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A series of porous carbons (PCs) were prepared from lignin chelating with Zn
2+

 and mixed with 

lignite. KOH was used as the activated agent during preparation process. The influences of preparation 

parameters including the content of lignin chelated with Zn
2+

, KOH/sample ratio and activation 

temperature on specific surface area (SSA), pore size distribution and electrochemical performances 

were investigated in this study. All the PCs were mainly micropores through nitrogen adsorption 

isotherms test. The PCs derived from the lignin chelating with Zn
2+

 present high SSA and total pore 

volume than that in the absence of Zn
2+

. In addition, the PC prepared from adding lignin to lignite has 

larger SSA than the PC prepared from lignite. The PC prepared with Zn
2+

 account for 30% of lignin 

mass, KOH/sample ratio of 3:1 and activation temperature of 700 
o
C has the largest SSA of 3311 m

2
 g

-

1
. When it was used as electrode for electric double-layer capacitor, the specific capacitance reached 

the highest value of 280.43 F g
-1 

at a current density of 40 mA g
-1

. The results demonstrate that the 

lignin chelating with Zn
2+

 then add to the lignite can significantly improve PCs performance. 
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1. INTRODUCTION 

The electric motors and generators invented in 1870s lead to a prevalence of the electrical 

energy, especially in the age of electricity [1]. Nowadays, the oil resources scarcity and the 

environment problems are becoming more and more serious which are pushing people to find an 

environmentally effective energy storage device [2]. The supercapacitor as a promising energy storage 
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devices for electric power have been attracting much attention [3], which ascribed to its high energy 

density, long cycle life and excellent reversibility [4, 5]. The supercapacitor can be divided into 

electric double-layer capacitor (EDLC), pseudocapacitive and hybrid capacitors according to its 

storage mechanism [2, 3, 6]. 

In general, the electrode materials is the core component to EDLC. The electrode materials 

with high specific surface area (SSA), optimized porous structures and favorite functional groups has 

excellent electrochemical performance. A series of porous carbons (PCs) such as activated carbons, 

carbon nanotubes, carbon aerogels, graphene sheets and carbon nanofibers [7-11] were used for 

EDLC. The PCs can be prepared from waste tea-leaves, sugar cane bagasse, coal, pitch and petroleum 

coke [12-17]. The preparation methods of PCs include physical and chemical activation, among which 

chemical activation is known as a simple method for preparation of PCs with high SSA and porosity. 

Lignin is the second most abundant natural polymer next to cellulose and can be used as a 

precursor for PCs attribute to its most abundant aromatic polymer [18-20]. Hong et al. [21] reported 

that the ZnCl2 can act not only as solvent for lignin, but also can integrated into the lignin. The metal 

ion has the capability of promoting the dehydrogenation of the polymer and catalyzing char formation 

in the condensed phase [22]. Coal are usually as the precursors for preparation of PCs due to the low 

cost and high carbon content, especially for that rich in oxygen functional group, such as lignite. But 

the high ash content in lignite has a great impact on the quality of PCs. When PCs was used as 

electrode materials for EDLC, the ash also affect the EDLC performances [23]. Addition of certain 

carbonaceous materials to the lignite may improve the performance of PCs. KOH is one of the most 

effective compound for preparation of activated carbons. The PCs prepared from the mixture (lignin 

treated by ZnCl2 then add to the lignite) which may be have a high SSA when KOH was used as 

activating agent. The PCs prepared through this method and applied in EDLC may have excellent 

electrochemical performance, which are rarely reported. 

In this work, the lignin was firstly mixed with ZnCl2 solution to obtain the lignin with Zn
2+

. 

Then the PCs were prepared from the mixture which the lignin with Zn
2+

 add to lignite through 

carbonization-activation method. The effects of Zn
2+

 content, KOH/sample ratio and activation 

temperatures on the SSA and electrochemical performance of the PCs for EDLC in 6 M KOH 

electrolyte were addressed in detail. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and Reagents 

Alkali lignin was purchased from TCI and Shengli lignite was collected from Inner Mongolia, 

China. The proximate and ultimate analyses of lignin and lignite were shown in Table 1. ZnCl2 and 

KOH are both the analytical reagents provided by Xilong Chemical Co. Deionized water was used 

through all the experiment. 
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Table 1. Proximate and ultimate analyses of the lignin and lignite. 

 

Sample 
Proximate analysis (wt%)  Ultimate analysis (wt%,daf) 

Mar Ad VMd FCd
a
  C H N S O

a
 

Lignin 4.0 16.8 48.7 34.5  64.9 7.3 0.3 7.7 19.8 

Lignite 12.8 18.7 43.6 37.7  67.5 4.9 1.3 0.5 25.8 

A: ash; M: moisture; VM: volatile matter; FC: fixed carbon; ar: as received basis; d: dried basis; daf: 

dried and ash free basis; a: by difference. 

 

2.2. Preparation of the PCs 

Lignin was added to the ZnCl2 solution and the content of Zn
2+

 was calculated based on the 

weight of the lignin. The lignin and ZnCl2 solution were stirred for 1 h in the water bath at 60 
o
C, and 

then dried at 105 
o
C for 24 h. Subsequently, the lignin with Zn

2+
 was mixed with lignite (the weight 

ratio was 1:1). The mixture was carbonized at 600 
o
C for 2 h under Ar atmosphere in a horizontal tube 

furnace at a heating rate of 10 
o
C min

-1
. And the obtained char was denoted as LC. The LC was 

activated with KOH in a horizontal tube furnace at 180 
o
C for 30 min and then at prescribed 

temperature of 600 to 900 
o
C for 1 h. The activated samples were boiled at 80 

o
C with 2 M HCl 

solution for 30 min, filtered and rinsed by warm deionized water several times, and then washed by 

room-temperature deionized water until neutral. The washed sample was dried in a vacuum oven at 

150 
o
C for 3 h and the sample was denoted as PC. All the samples and their preparation parameters in 

this study are shown in Table 2. The lignite without lignin is named SL and the lignin without lignite is 

named LG. The preparation condition of SL and LG is the same to PC-7. 

 

Table 2. The preparation parameters of PCs (carbonization temperature of 600 
o
C and activation time 

of 60 min). 

 

Sample Ratio (KOH:LC) Content of zinc ions (%) Activation temperature (
o
C) 

PC-1 3:1 - 700 

PC-2 3:1 10 700 

PC-3 3:1 30 700 

PC-4 3:1 50 700 

PC-5 1:1 30 700 

PC-6 2:1 30 700 

PC-7 4:1 30 700 

PC-8 5:1 30 700 

PC-9 3:1 30 600 

PC-10 3:1 30 800 

PC-11 3:1 30 900 

 

2.3. Carbon Characterization 

Nitrogen adsorption-desorption isotherms were measured at 77 K using an automatic 

adsorption system in a Quantachrome Autosorb-IQ automated gas sorption analyzer. In order to 
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eliminate surface contamination, all the samples were degassed at 300 
o
C for 10 h in a vacuum 

condition before adsorption. The SSA and pore size distributions were calculated by using the 

Brunauer-Emmett-Teller (BET) equation and the Density Functional Theory (DFT), respectively. The 

total pore volume (Vt) was estimated at a relative pressure of P/P0 of 0.99. In addition, the micropore 

surfaces and micropore volumes were measured using the t-plot method. The macroscopic features of 

samples were obtained on a Merlin Zeiss scanning electron microstructure (SEM). 

 

2.4. Electrochemical Measurements 

The electrodes were prepared by mixing PC, acetylene black and polytetrafluoroethylene 

(PTFE) binder at a weight ratio of 85:10:5 in an agate mortar and then the mixture was pressed onto 

nickel foam under 6 MPa in wafer shape with a diameter of 13 mm. The electrodes were immersed 

with 6 M KOH solution under vacuum for 24 h to guarantee thorough wetting. Two of the electrodes 

were assembled at room temperature and separated by polypropylene membrane, using MTI EQ-STC 

two-electrode testing type system. Cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) were carried out on an Ivium Vertex electrochemical workstation. CV was 

performed at a voltage ranging from 0 to 1 V at different scan rates. EIS measurement was measured at 

the open circuit voltage with amplitude of 10 mV and the frequency range from 10
-2

 to 10
5 

Hz. 

Galvanostatic charge-discharge (GCD) was tested with the voltage from 0 to 0.9 V by NEWARE cell 

test instrument. The specific capacitance (Cs) was calculated from the galvanostatic discharge curves 

according to Eq. (1) [24]. 

s
IΔt

C = 2
mΔV

                       (1) 

Where Cs is the specific capacitance (F g
-1

), I is the current of discharge, t is the discharge 

time, m is one of the mass of electrodes material and V is the voltage difference. 

The energy density (W h kg
-1

) and power density (W kg
-1

) were calculated based on the 

following formula [25]: 

21
E = CV

2
                            (2) 

VI
P =

m
                                  (3) 

Where I is the discharge current and m is the active mass of the two-electrode capacitor. 

 

3. RESULTS AND DISCUSSION 

3.1. Structural Characterization of the PCs 

3.1.1. Morphology and Microstructure of the PCs 

As shown in Fig. 1a, a large number of Zn
2+

 can be found with uneven distribution that due to 

the uneven lignin mixed with lignite. It also suggests that the Zn
2+

 are successfully introduced into the 

precursor mixture. The image of Fig. 1b displays an uneven surface with many small pores and no zinc 
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elements residual can be observed. ZnCl2 evaporates and leave the position previously occupied by 

ZnCl2 during the activation process. The result is that the PCs present high SSA, which is also 

supported by the nitrogen adsorption-desorption isotherms. The PC-1 (Fig. 1c) has porous structure 

with rugged surface structure. Compared with PC-3, the PC-1 has few pores demonstrating that the 

mixture of lignite and lignin chelating with Zn
2+

 during the activation process can make more pores 

than that in the absence of Zn
2+

. 

 

 
 

Figure 1. SEM images of the LC contain 30% zinc ions (a); PC-3 (b); PC-1 (c). 

 

3.1.2. Pore Structure of PCs 

It is well known that the pore size distribution and SSA are the important parameters for 

EDLC. The perfect carbon electrodes need proper pore size distribution and relatively high SSA [26]. 

Thus it is necessary to study the pore structure of prepared PCs and understand the effects of 

preparation conditions on the development of pore structure. Nitrogen adsorption-desorption analysis 

were carried out to study the porosity of PCs. 

As exhibited in Fig. 2, the PCs are typical of microporous materials and nitrogen adsorption-

desorption isotherms are belong to type I according to the classification of the IUPAC [27]. The 

nitrogen adsorption sharply increases at relative pressure below 0.4, which illustrates a large number of 

micropores in the PCs. A hysteresis loop can be found at the P/P0 of 0.4-0.9, which reveals the 

presence of mesopores in PCs. In addition, small tails at the P/P0 near 1.0 revealing the presence of 

macropores. The SSA, pore volume and average pore size parameters of the PCs are given in Table 3. 

As shown in Fig. 2a, the isotherms rises rapidly at low relative pressure with the increase of the 

Zn
2+

 amount, indicating that the Zn
2+

 plays an important role in microporous producing. It should be 

attributed to the dehydration of ZnCl2 during the activation process, which results in the carbonization 

and aromatization of carbon skeleton and pore-creating [24]. Some researchers are using ZnCl2 as 

activated agent for production of activated carbons [2, 28-30]. The adsorption quantity increased from 

PC-1 to PC-3, while the adsorption capacity decreased with the increase of Zn
2+

 content from 30% to 

50%. It probably due to the excess Zn
2+

 cause some pores become larger even collapse during 

activation process and leading to a reduction of SSA. 

 

a b c 

1 m 1 m 1 m 
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Figure 2. Nitrogen adsorption-desorption isotherms of the PCs. 

 

The KOH-LC ratio also has a significant influence on the pore structure [14]. As listed in Table 

3, with KOH-LC ratio from 1:1 to 5:1, the SSA is 1257, 2351, 3311, 2842 and 2518 m
2
 g

-1
, and the Vt 

is 0.63, 1.19, 1.79, 1.54 and 1.45 cm
3
 g

-1
, respectively. The trend of SSA and Vt is increased firstly and 
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then decreased with the increase of KOH-LC ratio. The trend indicated that the activation by KOH 

could make micropores etched into mesopores or macropores. However, the excessive amounts of 

KOH could leads to pores collapse and resulting in the reduction of SSA [31, 32]. It also can be seen 

that the PC-7 has higher SSA than SL and LG, indicating that lignin chelating with Zn
2+

 then add to 

lignite can improve the quality of PCs. The lignin pyrolysis is wider than lignite (Fig. 3a and b). The 

lignin may be release of CO2 and CO and form some pores at low temperature. With the activation 

process continues, more CO2 and CO are released from the mixture and developed more pores. The 

results is that the PC-7 has large SSA (2842 m
2
 g

-1
). Li et al. [33] prepared activated carbon from 

lignite with ZnCl2 and the SSA of the as prepared activated carbon was only 1024 m
2
 g

-1
. 

 

Table 3. Pore structure parameters of the PCs obtained under different preparation conditions. 

 

Sample 
SBET

a
 Smicro

b
 Snon-micro

c
 Vtot

d
 Vmicro

b
 Vnon-micro

c
 D

e
 

(m
2 

g
-1

) (m
2
 g

-1
) (m

2
 g

-1
) (cm

3
 g

-1
) (cm

3
 g

-1
) (cm

3
 g

-1
) (nm) 

PC-1 2015 1790 225 1.11 0.80 0.31 2.21 

PC-2 2451 2242 209 1.33 1.01 0.32 2.17 

PC-3 3311 2953 358 1.79 1.34 0.45 2.16 

PC-4 3016 2674 342 1.74 1.28 0.46 2.31 

PC-5 1257 1150 107 0.63 0.47 0.16 2.01 

PC-6 2351 2197 154 1.19 0.95 0.24 2.03 

PC-7 2842 2652 190 1.54 1.27 0.27 2.16 

PC-8 2518 2294 224 1.45 1.16 0.29 2.30 

PC-9 1634 1467 167 0.90 0.66 0.24 2.21 

PC-10 3121 2871 250 1.66 1.31 0.35 2.13 

PC-11 2814 2431 283 1.71 1.21 0.50 2.44 

SL 2675 2490 185 1.35 1.14 0.21 2.02 

LG 2295 2155 140 1.04 0.91 0.13 1.81 

a 
SBET: Specific surface area from multiple BET method. 

b 
Smicro, Vmicro: Micropore surface area micropore volume from t-plot method. 

c 
Snon-micro, Vnon-micro: Difference of SBET and Smicro and total pore volume and Vmicro, 

respectively. 
d 

Vtot: Total pore volume at P/P0 = 0.99. 
e 
D: Average pore diameter. 
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Figure 3. TG and DTG curves of lignite (a) and lignin (b). 

 

Activation temperature is also an important factor for controlling activation extent [34]. The 

increase of activation temperature from 600 
o
C to 700 

o
C caused the increase of both the SSA and 

mesopores size. However, the SSA decreased from 3311 to 2814 m
2
 g

-1 
when the activation 

temperature was increased from 700 
o
C to 900 

o
C, which is ascribed to the fact that the activation 

reaction over 700 
o
C is fast and thus results in over-etching [32, 35]. 

As can be deduced from Fig. 4, the pore diameters of all the PCs concentrate in a range of 0.5 

to 5 nm, illustrating that the PCs mainly contained micropores and mesopores, which is consistent with 

the nitrogen adsorption-desorption isotherms. Some researchers reported that micropores and 

mesopores with pore width in a certain rang is favor for charge storage in aqueous electrolytes [36-38]. 
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Figure 4. Pore size distributions of the PCs. 

 

3.2. The Influence of Preparation Conditions on the Electrochemical Properties 

3.2.1. Effect of Zn
2+

 Content 

The GCD measurements were used to detect the electrochemical performances of the obtained 

PCs. As can be seen from Fig. 5a, the curves of the PCs present closely linear and symmetrical triangle 
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with low iR voltage drops which indicate the good electrochemical reversibility of the PCs [39]. The 

charge-discharge time of PC-3 is much longer than the others, suggesting the PC-3 has higher Cs 

(280.43 F g
-1

). The good performance of PC-3 should be attributed to the highest SSA (Table 3). The 

Cs can be calculated according to the Eq. (1). The Cs values at the current density of 40 mA g
-1

 are 

198.94, 241.92, 280.43 and 261.11 F g
-1

 for the PC-1, PC-2, PC-3 and PC-4, respectively, 

demonstrating that the PC-3 is the most appropriate for energy storage. 
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Figure 5. Effect of Zn
2+

 content on the capacitive performances of PCs (PC-1~ PC-4). GCD curves of 

PCs at 40 mA g
-1 

(a); GCD curves of PC-3 at different current densities (b); Cs of PCs at 

different current densities (c); CV curves of PCs at a scan rate of 2 mV s
-1 

(d). 

 

Fig. 5b displays the GCD curves of PC-3 at different current densities. All the curves are still 

approximate isosceles triangle at increased current densities from 40 to 300 mA g
-1

, suggesting 

excellent electrochemical reversibility [40]. The relationship between the current density and Cs is 

given in Fig. 5c. The Cs decreases with the increasing of current density, which is due to the slow 

charge-discharge kinetics of the electrode material. Therefore, at the relatively high current density, the 

electrolyte ions has not enough time to access the surface of carbon so that a large number of ions was 

not been well used [2]. The other one is that the electrolyte ions diffusion in the porous suffered great 

resistance and the ions cannot fully enter the micropores under high current density [41]. 
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 CV can be further illustrate the electrochemical performance of the PCs. As seen in Fig. 5d, 

the CV curves show a typical similar rectangular shape without clear redox peaks indicating an ideal 

EDLC behavior and a fast diffusion of electrolyte ions into/out of the electrode materials [42]. In 

addition, the CV curve of PC-3 has larger area than that of PC-1, PC-2 and PC-4. In general, a large 

SSA will have a high Cs. The relatively high Cs of PC-3 is consistent with the result of GCD curves in 

Fig. 5a. 

 

3.2.2. The Effect of KOH-LC Ratio 

As exhibits in Table 3, the SSA and Vt were changed with the increase of KOH-LC ratio which 

leading to the electrochemical properties change. Fig. 6a shows the approximate isosceles triangle 

shape of the PC-5, PC-6, PC-3, PC-7 and PC-8 curves, indicating that the samples have good 

electrochemical stability and reversibility. The Cs at the current density of 40 mA g
-1 

of the PC-5, PC-

6, PC-3, PC-7 and PC-8 is 201.10, 251.42, 280.43, 271.98 and 264.03 F g
-1

, respectively. The 

relatively high Cs of PC-3 (KOH/LC = 3) is consistent with the high SSA and pore volume. As shown 

in Fig. 6b, the SSA increased rapidly with the increase of KOH-LC ratio from 1 to 3 and reached 3311 

m
2
 g

-1 
when the KOH/LC is 3. The SSA decreased when further increased the ratio above 3. The 

change in Cs is similar to the SSA, suggesting the SSA has important influences on the Cs. The result is 

consistent with that reported by Gamby [43]. It can be seen in Fig. 6c that all the CV curves display a 

similar rectangles shape without redox peaks, indicating the typical performance of EDLC. Fig. 6d 

shows the CV curves of PC-3 at different scan rates from 2 to 100 mV s
-1

. The shapes of the CV 

curves deviate from the rectangular and became more and more oblique with the increase of scan rate. 

It because that the increase of scan rate caused the voltage signal could not reach the pores effectively. 

In other words, this phenomenon should be attributed to the tardiness of the charge-discharge kinetics 

of the PC. Therefore, the electrolyte ions cannot reach the PC surface efficiently in a short time [44, 

45]. Compared with SL and LG, the PC-7 has larger Cs (Fig. 6e) which due to the PC-7 has large SSA. 

The results illustrate that the electrochemical performance improve after adding lignin to lignite. 
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Figure 6. Effect of KOH-LC ratio on the capacitive performances of PCs. GCD curves of PCs with the 

current density of 40 mA g
-1 

(a); SSA and Cs at different ratios (b); CV curves at scan rate of 2 

mV s
-1 

(c); PC-3 at various scan rates from 2 mV s
-1

 to 100 mV s
-1 

(d); GCD curves of LG, SL 

and PC-7 (e). 

 

3.2.3. The Effect of Activation Temperatures 

In this study, the effects of activation temperature on electrochemical performance of PCs are 

carried out under the condition that KOH-LC ratio was kept at 3. The GCD curves of PC-9, PC-3, PC-

10 and PC-11 are displayed in Fig. 7a. All the GCD curves show an approximate isosceles triangle, 

indicating good EDLC features and there is no faraday current caused by the redox reactions. In 

addition, the charge-discharge time of PC-3 is longer than PC-9, PC-10 and PC-11, suggesting the PC-

3 has higher Cs under the same current density. As shown in Fig. 7b, the Cs of PC-3 is 280.43 F g
-1

 at 

the current density of 40 mA g
-1

. At the current density of 300 mA g
-1

, the Cs of PC-3 is retain 227.75 

F g
-1

, which demonstrates that 700 
o
C is the best activation temperature. The changes are due to the 

different SSA and pore structures of PCs (Table 3). The CV curves of PC-9, PC-3, PC-10 and PC-11 

exhibit the approximate rectangle shapes at 2 mV s
-1

 in Fig. 7c. The area of the CV curve for the PC-3 

is much larger than others, demonstrating the PC-3 has the best electrochemical performances. 
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Figure 7. Effects of activation temperatures on the capacitive performances of PCs. GCD curves of 

PCs at 40 mA g
-1 

(a); the Cs of PCs under different current densities (b); CV curves of PCs at 2 

mV s
-1 

(c); Nyquist plots of PCs (d). 

 

The EIS test was carried out for further understand the electrochemical behavior and the effect 

of frequency on the carbon electrodes. As shown in Fig. 7d, all the samples have ideal electrochemical 

capacitance characteristic. In the low frequency, the Nyquist plots present nearly linear indicating the 

ideal capacitive behavior [46, 47]. There is a clear semicircle in high frequency, indicating the 

interface of the electrode exists ion diffusion resistance [48]. The semi-circle of PC-3, PC-10 and PC-

11 is smaller than PC-9, indicating the ion diffusion into the electrode surface of PC-3, PC-10 and PC-

11 is faster than into PC-9. 

The energy density and power density are calculated according to the Eqs. (2) and (3). The plot 

of PCs with different activation temperatures are shown in Fig. 8. As can be seen, the energy density 

decreased slowly with the increase of power density, demonstrating that in the high power density less 

energy was released [49]. The energy density of PC-3 is higher than PC-9, PC-10 and PC-11, 

indicating the PC-3 possess better electrochemical performances [2, 50]. This is due to the high SSA 

and larger average pore diameter of PC-3. 
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Figure 8. Ragone plot of PCs with different activation temperatures. 

 

To compare the performance of the PCs electrodes, a summary of performance of other PCs 

electrodes is presented in the Table 4. The PC prepared in this work exhibits large SSA and high Cs, 

demonstrating that the lignite mixed with lignin chelating with Zn
2+

 derived PCs are highly promising 

as electrode for EDLC and show excellent electrochemical performance. 

 

Table 4. PCs for EDLC electrodes. 

 

Raw materials SSA (m
2
 g

-1
) Cs (F g

-1
) Electrolyte Ref. 

Lignite 1024 207.5 (500 mA g
-1

) 6 M KOH [33] 

HyperCoal 2540 46 (10 mA g
-1

) 0.5 M TEABF4/PC [14] 

Rice husk 2696 147 (100 mA g
-1

) 6 M KOH [51] 

Oil palm kernel shell 462 210 (500 mA g
-1

) 1 M KOH [52] 

Ultra-Pure lignite 1696 189 (20 mA g
-1

) 6 M KOH [53] 

Lignin and lignite 3311 280.43 (40 mA g
-1

) 6 M KOH This work 

 

 

4. CONCLUSION 

The PCs with high SSA were prepared from lignite mixed with lignin chelating with Zn
2+

 using 

KOH as activation agent. The Zn
2+

 content, KOH-LC ratio and activation temperature had remarkable 

influence on the SSA and Cs of PCs. The Cs increased with along with the SSA and the largest SSA 

reaches to 3311 m
2
 g

-1
. The addition of lignin chelate with Zn

2+
 to lignite may affect the carbonization-

activation process of lignite and improve the performance of PCs. The prepared PCs as electrode 

materials exhibit excellent electrochemical performance for EDLC. The PC-3 present high Cs of 

280.43 F g
-1

 at 40 mA g
-1

 and the Cs still retain a high value of 227.75 F g
-1

 at 300 mA g
-1

. 

Accordingly, the mixture of lignin and lignite has been demonstrated to be a good precursor to prepare 

the activated carbon and excellent performance electrodes for EDLC. 
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