC- 
2 as electrode materials for supercapacitors, symmetric supercapacitors 
were assembled in three different electrolytes, and Fig. 4a shows the 
two-electrode system assembly diagram, FJH-AC-2 acts as both the 
positive and negative terminal, the through-hole of FJH-AC-2 provides a 
pathway for ion transport. From Fig. 4b and c, it can be observed that all 
samples have shapes similar to isosceles triangles and rectangles, this 
indicates that their energy storage mechanism is controlled by EDLCs. 
The electrochemical properties of TF-AC, FJH-AC-1, FJH-AC-2, and FJH- 
AC-3 were determined to be 30.1, 50.7, 107.8, and 83.7 F g− 1, respec
tively at 1 A g− 1. The FJH-AC-2 electrode exhibits the longest discharge 
time and the best electrochemical performance. The FJH-AC-2 exhibits a 
capacity retention rate of 70.8 % (Fig. S9), indicating satisfactory rate 

Fig. 3. Three-electrode electrochemical performance of TF-AC and FJH-AC-X: (a) GCD curves at current density of 1 A g− 1 and (b) CV curves at scan rate of 50 mV 
s− 1 of all sample; (c) Nyquist plots; (d) Bode plots of the samples; (e) rate performance of all samples; (f) GCD curves obtained at different current densities and (g) CV 
curves of FJH-AC-2 at different scan rates; (h) capacitance contribution at 3 mV s− 1 and (i) capacitance contribution ratio at different scan rates of FJH-AC-2.
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performance. The 10000 cycles test was carried out at 5 A g− 1, which 
showed that the electrode had a cycle retention rate of 99.84 % in 6 M 
KOH (Fig. 2d). It may be attributed to the structure of carbon material is 
relatively stable during the cycling [59]. The coulomb efficiency of 
FJH-AC-2 remains above 98 % after 10,000 cycles, demonstrating the 
exceptional stability. In order to further explore its application value, 
FJH-AC-2 was assembled into a button cell using TEATFB/AN as the 
electrolyte, and its electrochemical performance was investigated. From 
4e and 4f, the voltage window range of the button cell is as high as 3 V, 
and the specific capacitance of FJH-AC-2 can reach 185.4 F g− 1 at 1 A 
g− 1, connecting two button cells can make a small bulb shine (Video S1). 
Fig. 4g presents the Ragone diagram of FJH-AC-2 in 1 M TEATFB/AN 
electrolyte, which exhibits an energy density of 57.8 Wh kg− 1 at a power 
density of 748.5 W kg− 1, as compared to other literature sources 
(Table S8).

4. Conclusion

The FJH has the advantages of short time and low energy con
sumption during the thermal treatment of AC compared to the classical 
heating method of a tubular furnace. The rapid reaction process results 

in the formation of a substantial number of ultra-micropores within the 
electrode material, retains interconnected pore channels, and prevents 
activating agent further etching of heteroatoms. Based on these advan
tages, the sample prepared by FJH method has richer pore structure and 
heteroatom content, the presence of ultra-micropores can significantly 
increase the specific capacitance, the interconnected pores provide ion 
transport channels, more N element content (3.32 %) can reduce the 
resistance and improve its conductivity, and the substantial presence of 
O element (24.18 %) can enhance the wettability. From this, the FJH- 
AC-2 has a higher specific capacitance of 313.7 F g− 1 and achieves a 
power density of 748.5 W kg− 1 at an energy density of 57.8 Wh kg− 1 in 1 
M TEATFB/AN electrolyte. This manuscript indicates that the coal- 
based porous carbon prepared by the FJH method requires a smaller 
quantity of activator than the traditional tube furnace, ensure better 
electrochemical performance while preparing quickly, and its yield can 
reach an astonishing 71.3 %. This provides a good strategy for the rapid 
preparation of coal-based porous carbon.
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