
Colloids and Surfaces A: Physicochemical and Engineering Aspects 676 (2023) 132178

Available online 2 August 2023
0927-7757/© 2023 Elsevier B.V. All rights reserved.

Ultrafast synthesis of 3D porous flash graphene and its 
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• The flash Joule heating can heat the 
samples in situ. 

• It only takes 21 s to synthesize 3D 
porous flash graphene. 

• The removal rate of methylene blue is as 
high as 99%.  
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A B S T R A C T   

3D hierarchical porous graphene (3D HPG) has recently captured significant attention due to its unique poros
ities, excellent electron transport capability, and multifunctionality. However, given that the traditional prep
aration method of 3D HPG is time-consuming, energy-consuming and seriously polluting, which seriously block 
its wide application. This study leveraged the capabilities of flash Joule heating (FJH) to ultrafast synthesize 3D 
porous flash graphene (3D PFG) with good dispersion and adsorption properties from bituminous coal (BC) 
within 21 s. The thermal shock generated by carbonate pyrolysis and the thermal expansion generated by Joule 
heating were used to produce the stable porous structure. Moreover, the specific surface area of 3D PFG was as 
high as 504 m2g− 1, and displayed the characteristics of hierarchical porous structure of micropores, mesopores 
and macropores. The porous structure changes of 3D PFG synthesized by FJH under different carbonate ratios 
and different flash voltages were investigated, and the controllable synthesis conditions of hierarchical pore 
structures during FJH were obtained accordingly. As the experimental and simulation results show, the 3D PFG 
displays good dispersibility and good adsorption performance as adsorbent for methylene blue and methyl or
ange. This environmentally friendly synthetic process of FJH not only simplifies the preparation process of 3D 
HPG but also provides a valuable way for the high value-added utilization of coal.  
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1. Introduction 

3D hierarchical porous graphene (3D HPG) is widely used in the 
fields of adsorbents, catalysts and sensors [1–3]. Due to its excellent 
properties such as stable mechanical properties [4–6], low density [7], 
excellent electrical conductivity [8,9]and large specific surface area [10, 
11], it is considered a revolutionary material for the future [12–15]. 
Compared with other types of graphene, 3D HPG possesses uniformly 
dispersed active sites due to its high specific surface area, which en
hances the ability of interfacial transport and reaction. Its surface and 
interior can closely interact with organic or inorganic substances [16], 
endowing it with broad application prospects [17,18]. Especially in 
water treatment, its unique hierarchical porous structure can shorten the 
diffusion path and promote the penetration of substances, thus guar
anteeing excellent adsorption performance [19,20]. 

There are various methods for preparing 3D HPG, such as chemical 
vapor deposition (CVD) [21,22], templated self-assembly [23,24] and 
chemical redox method [25,26] that have been successfully applied. 
Zhang et al. prepared graded porous graphene with large specific surface 
area using polystyrene spheres as a templating agent [27]. Sha et al. 
prepared sucrose-coated nickel powder to obtain porous graphene oxide 
after thermal annealing of the particles at 1000 ◦C [28]. These tradi
tional methods can be broadly divided into two categories according to 
their synthesis strategies: top-down and bottom-up. Usually, the 
top-down method is mainly based on the template self-assembly 
method, using graphene oxide as the raw material, and synthesizing 
porous graphene under the condition of high temperature, airtight and 
oxygen deficiency. However, this category requires some special 
equipment and high temperature confinement conditions, as well as 
pre-synthesis of nano-etching templates. Accordingly, the synthesis 
process is long, complex and energy-consuming, and the dispersion and 
quality of the produced graphene is extremely low [29,30]. As for the 
bottom-up method (CVD), both the gas source involved in the deposition 
reaction and the residual gas after the reaction are toxic, and the yield of 
graphene is as low [31,32]. Therefore, it is crucial to explore the green 
and efficient synthesis process of 3D HPG. 

In order to overcome the disadvantages of the existing 3D HPG 
preparation methods, such as expensive preparation, tedious synthesis 
and serious environmental pollution, this study introduced the ultrafast 
synthesis of 3D porous flash graphene (3D PFG) from bituminous coal 
(BC) using the flash Joule heating system (FJH). During the FJH syn
thesis process, due to the internal resistance of the samples itself, the 
Joule heating can be instantaneously generated by the samples after the 
two ends of the samples are electrified. Meanwhile, the Joule heating 
can pyrolyze the activator to activate the samples. In the synthesis 
process, the discharge time of FJH can be adjusted by changing the 
capacitance of FJH. First, the sample temperature is gradually increased 
to 1200 K within 20 s by continuous discharge through FJH (1.4 F). Then 
through FJH (60 mF) instantaneous discharge, the sample temperature 
can reach above 2500 K within 200 ms. In this case, the heating and 
cooling rate of the samples is extremely fast (104 Ks− 1-105 Ks− 1). During 
the FJH process, the thermal expansion and thermal shock effects 
generated by Joule heating and activator pyrolysis not only increase the 
degree of graphitization of BC, but also create the hierarchical porous 
structure in BC. Compared with the original material, the specific sur
face area of 3D PFG is increased by at least ten times. In addition, the 
ultra-fast cooling rate avoids the AB stacking of aromatic sheets, 
resulting in disordered stacking of graphene sheets. The unique turbine 
layered structure of 3D PFG allows it to maintain the optical and elec
tronic properties of two-dimensional graphene even when hundreds of 
graphene layers are stacked [33]. 

Compared with traditional heating devices, FJH is a typical non- 
radiative heating method. It does not need any carrier such as heating 
wire or furnace tube to heat the samples, but directly uses the resistance 
of the samples itself to generate Joule heating in situ. The preparation 
process is green and convenient, without any strong acid, base or gas. All 

it needs is to mix the activator and BC and then conduct FJH treatment 
for 21 s to obtain 3D PFG with good dispersibility. Compared with the 
traditional synthesis methods, the energy required for the synthesis of 
3D PFG is extremely low, only 2 kJ. As the important industrial resource, 
coal is a natural carbon source with large reserves and high carbon 
content [34,35]. Compared with biomass carbon sources, coal boasts of 
the advantages of high synthesis yield and more stable internal struc
ture. Meanwhile, few studies have been conducted on the synthesis of 
high value-added carbon materials using BC as the carbon source, and 
even fewer studies on the preparation of 3D HPG using BC. Therefore, 
the route for the ultrafast synthesis of 3D PFG from BC using FJH has 
broad application prospects. It not only provides a feasible way for the 
high value-added utilization of coal, but also has great significance for 
the reduction of CO2 greenhouse gas emissions. 

2. Experiment 

2.1. Chemicals and materials 

Deionized water (Sinopharm, AR), Bituminous Coal (Xinjiang, Grain 
size 75 µm), Carbon black (Cabot, Grain size 150 µm), K2CO3 (Sino
pharm, AR), Methyl Orange (Sinopharm, AR), Methylene Blue (Sino
pharm, AR), Pluronic F-127 (Millipore-Sigma, AR), NaOH (Sinopharm, 
0.1 M), HCl (Sinopharm, 0.1 M). All reagents are analytically pure 
without any treatment. 

2.2. The FJH system 

The length, outer diameter, and inner diameter of the quartz tube 
were 50 mm, 8 mm, and 6 mm, respectively. The length and diameter of 
the graphite electrode were 8 mm and 5.9 mm, respectively. The Quartz 
tubes and graphite electrodes were purchased from Jiangsu Donghua 
and Beijing Jinglong, respectively. The FJH system includes a control 
module, a charging module, a discharging module, a working module, 
an energy storage module, and a measurement module. In our previous 
work, the circuit diagram of FJH had been shown [36]. The control 
module includes a controller PLC and a relay; the charging module in
cludes a charging power supply, a capacitor, a resistor, and a charging 
switch; The discharging module includes a capacitor, a resistor, and a 
discharging switch; The energy storage module is mainly composed of a 
capacitor; the working module includes a sample stage, a reaction box; 
the measurement module includes a voltage, resistance, and tempera
ture meter. The manufacturer and model for all components were 
indicated in the Table S1. 

2.3. Experimental methods 

The 3D PFG synthesis process is as follows: First, BC (75 µm), acti
vator (K2CO3), and carbon black (CB) were mixed evenly according to 
the mass ratio of 1:3:0.04 to obtain the gray powder (KBC). Then 1.5 g of 
KBC was weighed and put in the quartz tube, with the graphite rod 
electrodes being put at both ends to block. The compression degree of 
the samples was controlled by the springs at both ends of the electrode, 
maintaining the resistance of the sample at about 500 Ω. In the process 
of FJH treatment, the FJH (1.4 F) was first used to continuously 
discharge KBC for 20 s (voltage 110 V) to obtain the porous amorphous 
carbon (PAC). Then the FJH (60 mF) was used for instant discharge 
(voltage 140 V). In this process, the reaction temperature instantly 
reached above 2500 K, and the temperature was rapidly lowered to 
obtain 3D PFG. The samples were washed in deionized water, filtered, 
and dried at 95 ℃ for 8 h to obtain 3D PFG powder. 

2.4. Material characterization 

SEM images were taken with a Zeiss Sigma 300 SEM system. A 
voltage of 10 keV was employed in the process of imaging. TEM and 
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SAED images were obtained on a JEOL 2100 field emission transmission 
electron microscope at an acceleration voltage of 200 kV. XPS data were 
collected using a Thermo Scientific K-Alpha scanning X-ray microprobe 
with a base pressure of 5 × 10− 9 Torr. Survey spectra were recorded 
using 0.5 eV step sizes with a pass energy of 140 eV. Elemental spectra 
were recorded using 0.1 eV step sizes with a pass energy of 50 eV. All of 
the XPS spectra were corrected using the C 1 s peaks (284.8 eV) as 
reference. Powder XRD spectra were collected with a Bruker D8 advance 
diffractometer by using zero background sample holders at a scan rate of 
2◦/min and a 0.1◦ step size. Raman spectra were collected by a Horiba 
Raman microscope outfitted with a 532 nm laser. BET surface area 
analysis was conducted with a Micromeritics APSP2640 BET surface 
analyzer, with nitrogen as the analysis gas. Samples were degassed for 8 
h at 200 ◦C under a high vacuum prior to analysis. 

2.5. Dispersion testing of flash Joule heating porous graphene 

F-127 was added to deionized water, and sonicated for 30 min to 
prepare a 1% F-127 solution. Different quality sample powders (BC, 
PAC, 3D PFG) and 1% F-127 solution were prepared according to the 
initial concentration (1 mg/mL~5 mg/mL) and added to the centrifuge 
tube. The centrifuge tube was put into the bath sonicator with a power of 
480 W (SUNNE, SN-QX-65) and sonicated for 20 min to fully disperse 
the samples in the solution, and then centrifuged in a centrifuge (ANXIN, 
ATXG20G) for 5 min at a centrifugal speed of 2000 r/min (447 g relative 
centrifugal force). Since graphene has strong light absorption, the su
pernatant was removed by dropper and diluted 100 times. The super
natant was analyzed via ultraviolet–visible spectroscopy (Shimadzu), 
then the absorbance was recorded at 660 nm, and the concentration of 
graphene in solution was calculated according to the Lambert-Beer law 
using the extinction coefficient α660 = 6600 lg− 1m− 1. The extinction 
curve was shown in Fig. S1. 

2.6. Adsorption properties measurement of flash Joule heating porous 
graphene 

Unless otherwise stated, the experiments in this study were carried 
out at 298 K, PH= 6 environment (using 0.1 M NaOH and HCl to adjust 
the pH value). A certain amount of methyl orange and methylene blue 
dyes was weighed to prepare the dye solution (1000 mg/L), which was 
then diluted to 200 mg/L. In order to study the adsorption rate of 
different samples to the dye solution, the samples were added to the 200 
mg/L dye solution according to 2 g/L. Then the test tube containing the 
mixed solution was put into the water bath constant temperature 
shaking box, and the speed and the temperature of the shaking box was 
set to 140 r/min and 25 ◦C, respectively. The solution was removed from 
the test tube at different time intervals. In order to minimize the loss of 
dyes, the samples were separated from the solution using the glass fiber 
needle filter. Then the absorbance of the separated solution was 
measured at 665 nm and 464 nm by UV-Vis spectrophotometer, 
respectively. Finally, the removal rate of dyes was calculated (the 
extinction coefficient of methylene blue is 2.73 ×104 lmol− 1cm− 1, and 
the extinction coefficient of methyl orange is 7.72 ×103 lmol− 1cm− 1). 

2.7. Flash Joule heating process simulation 

The structure of the flash graphene models was set as follows: The 
inner diameter and length of the quartz tube of the FJH (1.4 F) models 
were set to 8 mm and 40 mm, respectively; and the thickness was set to 
1 mm. The radius and length of graphite electrodes were set to 8 mm and 
10 mm. The radius and length of the intermediate samples were set to 8 
mm and 20 mm, respectively. The inner diameter and length of the 
quartz tube of the FJH (60 mF) models were set to 3 mm and 15 mm 
respectively, with the thickness set to 1 mm. The radius and length of 
graphite electrodes were set to 3 mm and 5 mm. The radius and length of 
the intermediate samples were set to 3 mm and 5 mm, respectively. 

Since the current passed through the samples when the FJH was 
working, Joule heating was generated in situ due to the existing internal 
resistance, and the samples underwent thermal expansion and defor
mation. This process involved the multi-physical coupling of electro
magnetic heat and thermal expansion. The finite element simulation 
first used the current physical field, and set the two ends of the material 
as the discharge voltage plane and the ground plane respectively. The 
assumption equations (Eqs. (1–3)) used are as follows: 

∇⋅J = QJ⋅v (1)  

J = σE+
∂D
∂t

+ Je (2)  

E = − ∇V (3) 

Jis the current density through the material, QJ⋅v is the current 
source, E is the electric field,σ is the conductivity, D is the electric flux 
density, t is the FJH synthesis time,Je is the externally generated current 
density, V is the electric potential. 

Then used the physics of heat transfer in solids, set the external 
temperature to 293.15 K, and selected the convective heat flux type. The 
assumption equations (Eqs. (4–5)) used are as follows: 

ρCp
∂T
∂t

+ ρCpu⋅∇T +∇⋅q = Q+Qted (4)  

q = − k∇T (5) 

ρ is the density of the material,Cp is the heat capacity of the material 
at constant pressure,T is the temperature of the material,t is the FJH 
synthesis time,u is the displacement field vector of the material, q is the 
heat flux of the material, Qis the heat generated under the action of 
Joule heating,Qted is the heat generated by the compression or expansion 
of a material,k is the thermal conductivity,T is the temperature of the 
material. 

Finally, the Young’s modulus and Poisson’s ratio of each domain 
were defined by using the physical field of solid mechanics. The 
assumption equations (Eq. 6) used are as follows: 

ρ ∂2u
∂2t2

= ∇⋅s+Fv (6) 

ρ is the density of the material, u is the displacement field component 
of the material, t is the FJH synthesis time, s is the stress on the material, 
F is the deformation gradient, v is the volume of the material. The 
relevant properties of specific materials were shown in Table S2 below 
[33]. 

3. Results and discussion 

3.1. Character of flash Joule heating Process 

The two-step synthesis of 3D PFG using FJH was demonstrated. The 
industrial analysis results of BC are shown in Table S3. High fixed carbon 
content and volatiles endows BC with the potential to transform into 3D 
PFG. The schematic diagram of FJH device is shown in Fig. 1(a). FJH 
consists of two capacitor banks of 1.4 F and 60 mF to realize continuous 
discharge and instantaneous discharge, respectively. The schematic di
agram of the FJH process for the synthesis of 3D PFG is shown in Fig. 1 
(b). First, the KBC was continuously discharged for 20 s by FJH (1.4 F). 
Pyrolysis of K2CO3 in BC produced a large amount of gas, which mainly 
caused the thermal shock effect and cracks or even rupture of particles 
on BC, thus forming the rich hierarchical porous structure including 
macropores, mesopores and micropores. However, due to the low re
action temperature, the samples could not be graphitized, and PAC 
(439 m2g− 1) was obtained. Then FJH (60 mF) was used to discharge 
PAC instantaneously so that the temperature of the sample could reach 
up to 2500 K within 200 ms, producing the thermal expansion effect. 
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The remaining activator in the samples were further pyrolyzed, and the 
porous structure was further increased on the basis of retaining the 
original hierarchical porous structure. During this ultra-high-speed 
heating and cooling process (104 Ks− 1-105 Ks− 1), the six-membered 
ring plane composed of carbon atoms underwent continuous decom
position and polymerization, and generated free radicals with high 
reactivity, which formed graphene-like carbon rings with carbon atoms 

[33]. Finally, the graphene sheets were stacked disorderly to form 3D 
PFG (504 m2g− 1). 

The electrical signals collected by the FJH process are shown in Fig. 2 
(a). The initial voltage of FJH (1.4 F) was 110 V. With the discharge of 
the capacitor, the current through the samples gradually increased from 
0 A to 3 A, and the temperature of the sample gradually increased from 
room temperature to 1200 K. The energy change of FJH (1.4 F) is shown 

Fig. 1. (a) FJH system (1.4 F and 60mF) schematic; (b) Flow chart of 3D PFG synthesis process.  

Fig. 2. (a-b) Electrical signal when FJH (1.4 F and 60 mF) work; (c-d) Finite element simulation of temperature variation of synthetic PAC and 3D PFG; (e-f) Finite 
element simulation of thermal expansion deformation of synthetic PAC and 3D PFG. 
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in Fig. S2(a). When the discharge lasted for 20 s, about 1400 J of energy 
was released. The electrical signals collected when the large voltage FJH 
(60 mF) works are shown in Fig. 2(b), and the initial voltage was 140 V. 
During the discharge process, a pulse current of about 500 ms could be 
observed, and the pulse current increased instantaneously from 0 A to 
160 A. PAC was also rapidly heated from room temperature to about 
2500 K, and cooled to room temperature within one second. The energy 
change during the reaction is shown in Fig. S2(b). About 571 J of energy 
was released. These signals indicate that FJH can be rapidly heated in 
situ under the action of the Joule heating generated by the sample itself, 
and then rapidly cooled at room temperature; and that the energy 
consumption during the synthesis process is extremely low. The working 
process of FJH (60 mF) was recorded by the high-speed camera. As 
shown in Fig. S3. The Joule heating generated by the samples instantly 
causes dazzling white light, and the white light intensity reaches the 
strongest within 200 ms. It can be clearly observed that the electrode is 
displaced due to the thermal shock and thermal expansion effects pro
duced by the samples, and finally the reaction is finished within one 
second, and the samples are cooled to room temperature. 

In order to investigate the thermal expansion and thermal shock 
effects during the synthesis process, the finite element analysis of the 
FJH synthesis process was performed using COMSOL software. The 
working voltage of synthetic PAC was set to 110 V, and the working 
voltage of synthetic 3D PFG was set to 140 V. As shown in Fig. 2 (c-d), 
the temperature when working at low voltage and large capacitance FJH 
(1.4 F) is much lower than that at high voltage and small capacitance 
FJH (60 mF). The temperature is the highest at the center of the samples, 
and gradually declines to the sides. This indicates that the activator 
pyrolyzes first at the center of the samples and cools down to room 
temperature in a short time. In order to better display the degree of 
sample deformation, the sample expansion deformation is shown in the 
quartz tube, as is illustrated in Fig. 2(e-f). It can be found that when FJH 
(60 mF) is working, the expansion degree of the samples is significantly 
greater than that when FJH (1.4 mF) is working. The expansion degree 
of the samples is proportional to the temperature, and the expansion 

deformation is most obvious at the center of the highest temperature. 
However, due to the obstruction of the electrodes at both ends, the 
deformation of the samples near the electrodes is small. Accordingly, 
during the FJH reaction process, due to the coupling effect of the electric 
field and the thermal field, the thermal expansion and thermal shock 
effect of the sample itself are positively correlated with the expansion 
and deformation of the samples. The expansion deformation of the 
actual samples is shown in Fig. S4, which is consistent with the con
clusions obtained. 

3.2. Influence of flash Joule heating on microstructure of samples 

Porous structure changes in the samples were observed by SEM. As 
shown in Fig. 3(a), BC is composed of non-uniform amorphous carbon 
particles with almost no porous structure. It can be observed in Fig. 3(b) 
that there are many porous structures of different sizes in PAC, which 
indicates that the thermal shock effect generated by the pyrolysis of the 
activator has an active pore-forming effect on the samples. In Fig. 3(c), it 
can be seen that a large amount of porous structure was preserved in 3D 
PFG, and there are no amorphous carbon particles, indicating that the 
porous structure synthesized by FJH is very stable and fully reacted. As 
shown in Fig. S5, there are only two elements of C and O in 3D PFG. It 
proves that the temperature of FJH synthesis is higher than the gasifi
cation temperature of impurities in BC [36]. Accordingly, the impurities 
of the samples can be removed so as to ensure the purity of the 3D PFG. 
In Fig. 3(d-e), the surface of the 3D PFG sheet has a large amount of 
porous structure. Moreover, the graphene lattice edges can be observed. 
The lattice spacing of 3D PFG increases to 3.66 Å in Fig. 3(f), which is 
significantly larger than the 3.34 Å spacing observed in AB graphite 
[37]. This further proves that the thermal expansion and thermal shock 
effects generated by FJH can not only increase the porosity of the 
samples, but also enhance the crystallinity of the samples. In addition, 
because the disordered stacking between carbon layers expands the 
interlayer distance, making it easier for the carbon layers to peel off to 
form the graphene sheet structure. The SAED was used to confirm the 

Fig. 3. (a-c) SEM images of the samples before and after the FJH treatment; (d-f) TEM image of 3D PFG, where micropores and mesopores are marked by circles, and 
graphene sheet structures are marked by arrows. 
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existence of multiple overlapping crystal lattice in 3D PFG. The (001), 
(100) and (110) crystal plane structures can be observed in Fig. S6, 
which proves that the rotation in the carbon layer is disordered. 

3.3. Influence of flash Joule heating on chemical composition of samples 

The elemental ratio, atomic hybridization mode and surface oxygen- 
containing functional group type of the samples were analyzed by XPS. 
As shown in Fig. 4(a-c), with the progress of FJH, the ratio of oxygen to 
carbon in the samples gradually decreases. This is because BC itself 
contains some oxygen-containing impurities that are removed after FJH 
treatment, but due to the pyrolysis of K2CO3, the pyrolysis products react 
with carbon materials to form a small amount of oxygen-containing 
functional groups [38]. Therefore, while ensuring the high purity of 
the samples, FJH also leads into a small amount of oxygen-containing 
functional groups. The presence of oxygen-containing functional 
groups also provides the basis for good dispersion of 3D PFG. In order to 
better observe the changes of oxygen-containing functional groups 
during the flash evaporation process, the XPS fine map of oxygen ele
ments was fitted in Fig. S7. With the progress of FJH, under the action of 
the high temperature generated by the samples and the pyrolysis of 
K2CO3, the most abundant oxygen-containing functional groups were 
formed by 3D PFG. It can be observed that the oxygen-containing 

functional groups correspond to C––O, C-OH and C-O-C, COOH at the 
binding energies of 531.1 eV, 532.2 eV, and 534.2 eV [39]. To deter
mine the orderliness degree of the samples, the sp2 hybridization peak 
and sp3 hybridization peak can be obtained by fitting the C1s peak [40], 
as shown in Fig. 4(d-f). The data for the specific fitted peaks are pre
sented in Table (S4–6). During the synthesis process, the peak area ratio 
of sp3 to sp2 and the half peak width of sp2 gradually decrease. It shows 
that the hybridization mode of carbon atoms gradually changes from sp3 

to sp2, and the graphitization degree of the samples after FJH treatment 
gradually increases. 

The graphitization degree of samples during FJH was analyzed by 
XRD. In Fig. 4(g), the XRD spectrum analysis of BC shows that the 
diffraction peak of the (002) plane is far away from the typical diffrac
tion peak (26◦) of crystalline carbon, while the diffraction peak of the 
(100) plane hardly exists, and there are messy miscellaneous peaks. This 
confirms the amorphous carbon structure of BC and the presence of 
impurities. Compared with BC, the peak intensities of the (002) plane 
and (100) crystal plane diffraction peaks of PAC increase, and the 
characteristic peaks of some previous non-carbon impurities disappear, 
but still remain amorphous carbon structures. In addition, the (002) 
crystal plane diffraction peak of 3D PFG is the most obvious and the peak 
line becomes steep. This is because the high temperature generated 
instantaneously by FJH causes graphitization of PAC. In Fig. S8, the 

Fig. 4. (a-c) XPS elemental analysis of BC, PAC, 3D PFG; (d-f) Analysis of sp2 and sp3 hybridization ratio of BC, PAC, 3D PFG; (g) XRD diffraction patterns of BC, PAC, 
3D PFG; (h) Raman spectra of BC, PAC, 3D PFG; (i) ID/IG, I2D/IG and crystallite size L after fitting BC, PAC, 3D PFG Raman spectra. 
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(002) peak is observed to shift leftward from 26.7◦ to 25.9◦ for graphite 
due to the increase in interlayer spacing. According to the calculation, 
the interlayer distance of the samples is much larger than 3.34 Å of 
typical AB stacked graphite. It shows that although the first step of FJH 
can increase the pores, the synthesis temperature is too low to prevent 
the samples from graphitization. The instantaneously extremely high 
synthesis temperature of the second step just compensates this short
coming and expands the interlayer distance. 

Fig. 4(h) reflects the changes of Raman spectra of the samples during 
FJH. Larger D and G peaks can be seen in the BC [41], and the peak 
intensity of the 2D peak is very low. This indicates that BC is the 
amorphous carbon structure. Due to the pores and defects caused by the 
thermal shock effect in the PAC carbon layer, the peak intensity of the D 
peak of PAC is increased relative to BC. In contrast, the lower 2D peak is 
because the synthesis temperature of FJH (1.4 F) is not sufficient to 
graphitize the samples. As shown in Fig. 4(i), the 3D PFG’s ID/IG drops to 
1.06 and I2D/IG rises to 1.72. In the synthesis of FJH (1.4 F), the thermal 
expansion effect produced by the samples makes the activator and im
purities to pyrolysis and escape, which further improves the order de
gree of the samples, and gradually transforms from sp3 clusters to sp2 

clusters. According to previous studies of graphene, the high ID/IG was 
associated with high sp3 hybridization and internal defect density, and 
the high I2D/IG was associated with high sp2 hybridization and highly 
ordered internal structure. But the high ID/IG and high I2D/IG can be 
observed simultaneously in 3D PFG. However, for the porous graphene 
in this study, the unusual spectral features observed are due to the 
presence of abundant porous structures in the highly sp2 hybridized 
graphene sheets. The M peak (1750 cm− 1) can usually be observed in the 
Raman spectrum of AB stacked graphite, but this peak type is not found 
in the spectrum observed, indicating that AB stacking of graphite does 
not occur. 

By analyzing the correlation between the ID/IG of Raman spectros
copy and the graphite microcrystal size L (nm) obtained by XRD, the 
microcrystal base size of the carbon material can be obtained [42]. 

L = 4.4(IG/ID) (7) 

According to the Eq. (7), it can be obtained that the crystallite size of 

the samples is inversely proportional to ID/IG. As the FJH works, the L of 
the 3D PFG increases to 4.17 nm. It shows that the thermal shock and 
thermal expansion effect generated by Joule heating cause the amor
phous carbon in the samples to interact with each other, so that the 
crystallite size of the samples gradually increases and transforms into 
graphene structure. 

3.4. Influence of flash Joule heating on the porous structure of samples 

When naming the experimental samples, the first two numbers 
represent the mass ratio of K2CO3 to BC, followed by the name of sam
ples, and the last number indicates the flash voltage (3:1–3D PFG140). 
The porous structure of samples was tested by the Nitrogen Adsorption 
and Desorption. As is shown in Fig. 5(a), the specific surface area of BC is 
only 37 m2g− 1, which leads to an unclosed adsorption-desorption curve. 
The specific surface area of 3:1-PAC110 is 439 m2g− 1, and the specific 
surface area of 3:1–3D PFG140 is further increased to 504 m2g− 1. At the 
same time, a typical type IV nitrogen adsorption-desorption isotherm 
with an obvious hysteresis loop at relative pressure (P/P0) from 0.45 to 
0.99 is observed in the case of 3D PFG. This indicates that micro- and 
mesopores exist in 3D PFG [43]. In order to elaborate the change of the 
pore structure in the samples more clearly, the Density Flood Theory 
(DFT) model was applied to analyze the pore size distribution of sam
ples. Fig. 5(b) shows that there are almost no micro- and mesopores in 
BC, and the pore size distribution of PAC is concentrated in micropores 
(0.8–1.6 nm) and mesopores (2.7–3 nm). However, 3D PFG has the 
richer hierarchical porous structure. One pore system consists of narrow 
micropores (0.5–0.8 nm) and the other consists of larger micropores 
(1–2 nm) and smaller mesopores (2–4 nm). According to the Mean 
pore-size, 3D PFG also has the macropores. The change in the porous 
structure of samples during the synthesis of FJH was due to the 
decomposition of K2CO3 into CO and K during the synthesis of FJH 
(1.4 F). This generated the thermal shock effect and led to the etching of 
the carbon layer, greatly increasing the porosity of BC, and endowing 
PAC with the hierarchical porous structure. Then after FJH (60 mF) 
treatment, the thermal expansion effect caused by the instantaneous 
ultra-high temperature of PAC further activates PAC, which not only 

Fig. 5. (a-b) Gas adsorption-desorption curves and pore size distributions of BC, PAC, and 3D PFG; (c-d) Gas adsorption-desorption curves and pore size distributions 
of 3D PFG140 synthesized with different K2CO3 ratios; (e-f). Gas adsorption-desorption curves and pore size distributions for 3:1–3D PFG at different voltages. 
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increases the porosity, but also makes the microporous structure more 
abundant. The above evidences indicate that FJH can not only increase 
the porosity of samples, but also generate richer and smaller micropores; 
and that the synthesized 3D PFG has rich hierarchical porous structure. 

It is well known that changes in the hierarchical porous structure of 
graphene have a non-negligible impact on the adsorption performance 
of graphene. The micropores ensure the large specific surface area of the 
samples, which plays a leading role in the adsorption process [44]. 
Controllable synthesis of FJH porous structure can be achieved by 
changing the ratio of K2CO3 and the size of the flash voltage. In Fig. 5(c), 
with the increase of K2CO3, the porosity of porous graphene shows a 
trend of increasing first and then decreasing. This is because when the 
K2CO3 content is too low, the pyrolysis products are less and the mixing 
reaction with the BC is not homogeneous enough to achieve the desired 
pore-making effect. With the increase of K2CO3, the pyrolysis products 
combined with BC gradually increase, which makes the reaction of the 
synthesis system more uniform, and the porous structure of the prepared 
porous graphene more abundant. But when there is too much K2CO3, the 
pores of the samples become larger or even collapse, eventually leading 
to a decrease in porosity. This result is also confirmed in Fig. 5(d): as the 
proportion of K2CO3 increases, the percentage of micropores gradually 
decreases. As shown in Figs. S9, 3:1–3D PFG has the highest proportion 
of micropores, accounting for 54% of the total pore volume. 

The effect of synthesis temperature on the porous structure of 3D 
PFG was explored by changing the flash voltage. In Fig. 5(e), as the flash 
voltage increases, the specific surface area of 3D PFG first increases and 
then decreases. When the flash voltage is 140 V, the specific surface area 
of the samples reaches its maximum. This is due to the fact that the flash 
voltage affects the synthesis temperature of 3D PFG and ultimately af
fects the porosity of the samples. When the synthesis temperature at low 
voltage is too low, it does not allow sufficient pyrolysis of K2CO3, 
resulting in an unsatisfactory activation effect. When the synthesis 
temperature of high voltage is too high, 3D PFG generates too strong 
thermal expansion force to collapse the porous structure and reduce the 
porosity. As Fig. 5(f) shows, with the increase of the flash voltage, the 
proportion of micropores in 3D PFG tends to decrease gradually. This 
proves that the temperature also affects the size of micropores during 
FJH, and the pore size of the micropores gradually becomes larger with 
the increase of thermal expansion effect caused by Joule heating. 
Table S7 shows the porous structure properties of 3D PFG for different 
synthesis parameters. As is shown, the thermal shock and thermal 
expansion effects generated during the FJH synthesis can be controlled 
by adjusting the K2CO3 content and the flash voltage, thereby achieving 
control over the porosity and pore size distribution of 3D PFG. 

3.5. Dispersibility and adsorption properties of samples at different flash 
stages 

The dispersibility of the samples was determined by measuring the 
dispersion of the samples in the solution at different times and the 
concentration of the substance in the solution after centrifugation. As 
shown in Fig. 6(a), after the samples is dispersed in solution for 5 days, 
3D PFG remains well dispersed in solution, while BC and PAC are 
relatively poorly dispersed. To better judge the dispersibility of the 
samples, the change of the concentration of the substance after centri
fugation was measured and shown in Fig. S10. As can be seen, 3D PFG is 
still well dispersed in solution after centrifugation. This is due to the 
spin-disordered graphene structure in 3D PFG. As the pyrolysis of the 
activator introduces hydrophilic oxygen-containing functional groups, 
the hydrophilicity of the samples is further improved [45]. 

To investigate the adsorption properties of the samples, methylene 
blue was used as the adsorbed dyes. As shown in Fig. 6(b-c), although 
the adsorption performance of PAC is relatively improved compared 
with BC, the ideal adsorption effect cannot be achieved due to the ex
istence of amorphous carbon structure and low porosity. Compared with 
different samples, 3D PFG has the best adsorption effect. In the initial 

stage of adsorption, the removal rate of 3D PFG to dyes can reach more 
than 80% in the first few minutes. The adsorption tends to be stable in 
the later stage, and the dyes can be completely removed in 128 min. This 
is because 3D PFG not only has the rich porous structure and good 
dispersion, but also possesses active sites rich in oxygen-containing 
functional groups. Through surface complexation, hydrogen bonding, 
and electrostatic attraction, the adsorption of organic pollutants is 
increased, and the adsorption capacity of organic pollutants is further 
improved. In order to verify the adsorption performance of 3D PFG on 
different dyes, methyl orange was used as the dyes. The adsorption ef
fects of samples in different flash stages on methylene orange are shown 
in Fig. S11. As can be seen, the adsorption rate of 3D PFG to methyl 
orange can also reach more than 95%, which still shows good adsorption 
performance. According to the adsorption experiment, it is proved that 
the adsorption performance of the sample can be greatly improved by 
FJH. 

Fitting analysis of the experimental data for the adsorptions of 
methyl orange was carried out using the pseudo-first-order model ki
netic (Eq. 7), pseudo-second-order kinetic (Eq. 8). The fitting parameters 
are listed in Table 1 and the fitting results are shown in Fig. 6(d-e). 

ln(qe − qt) = ln qe − K1t (7)  

t
qt

=
1

K2q2
e
+

t
qe

(8) 

qe (mg/g) is the equilibrium adsorption capacity, qt (mg/g) is the 
adsorption capacity, K1 (min–1) is the quasi-first order dynamic rate 
constant and K2 (g⋅mg–1⋅min–1) is the quasi-second-order dynamic rate 
constant were calculated from the slope and intercept of the curves, t is 
the adsorption time. 

It can be seen from Fig. 6(d-e) and Table 1 that the variance of the 
pseudo-first-order model kinetic model fitting results of the three ad
sorbents was low and was significantly lower than that of the pseudo- 
second-order model equation, which cannot describe the characteris
tics of the adsorption process of the entire adsorbent. Since qe was 
calculated by the pseudo-second-order equation, was closer to the 
experimental value, the pseudo-second-order kinetic model could 
describe the adsorptions of methylene blue more fully by these three 
adsorbents. This indicated that the adsorption kinetics of methylene 
blue by the adsorbents were mainly controlled by chemical adsorption. 

The adsorption isotherm is an important criterion to evaluate the 
adsorption performance of materials. The adsorption isotherms can be 
described in two general isotherm models including the Langmuir (Eq. 
9) and Freundlich (Eq. 10) isotherm models. 

Ce

qe
=

1
KLqm

+
Ce

qm
(9)  

ln qe = ln KF +
ln Ce

n
(10) 

Ce (mg/L) is the equilibrium concentration of adsorption, qe (mg/g) 
is the equilibrium adsorption capacity, qm (mg/g) is the maximum 
monolayer capacity of the Langmuir model, KLis the Langmuir constant, 
KF is the Freundlich adsorption equilibrium constant, and n is the 
adsorption strength. 

In Fig. 6(f-k) and Table 2. The Langmuir isotherm equation data 
revealed that the maximum adsorption capacity (qm) of 3D PFG was 
always the highest. According to the fitting results, the R2 of the cor
relation coefficients of the Langmuir isotherm equation for the three 
adsorbents were all higher than that of the Freundlich isotherm equa
tion. This indicated that the adsorption of methylene blue by the 
adsorbent was more consistent with the Langmuir isotherm model, and 
the adsorption process belonged to the monolayer adsorption. The 
adsorption performance of 3D PFG synthesized by FJH was better than 
the previous research, as shown in the Table 3. 
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Fig. 6. (a) Comparison of the dispersion of different samples in solution and the change of residual concentration after centrifugation of samples at different initial 
concentrations (BC, PAC, 3D PFG are numbered 1,2,3 respectively), (b-c) The actual adsorption and adsorption rate of methylene blue by samples at different times, 
(d-e) Pseudo-first-order and pseudo-second-order adsorption kinetic models for different adsorbents, (f-k) Isotherm models of different adsorbents. 
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4. Conclusions 

In this study, 3D PFG with good dispersibility and high specific 
surface area (504 m2g− 1) was successfully synthesized by FJH in a very 
short time (21 s) using BC as raw material. As was calculated, the energy 
required for FJH to synthesize 3D PFG was only 2 kJ. The morphology, 
structure, and chemical composition of samples in different flash stages 
were characterized and analyzed, and COMSOL was used to perform 
finite element simulation on the synthesis characteristics of FJH. The 
results show that 3D PFG has good electronic information of 2D gra
phene, and the thermal shock and thermal expansion effects during the 
FJH process are crucial to control the synthesis of hierarchical porous 
structure. Finally, the adsorption experiments of organic dyes were 
carried out by using the samples in different flash evaporation stages as 
adsorbents. It is verified that the 3D PFG prepared by FJH is a green and 
efficient adsorption material. The convenience of the synthesis and the 
high quality of the products indicated that the FJH synthesis system is a 
mass-produced and scalable synthesis method, which significantly 
simplifies the synthesis process of 3D HPG, not only improves the pro
duction efficiency but also ensures the quality, and has important 
reference significance. 
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