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Effect of Adding Microwave Absorber on Structures and 
Properties of Hypercoal-Based Activated Carbons
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Abstract: Using lignite-based hypercoal as raw material, KOH as activator and CuO as microwave 
absorber, we prepared hypercoal-based activated carbons by microwave-assisted activation. The pore structure 
and the electrochemical performance of the activated carbons were tested, and the effects of adding CuO in 
the activation reaction process were also investigated. The activated carbons prepared were characterized 
by nitrogen adsorption-desorption, X-ray diffraction (XRD) and scanning electron microscopy (SEM). The 
specific surface area and mesoporous ratio of the hypercoal-based activated carbon are 1 257 m2/g and 55.4%, 
respectively. When the activated carbons are used as the electrode materials, the specific capacitance reaches 309 
F/g in 3 M KOH electrolyte. In comparison with those prepared without CuO absorber, the specific capacitance 
increases by 11.6%. It was proved that the addition of microwave absorber in microwave-assisted activation was 
a low-cost method for rapidly preparing activated carbon, and it could effectively promote the development of 
the pore structure and improve its electrochemical performance.
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1 Introduction

With the consumption of the resource increasing 
sharply, the green and renewable development mode 
has gradually become the mainstream of social 
development. Electric double layer capacitor (EDLC) 
has attracted the extensive attention of researchers 
because of its high power density and long cycle life. 
With the efforts of researchers, great progress has been 
made in the study of electrode materials for EDLC. The 
application of new materials such as carbon nanotube 
and graphene has greatly promoted the development 
of electrode materials. However, at present, activated 
carbon with highly developed pore structure and rich 
functional groups is still the first choice for EDLC 
electrode materials, and it has unparalleled advantages 
in industrial production[1,2]. In China, using coal as 

precursor to prepare activated carbon has great raw 
material advantage, especially. The hypercoal is the 
coal which has been deashed by high-temperature 
solvent extraction. The activated carbon prepared 
by hypercoal has a lot of advantages such as less 
impurities and abundant functional groups[3,4].

The traditional activated carbon preparation 
process requires long time (usually 1-2 h). In order to 
increase the production efficiency, a lot of researchers 
begin to use microwave heating technology to 
produce activated carbon. Microwave heating raises 
the temperature of heated object by causing the 
dipolemolecules inside the material to reciprocate at 
a high frequency to generate “internal friction heat” 

[5,6]. The preparation of activated carbon by microwave 
heating technology can not only improve the production 
efficiency, but also make the properties of activated 
carbon more uniform. Xing[7] prepared activated 
carbon with a specific surface area of 3 064 m2/g in the
microwave reactor in only 20 min, indicating that 
microwave heating is a high efficient activation 
method. Zhang[8] also obtained the similar conclusions 
when using microwave heating to prepare activated 
carbon. The activated carbons with specific surface area 
of 1 079-1 536 m2/g were prepared within only 2-10 
min.
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Since coal has a low dielectric constant (between 
4.7 and 5.3), its temperature rise in the microwave field 
usually requires the aid of microwave absorbers[9-11]. 
Monsef-Mirzai[12] studied the effects of three kinds 
of microwave absorbers on the pyrolysis process of 
coal. It was found that the addition of microwave 
absorber changed the pyrolysis efficiency of coal, 
indicating that the microwave absorber could affect 
the pyrolysis of coal by changing the heating process 
of coal. The preparation of coal-based activated 
carbon is a composite process composed of coal 
pyrolysis and reaction between coal and activator. In 
theory, in the process of preparing activated carbon 
by microwave heating, the addition of microwave 
absorber can affect the properties of activated carbon 
by changing the pyrolysis process of coal. After adding 
microwave absorber, the increase of the heating rate 
will also raise the reaction extent between coal and 
activator, which can promote the development of the 
pore structure of activated carbon and enhance its 
performance. Therefore, it is an available method to 
optimize and modify the properties of activated carbon 
by adding microwave absorber. However, there is little 
information available about the influence of microwave 
absorber on the activated carbon.

The main purpose of the present study is to 
use hypercoal as raw materials, KOH as activated 
agent and CuO as microwave absorber to develop 
a microwave -assisted activation process for the 
preparation of activated carbon for EDLC electrode 
materials. The pore structure, microcrystal structure 
and electrochemical performance of the activated 
carbons were investigated in detail. In contrast to the 
activated carbon prepared without CuO absorber, 
the improvement of adding CuO on activated carbon 
properties and preparation process were also discussed.

2 Experimental

 2.1 Materials and reagents
The properties of the raw materials were shown in 

Table 1. The hypercoal was extracted from Mongolian 
lignite (D<0.075 mm) by N-methylpyrrolidone in a 
high pressure reactor.
2.2 Preparation of activated carbon

The hypercoal and KOH were uniformly mixed in 
deionized water at a mass ratio of 1.5:1. After drying, 
the mixture was transferred into a microwave reactor. 
The microwave power was adjusted to 2 000 W, and 
the temperature was raised to 600 ℃ and kept for 6 min 
in N2 atmosphere. After cooling to room temperature, 
the residue was washed with HNO3(0.5%) and rinsed 
with deionized water until the pH of the waste solution 
was about 6-7, and then dried at 120 ℃ for 2 h. The 
activated carbon was tagged as HAC-mic. Under the 
same preparation conditions, CuO was mixed with 
KOH and hypercoal with a mass ratio of C:Cu=100:1.5, 
and then activated it. After the temperature was 
declined to room temperature, some of the activated 
materials were treated with HNO3 for removing Cu-
impurity and washed with deionized water until the pH 
of the waste solution was 6-7. The final products were 
dried at 120 ℃ for 2 h, and were tagged HAC-CuO. 
The remaining activated materials were directly rinsed 
with deionized water and then dried at 120 ℃ for 2 h, 
which were tagged HAC-CuO-R.

The activated carbon, polytetrafluoroethylene 
and acetylene black were mixed, and then pressed 
onto a nickel foam current collector at 10 MPa to 
form an electrode. After drying at 120 ℃ for 2 h, two 
electrodes were assembled into an EDLC together with 
3 M KOH electrolyte and a polypropylene septum.
 2.3 Porosity and capacitance measurement

The N2 adsorption-desorption isotherms of 
activated carbons were obtained at 77 K with the aid 
of a surface area and pore size analyzer (Beishide, 
3H-2000PM1, Beijing, China). The specific surface 
area was calculated by BET model. The micropore 
distribution was calculated by DFT model, and the 
mesopore distribution was calculated by BJH model. 
The micropore volume was calculated by T-plot 
method, and the mesopore volume was obtained by 

Table 1  Proximate, ultimate and mineral composition analyses of raw materials

Sample
Proximate analysis/wt% Ultimate analysis/wt%

Mad Vdaf Aad Cdaf Hdaf O* Ndaf Sdaf

Lignite 11.06 47.81 9.65 61.90 4.20 32.81 0.77 0.32
Hypercoal 1.07 64.07 0.09 79.74 6.45 9.59 3.96 0.25

Mineral composition/wt%

Al2O3 SiO2 Na2O K2O CaO Fe2O3 MgO
Lignite 0.842 1 1.634 5 0.298 8 0.021 5 2.976 4 0.311 2 0.321 1

record: ad-air dried basis; daf-dry ash-free basis; *- minusing
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subtracting the micropore volume from the total pore 
volume. The morphology of the activated carbon 
microscopic pore structure was observed by scanning 
electron microscopy (SEM, JSM-IT100, Japan). 
Microcrystal structure patterns of activated carbon were 
measured by X-ray diffraction (XRD, D/MAX2500PC, 
Japan), using a Cu Kα radiation at 40 kV and 40 mA as 
the X-ray source. The lateral size La and the stacking 
height Lc of the graphite crystallite were determined 
from Scherrer Eq: La=1.84λ/(β100·cosθ100) and Lc=0.94λ 
/(β002·cosθ002), where λ was the wavelength of the 
radiation used, β100 and β002 were the widths of the (100) 
and (002) peaks, respectively. The interlayer spacing 
(d002) within aromatic layer was determined using 
Bragg Eq: d002=λ/2sinθ002

[13].
Cycl ic  vol tammetry and electrochemical 

impedance spectroscopy were carried out by an 
electrochemical workstation (CHI660D, Shanghai 
Chenhua, China) at room temperature. Galvanostatic 
discharge-charge test was performed using a battery 
detection system (CT2001A, Wuhan LANHE, China) 
over the range of 0.05-0.9 V. The specific capacitance 
of the activated carbon electrode was calculated based 
on charge -discharge cycles according to the Eq: 
Cg=2IΔt/mΔV, where Cg was the specific gravimetric 
capacitance (F/g), I was the discharge current (A), 
Δt was the discharge time (s), ΔV was the discharge 
voltage (V), and m represented the mass (g) of the 
active materials in a single electrode[14].

3 Results and discussion

3.1 Activated carbon properties
Fig.1 shows the N2 adsorption-desorption 

isotherms of the activated carbon samples. Isotherms 
of all samples correspond to the type I adsorption 
isotherms, which exhibit a large adsorption capacity 
in the low pressure range. There is an apparent 
hysteresis loop when P/P0 is over 0.4, which indicates 
the coexistence of well-developed micropores and 
a considerable amount of mesopores[15]. It is found 
that the adsorption capacity of HAC-mic and HAC-
CuO-R is similar. After removing the Cu-impurity, the 
adsorption capacity of HAC-CuO is significantly higher 

than those of the other two activated carbon samples, 
which is attributed to pore blockage resulting from the 
Cu-impurity. The participation of CuO in the activation 
reaction is beneficial to the further development of the 
pore structure of activated carbon.

The pore distribution of activated carbons is 
shown in Fig.2. It can be seen that the micropore 
distribution of the three samples is concentrated 
between 0.4-0.8 nm. A large number of micropore of 
HAC-mic and HAC-CuO-R are distributed around 
0.4 nm. However, the most micropore of HAC-CuO 
are distributed around 0.5 nm. It is obvious that the 
micropore sizes will increase with the addition of CuO 
to participate in the activation reaction. As listed in 
Table 2, the specific surface area and mesoporous ratio 
of HAC-mic are only 1 035 m2/g and 38%, respectively. 
But the specific surface area and mesoporous ratio 
of HAC-CuO increase to 1 257 m2/g and 55.4%. It 
can be confirmed that CuO can not only enlarge the 
micropores size, but also optimize the pore structure of 
activated carbons. 

Many researchers believed that the micropores  

Table 2  Pore structure parameters of activated carbons

Sample SBET/(m2/g) Vtol/(cm3/g) Vmic/(cm3/g) Vmes/(cm3/g) Vmes/Vtol/%

HAC-mic 1 035 0.71 0.44 0.27 38.0

HAC-CuO-R 1 017 0.60 0.32 0.28 46.7

HAC-CuO 1 257 0.74 0.33 0.41 55.4
SBET-BET specific surface area; Vtol-total pore volune; Vmic-micropore volume; Vmes-mesopore volume; Vmes/Vtol-mesoporous ratio

Fig.1  N2 adsorption-desorption isotherms of activated carbons

Fig.2  Pore distribution of activated carbons
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whose sizes are 2 to 4 times of the adsorbed ions and 
larger than 0.5 nm are more favorable to adsorbing 
electrolyte to form electric double layer[16,17]. The ionic 
diameter of K+ is about 0.26 nm, and it can be seen 
that HAC-CuO is more suited to the requirements for 
EDLC electrode materials.

Fig.3 shows the representative SEM image of 
HAC-CuO-R and HAC-CuO. It can be seen that there 
are some flocs on the surface of HAC-CuO-R and 
some pores are blocked by the flocs. However, when 
the Cu-impurity is removed, the flocs disappear and the 
surface of HAC-CuO becomes smooth and cleaned. 
This phenomenon confirms that Cu-impurity will make 
the pores blocked.

In order to determine the ingredients of Cu-
impurity, HAC-mic, HAC-CuO-R and HAC-CuO were 
tested by XRD. XRD pattern of HAC-CuO-R is shown 
in Fig.4(a). By comparing to the standard cards, it can 
be found that HAC-CuO-R has the diffraction peaks 
corresponding to Cu in the vicinity of 2θ=43.3°, 50.4°, 
and 74.1°, indicating that CuO is reduced to Cu during 
the activation reaction[18]. At high temperature, CuO 
could cause “sparking phenomenon” in the microwave 
field[19], which would promote the temperature to rise 
rapidly and accelerate the reaction with C.

The broad peak at 2θ=15°-30° shown in XRD 
patterns of HAC-mic and HAC-CuO was divided 
into 002 peaks representing aromatic carbon and γ 
peaks representing aliphatic carbon[20-22]. fa is the ratio 
of aromatic carbon atoms to total carbon atoms in a 
coal molecular structural unit, which can be defined 

as fa=Car/(Car+Cal). The schematic illustration of 
curve-fitted XRD pattern is shown in Fig.4(b). The 
corresponding microcrystal structure parameters of the 
activated carbon are shown in Table 3.

It can be seen from Table 3 that HAC-mic and 
HAC-CuO have no obvious difference in Lc and d002, 
but HAC-CuO has a smaller La than HAC-mic, which 
reflects that the graphite crystallites of HAC-CuO are 
finer and smaller. Kaneko[23] showed that the disordered 
arrangement of graphite crystallite constitutes the 
micropores of activated carbon. Finer and smaller 
graphite crystallite could increase the number of 
micropores and form larger specific surface area. At 
the same time, the fa of HAC-CuO was slightly larger 
than that of HAC-mic, indicating that more surface 
functional groups and aliphatic chains react with the 
activator. So it is obvious that the addition of CuO 
could not only promote the splitting of the aromatic 
structure during the activation process, but also cause a 
larger amount of non-aromatic structure to lose.
3.2 Discussion on activation mechanism

In the process of preparing activated carbon by 
microwave-assisted heating, since hypercoal can hardly 
absorb microwave, KOH will heat the hypercoal in the 
initial stage of activation reaction. After hypercoal is 
heated to a certain temperature, KOH begins to react 
with the functional groups and aliphatic chains of 
hypercoal to cause a loss of non-aromatic structure, 
which releases the space between the graphite 
crystallites to form the initial micropores. At the same 
time, some defects will be caused on aromatic ring 
by these reactions. The defects will be used as active 
sites that can easily cause distortion and breakage of 
the aromatic layers due to the high reactivity of active 

Table 3  Microcrystal structure parameters of activated carbons
Samples La/nm Lc/nm d002/nm fa

HAC-mic 3.511 0.825 0.344 0.76
HAC-CuO 3.391 0.854 0.348 0.81

Fig.4  XRD patterns of activated carbons: (a) XRD patterns; (b) Schematic illustration of curve-fitted XRD pattern of 002 peak and γ peak

Fig.3 Representative SEM images of activated carbons: (a) HAC-
CuO-R; (b) HAC-CuO
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sites. These changes of crystallite structure contribute 
to the formation of micropores. As the activation 
temperature increases, there are many pores generated 
inside the hypercoal. The porous carbon with  good 
dielectric properties[24,25] can absorb the microwave 
intensely and make itself to be heated, causing the 
temperature of the pore wall to be higher than that of 
the unactivated hypercoal, thereby making the activator 
more prone to react with the pore wall. The activator 
would gradually convert from KOH to K2CO3

[26] at high 
temperature. K2CO3 can catalyze the ring opening of 
the aromatic structure by generating CO-K+ complex[27], 
so that the pore walls composed of graphite crystallites 
become thinner, resulting in a pore-expanding effect. 
Therefore, more active sites are generated in the initial 
stage of the reaction, and larger space are released by 
the non-aromatic structure loss, resulting in more pores 
formed[28].

CuO plays two roles in the activation reaction. 
Firstly, CuO can heat hypercoal. CuO has faster rate 
of temperature rise than KOH in the microwave field 
because it is a strong microwave absorbing material 
with a large dielectric constant. CuO is heated up 
quickly in the initial stage of the reaction and transfers 
energy to adjacent hypercoal molecules, reducing 
the time of heat transfer between the activator and 
hypercoal. So the activation reaction is accelerated, 
and more micropores are generated. The temperature 
changes of HAC-CuO and HAC-mic within the first 
5 min of the activation process are shown in Fig.5. 
It is obvious that the heating rate of HAC-CuO is 
higher than that of HAC-mic, which indicates that the 
materials with CuO can more fully react with KOH at 
the low temperature stage. More non-aromatic structure 
such as functional groups and aliphatic chains will 
react with the activator, leading to larger fa of HAC-
CuO than that of HAC-mic. Larger space between the 
graphite crystallites is cleaned and form pores. During 
the reaction of hypercoal with KOH, more active 
sites are left on the aromatic structure of hypercoal[29]. 

Active sites are able to cause the aromatic layers to be 
more severely damaged by further reaction, making 
the graphite crystallites become more distorted. These 
changes lead to higher specific surface area and larger 
total pore volume of HAC-CuO, and its pore structure 
is more suitable for EDLC electrodes. Fig.6 is the 
schematic diagram of activated carbon activation 
process. The A process represents the activation of 
HAC-mic and the B process represents the activation 
of HAC-CuO. The main difference between the two 
processes is that the B process produces more initial 
micropores than those in the A process.

Secondly, when the reaction temperature is high, 
CuO will also react with the adjacent porous carbon 
directly to further consume C atoms, which is favorable 
for the pore expansion. It can be seen from Fig.6 that a 
large number of micropores of HAC-CuO are expanded 
into mesopores, making the mesoporous ratio of HAC-
CuO reach 55.4%. In summary, CuO can promote the 
development of pore structure of activated carbon.
3.3 Electrochemical performance test

Fig.7 shows the electrochemical performances of 
activated carbon electrodes in 3 M KOH electrolyte. 
Nyquist plots of activated carbon are displayed in 
Fig.7(a). The Nyquist plots can not only test the 
equivalent series resistance of EDLC, but also reflect 
the pore structural characteristics of the electrode 
materials. As HAC-CuO has developed pore structures 
and smaller graphite crystallites, the transfer of 
electrons between activated carbon particles becomes 
more difficult. This leads to that HAC-CuO electrode 
exhibits bigger semicircle at high frequency region, 
reflecting higher interfacial charge transfer resistance. 
But in the middle frequency region, HAC-CuO 
electrode has shorter straight line with a slope of 
45°, suggesting lower ion diffusion resistance[30]. All 
the activated carbon samples display a straight line 
nearly vertical to real axis in the impedance plot in 
the low frequency region, especially for HAC-CuO, 
demonstrating an ideal capacitor behavior. 

Fig.7(b) presents the cyclic voltammetry curves 

Fig.6  Schematic of the different activated processes

Fig.5 Temperature rise condition of HAC-CuO and HAC-mic in 
the initial stages of activation
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of the activated carbon electrodes. In the range of 
0.05-0.9 V, the curves exhibit a rectangular-like shape 
without obvious redox-peaks appearing, indicating 
that EDLC relies on forming an electric double layer 
at the phase interface to store energy[31]. HAC-CuO 
and HAC-CuO-R have less non-aromatic structure, 
and almost no chemical reaction occurs between the 
electrode materials and electrolyte during charging 
and discharging, so the cyclic voltammetry curves of 
HAC-CuO and HAC-CuO-R are closer to desirable 
rectangle. Although HAC-CuO-R contains Cu, Cu does 
not react with KOH aqueous electrolyte to produce 
additional pseudo-capacitance. The area enclosed by 
the rectangular curve can reflect the amount of specific 
capacitance, as can be seen from Fig. 7(b), and the 
specific capacitance of HAC-CuO electrode is the 
largest.

Fig.7(c) shows the galvanostatic discharge-charge 
curves of activated carbons at current density of 50 mA/
g. All the samples exhibit highly symmetric triangular 
test curves, suggesting a typical capacitive behavior 
and superior electrochemical reversibility at the loading 
current. The three activated carbon electrodes have no 
ohmic drop at the beginning of the discharge process, 
indicating that the internal resistances of all the EDLCs 
are small[32,33]. It is apparent that HAC-CuO electrode 
shows the longest discharge time among the three 

samples under the same test condition, which attributes 
to high specific surface area and high mesoporous ratio, 
indicating that it has the highest specific capacitance. 
The corresponding specific capacitance of HAC-CuO 
reaches 309 F/g, which is higher than 277 F/g for 
HAC-mic and 285 F/g for HAC-CuO-R. 

Fig.7(d) presents the relationship between the 
specific capacitance and current density of activated 
carbon electrodes. It mainly reflects the diffusing 
ability of the electrolyte in the electrode materials at 
different current densities, which is mainly related to 
the mesoporous ratio of the electrode material and the 
surface roughness of the pores[34]. Generally, higher 
mesoporous ratio of electrode materials provides 
higher specific capacitance retention rate. The specific 
capacitances of all the activated carbon samples 
decrease gradually with the increase of the current 
density, which is attributed to the limited transportation 
of the electrolyte ions in activated carbon pore structure 
during fast charging. When the current density increases 
to 5 000 mA/g, the specific capacitance of the HAC-
CuO electrode decreases from 309 to 249 F/g, and 
the specific capacitance retention rate reaches 80.5%. 
Under the same test conditions, the specific capacitance 
retention rates of HAC-mic and HAC-CuO-R are 
only 75.1% and 75.7%, respectively. Although HAC-
CuO-R has larger mesoporous ratio than HAC-mic, it 

Fig.7 Electrochemical performances of the activated carbon electrodes in 3 M KOH electrolyte: (a) Nyquist plots, (b) cyclic voltammetry, 
(c) Galvanostatic charge-discharge curves, (d) Gravimetric capacitance against current density
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does not exhibit better specific capacitance retention 
rate because the Cu-impurity hinders the diffuse of the 
electrolyte.

4 Conclusions

Microwave-assisted activation process is a low-
cost method for rapid preparation of activated carbon 
from hypercoal. In this process, CuO can help hypercoal 
heat up more quickly, so that make more hypercoal 
react with KOH to create micropores. After adding 
CuO, the specific surface area of activated carbon 
increases from 1 035 to 1 257 m2/g, and the size of 
micropores has also been slightly enlarged. In the high 
temperature reaction stage, CuO directly participates 
in the pore-expanding reaction. The mesoporous ratio 
of activated carbon is increased from 38% to 55.4%. 
The specific surface area and the mesoporous ratio of 
activated carbon have been greatly increased. HAC-
CuO electrode exhibits superior electrochemical 
performance such as high specific capacitance of 309 F/
g and high specific capacitance retention rate of 80.5% 
at high current densities. Therefore, adding CuO during 
microwave-assisted activation is an effective method to 
improve the electrochemical performance of activated 
carbon electrode.
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