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The notion of environment protection and renewable sources for energy conversion and storage 

becomes particularly important nowadays. In this research, a meso-microporous carbon was 

prepared by the combination of template method and chemical activation with the earth 

abundant cellulose and lignosulphonate as the sources. The as-synthesized meso-microporous 

carbon contained mesopores generated by regeneration of cellulose and the assistance of silica 

template, and micropores created by chemical activation of carbon. Such unique porous 

structure makes the as-synthesized meso-microporous carbon be the ideal electrode active 

material for energy storage. The two-electrode symmetric supercapacitors built on the meso-

microporous carbon electrodes shows a specific capacitance of 286 F g-1 at the current density 

of 0.25 A g-1 in aqueous electrolyte. More importantly, the symmetric supercapacitor achieves 

high energy density of 13 Wh kg-1 while at high power density of 27 kW kg-1. It is 

demonstrated that using renewable natural sources as the manufacturing of porous carbon with 

high performance of energy storage can be an effective way to lower the cost of supercapacitor.  

 

1. Introduction 

Supercapacitors have been widely used as the energy storage 

means in electric vehicles,1 wind energy farms,2 energy 

management,3 and wearable electronics.4 Currently commercial 

supercapacitor electrodes are primarily made of activated 

carbon due to its low cost, high conductivity and good stability. 

The main challenge of carbon-based supercapacitors is the low 

energy density and non-sustainable availability of carbon 

source.5 It is essential to produce activated carbon with 

renewable sources or recycled carbon-containing wastes. 

Biomass, such as coconut shells,6 sucrose,7 corn cob,8 sugar 

cane bagasse,9 banana peel10 and wastes such as scrap tires,11 

has been explored to generate activated carbon for 

supercapacitor electrodes. 

Cellulose and lignin are the largest and the second largest 

renewable natural carbon sources on earth, respectively.12 In 

papermaking industry, cellulose is a major constituent of paper. 

During the pulping process, lignin is converted to 

lignosulphonate which is discarded as waste in black liquor.13 

Though lignosulphonate is used as dispersant, water reducing 

agent and manure fertilizer additive, most of them are low 

value-added applications. If cellulose and lignosulphonate are 

employed as the precursors for production of activated carbon 

for supercapacitors, it will convert the low-value biomass and 

biowaste to the high-value commercial product. Cellulose has 

been used as the mechanical buffer and the electrolyte reservoir 

for ion transport in supercapacitors,14 or as the substrate in the 

form of a paper to load electrical conductive materials for 

flexible supercapacitors.15, 16 Few papers have reported the 

conversion of cellulose to carbon as the supercapacitor 

electrodes. Lignin has been converted to activated carbon as the 

absorbent for removing contaminants or as filter for purifying 

air and drinking water.17 The requirement of pore structure for 

absorbents and filters largely differs from that for 

supercapacitor electrodes.18, 19 It is therefore important to 

develop a synthetic approach to convert lignin to porous active 

carbon that is suitable for supercapacitor electrode. 

Cellulose has a large content of hydroxyl groups in its 

molecular structure and usually in a fiber-like morphology 

which consists of numerous microfibril cellulose. These 

microfibrils are strongly bridged with each other through 

hydrogen bonding.20 As a result, cellulose can hardly be 

dissolved in water and some solvents, limiting its applications. 

NaOH/urea aqueous solution is reported to be a strong polar 

system and can break the hydrogen bonding to separate these 

microfibrils.21 Lignosulphonate is converted from lignin and 

hence has much smaller molecular weight. In addition, 

lignosulphonate is water soluble and has a large content of 

reactive hydroxyl groups and aromatic rings. The reactive 

hydroxyl groups make lignosulphonate crosslink with other 

molecules such as chitosan,22 phenol,23 and lignosulphonate 

itself.24 The crosslinked lignosulphonate has more ordered 

structure of aromatic rings, ensuring the high graphite degree of 

final carbon products. 
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The energy storage mechanism of the porous activated carbon-

based supercapacitor electrode is built on the well-known 

electrical double-layer capacitance model (EDLC), in which 

electric energy is stored at the interface of the ultrathin double-

layer between the electrode and the electrolyte.25 The 

mesopores (2-50 nm in size) play an important role in the ion 

transport, and the micropores (less than 2 nm) are responsible 

for the charge storage. Therefore, it is critical to manipulate the 

porosity of carbon materials for improved energy storage 

performance. Much effort has been devoted to develop various 

methods to prepare porous carbons with designed porosity 

including core-shell ultramicroporous@microporous carbon 

nanospheres synthesized by time-controlled polymerization 

combined with KOH activation,26 carbon foams prepared from 

emulsion method,27, 28 mesoporous carbon microspheres 

prepared from a novel hydrothermal emulsion-activated 

method.29 More impressively, microporous carbon nanoparticles 

without the chemical activation can be prepared.30, 31 For example, 

ultramicroporous carbon nanoparticles is synthesized by 

solvothermal polymerization and post carbonization method.30 

Nitrogen-functionalized microporous carbon with high micropore 

volume can also be prepared through the direct carbonization 

method without activation treatment.31 These achievements in 

Mingxian Liu’ group provide a good methodology for the 

development of high performance carbon-based supercapacitors. 

Take the merits of cellulose and lignosulphonate into account, 

in the present study, we proposed a synthetic procedure to 

produce meso-microporous activated carbon using cellulose 

and lignosulphonate as carbon sources. Cellulose is firstly 

regenerated to couple with the silica template. Lignosulphonate 

was then cast into the composites to fill voids to produce 

mesoporous carbon. A post chemical activation was employed 

to prepare meso-microporous activated carbon for the further 

pore structure optimization. The meso-microporous activated 

carbon was used to assemble symmetrical supercapacitors in 

aqueous electrolyte, which displays excellent electrochemical 

performance. 

2. Experimental 

2.1 Materials. 

All reagents were of reagent grade and used as received without 

further purification. Cellulose (medium) and lignosulphonate were 

purchased from Sigma and Tokyochemical Industry Co., LTD, 

respectively. The used reagents also included 

cetyltrimethylammonium bromide (CTAB, Calbiochem), absolute 

ethanol (Macron), HCl (Alfa), NaOH (J. T. Baker), tetraethyl 

orthosilicate (TEOS, TCl), anhydrous ZnCl2 (Alfa), super-P (Alfa), 

1-methyl-2-pyrrolidinone (NMP, Sigma), and polyvinylidene 

fluoride (PVDF, Sigma). 

2.2 Synthesis of meso-microporous activated carbon 

Meso-microporous activated porous carbon (MAPC) was prepared 

through the following four steps including (i) cellulose regeneration, 

(ii) silica template preparation, (iii) lignosulphonate impregnation 

and carbonization, and (iv) silica template removal and chemical 

activation. The typical preparation process is illustrated in Figure S1. 

First, to regenerate cellulose, 1 g of cellulose was added into 100 mL 

of the NaOH/urea solution containing 6 g NaOH and 4 g urea under 

stirring. The mixture was then frozen at -12 oC for 12 h to 

completely dissolve cellulose. The frozen sample was thawed and 

mixed with a 5 wt% H2SO4 aqueous solution, and then held at 

ambient temperature for 10 min. The regenerated cellulose was 

collected and washed with copious deionized water through filtration 

until a neutral pH reached. Second, the regenerated cellulose was 

dispersed into a 100 mL of solution containing 2.4 g of CTAB, 0.2 g 

of NaOH, and 20 mL of absolute ethanol. After stirred at 40 oC for 

12 h, 2.5 mL of TEOS was added and kept stirring at 40 oC for 6 h. 

The white product was collected and washed with ethanol and 

deionized water several times to fully remove the residual CTAB, 

followed by drying process in air overnight. Third, lignosulphonates 

were cast into the silica template. This process was repeated twice to 

ensure full filling of lignosulphonate in the voids of silica template. 

Then, the mixture was carbonized at 900 oC in N2 gas for 3 h. The 

silica template was removed by immersing the carbonized product 

into a 2.5 M NaOH solution for 12 h, followed by washing treatment 

and drying process. Fourth, the carbon product was mixed with 

ZnCl2 with a various mass ratios of ZnCl2 to carbon (1:1, 1:3 and 

3:1). The mixture was activated in N2 in a tube furnace at 900 oC for 

2 h. The activated carbon was washed with 1 M HCl and deionized 

water. The product was then dried at 70 oC to obtain the meso-

microporous activated carbon, note as HAPC-XX-YY, where XX is 

the mass ratio of ZnCl2 to carbon, and YY is the activation 

temperature in Celsius. 

For complete comparison, another four kinds of carbon samples 

were also prepared. The preparation of regenerated cellulose-lignin-

derived carbon (LRCC) was similar with the procedure to MAPC 

except that chemical activation was not performed. Pure cellulose 

without any treatment was directly carbonized in N2 at 900 oC for 3 

h to obtain cellulose-derived carbon (CC). Regenerated cellulose 

was also carbonized under the same condition to obtain the 

regenerated cellulose derived carbon (RCC). Pure cellulose without 

regeneration was used to load the silica template in a similar 

procedure to HAPC. However, no chemical activation was 

performed on the cellulose-lignin-derived carbon (LCC). 

2.3 Microstructure characterization.  

The morphology of the as-prepared samples was examined 

using a JEOL 7600F scanning electron microscopy (SEM). The 

porous structure was observed under a JEOL 2100F 

transmission electron microscopy (TEM). The chemical 

structure was characterized using a PHI 5000 Versa Probe X-

ray photoelectron spectroscopy (XPS). Raman spectra were 

acquired using Renishaw Raman spectroscopy. Fourier 

transform infrared spectroscopy (FTIR) was performed with a 

NEXUS 870 spectrometer. The porous characteristics of carbon 

were measured by N2 adsorption/desorption experiments at 77 

K using ASAP 2020 V3.02 H. The specific surface area was 

measured according to the Brunauer-Emmett-Teller (BET) 

method and the pore size distribution was calculated using a slit 

pore non-local density functional theory (NLDFT) model. 

2.4 Electrochemical measurements. 

Both the three-electrode and the two-electrode configurations 

were employed to evaluate the electrochemical performance of 
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carbon samples. In the three-electrode set-up, A 6 M KOH 

aqueous solution was used as the electrolyte. A platinum gauze 

and the Ag/AgCl electrode were used as the counter electrode 

and the reference electrode, respectively. The working electrode 

was fabricated by physically mixing as-synthesized active 

carbon materials, super-p (commercial carbon black) and PVDF 

with a mass ratio of 8:1:1. The PVDF was previously dissolved 

in NMP. The mixed slurry was cast onto a nickel foil with a 

coverage area of about 1 cm2, and then the nickel foil was dried 

at 70 oC for 12 h to remove the organic solvent. In the two-

electrode cell, the working electrode was prepared by the same 

procedure while the nickel foil was replaced with the nickel 

foam. To ensure the same loading of the active carbon, several 

pieces of nickel foams were used, and those with the same 

loading amount of active carbon were chosen to assemble the 

two-electrode symmetric supercapacitor. A laboratory 

qualitative filter paper was used as the separator. A 6 M KOH 

aqueous solution was used as the electrolyte. 

Cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS) and constant galvanostatic charge/discharge 

tests were conducted with a Gamry Reference 3000TM 

instrument. The CV measurement in the three-electrode 

configuration was performed at a potential window of -1 to 0 V 

versus Ag/AgCl while the potential window in the two-

electrode cell was 0~0.8 V. The EIS measurement was 

performed at an AC amplitude of 5 mV in a frequency range 

from 0.01 Hz to 1 MHz. The specific capacitance from CV 

curves collected from the three-electrode tests was calculated 

by C = ʃ Idt/mV. Where I is the current, V is the voltage 

window and m is the mass of the material at each working 

electrode. The integrating process was performed by Echem 

Analyst software. The specific capacitance was calculated from 

the galvanostatic discharge curve according to Equation of C= 

Idt/mV. Where I is the discharge current, t is the discharge time, 

V is the voltage window and m is the mass of active material at 

each electrode. The specific capacitance derived from the CV 

curve and galvanostatic testing was determined by C=4 ʃIdt/MV 

and C=4It/mV, respectively, where M is the total mass of 

material at the two-electrodes. The energy density (E) and the 

power density (P) were calculated from galvanostatic 

charge/discharge testing by equations of E=CV2/2 and P=E/t, 

respectively, where C is the specific capacitance from the two-

electrode tests and t is the discharge time 

3. Results and discussion 

The morphology of the composite containing silica nanoparticles and 

cellulose fiber was observed by SEM, as shown in Figure S2. It can 

be seen that the cellulose fiber have very large diameter and its 

surface was covered by silica nanoparticles. Figure S3 shows the 

SEM images of CC, LCC and LRCC. It can be seen that the CC 

sample prepared from the carbonization of pure cellulose displays 

irregular fiber-like morphology. These carbon fibers have very 

smooth surface and very large diameter in the scale of several 

micrometers. The LCC sample also displays fiber-like morphology 

similar with that of CC sample and very rough surface decorated 

with numerous carbon nanoparticles, which means that mesoporous 

carbon is successfully prepared with the assistance of silica 

nanoparticles. Interestingly, the LRCC sample displays totally 

different morphology compared with those of CC and LCC. The 

fiber-like morphology is disappeared and numerous carbon 

nanoparticles are formed. The reason is attributed to the cellulose 

regeneration. NaOH/urea system is commonly used to dissolve 

cellulose. It is reported that the alkali hydrates, urea hydrates and 

free water can penetrate into the voids of microfibril celluloses and 

destroy the intra- and inter- hydrogen bonds to separate these 

microfibril celluloses with each other.32 These microfibril celluloses 

was regenerated by adding 5 wt% H2SO4. As reported, the formation 

of the silica nanoparticles is ascribed to the hydrolysis-condensation 

mechanism of TEOS. 33, 34 There are three typical growth stages of 

silica nanoparticles. The first stage is the monomer addition growth 

involving nucleation and nucleus growth; the second stage is the 

controlled aggregation of sub-nanoparticles which is influenced by 

time and the concentration of TEOS; the last stage is the formation 

of a layer of tight aggregated particles covering the surface of silica 

nanoparticles formed in the second stage. The final silica 

nanoparticles are then covered by positively charged CTA+ cations 

thereby preventing the aggregation of silica nanoparticles, allowing 

the formation of a stable colloidal silica. For the cellulose without 

regeneration, some of the silica nucleus are assembled onto the 

surface cellulose to form silica nanoparticles, as can be seen in 

Figure S2. For the regenerated cellulose, the added TEOS can 

penetrate into the voids of microfibril cellulose network and finally 

to form silica nanoparticles. The size of the silica nanoparticles is 

affected by the concentration of TEOS and hydrolysis-condensation 

time. In this study the used time is as long as 6 h, which is far longer 

than that in literatures.33 Therefore, silica nanoparticles with larger 

size are expected, which are stabilized by CTA+. As a result, 

numerous voids are formed among these silica nanoparticles to form 

the mesoporous template. Later, the added lignosulphonate 

molecules can fill in the voids. Through carbonization and removal 

of silica nanoparticles, mesopores are formed. Therefore, cellulose 

regeneration and silica nanoparticles can be combined to prepare 

mesoporous carbon materials. 

In order to further optimize the porosity of LRCC, a post chemical 

activation was employed on the LRCC sample. Figure 1 shows the 

SEM and TEM images of the meso-microporous activated carbon 

(HAPC-11-900). Seen from the SEM image, compared with LRCC, 

the HAPC-11-900 sample consists of more uniform carbon 

nanoparticles. These carbon nanoparticles are interconnected to form 

numerous voids between them. Figure 1b shows the TEM image of 

HAPC-11-900. For comparison, the TEM image of LRCC before 

chemical activation is illustrated in Figure S4. Both the LRCC and 

HAPC-11-900 display a porous structure with numerous mesopores. 

However, the micropores are barely observed in the HRTEM image. 

The difference of pore structure is hard to be observed in the present 

TEM image of the samples before and after chemical activation. 

There, nitrogen adsorption/desorption measurement was performed 

on the as-prepared samples. The isotherm curves and pore 

distribution of these samples are displayed in Figure S5. The profiles 

of all the isotherm plots of these carbon samples are found to be of 

type IV isotherm curves, suggesting the dominant mesoporosity.34 
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Obviously, for the activated carbon samples, the hysteresis loops at a 

relative pressure of 0.5-1.0 is the typical feature of type H4 

hysteresis loop, indicating the hierarchical pore structure consisting 

of micropores and mesopores.35 The size of mesopores and 

micropores are mainly centered at 2.5 nm and 0.7 nm, respectively. 

 

 
Figure 1. (a) SEM and (b) TEM images of the meso-microporous activated carbon 

sample (MAPC-11-900). 

 

Table 1 summaries the specific surface area, pore volume and size, 

specific surface capacitance and rate capability of these carbon 

samples. The CC has the lowest mesopore volume, however, the 

mesopore volume of LCC increases to 0.18 cm3 g-1, indicating the 

successful introduction of mesopores by the aid of silica template. 

The specific surface area of LCC is about 260 m2 g-1 and increases to 

about 426 m2 g-1, confirming the regeneration process is an effective 

way to increase the specific surface area. It can be also found that the 

activated carbon samples typically has much higher specific surface 

area and total pore volume than LRCC without chemical activation. 

The reason can be ascribed to the chemical activation process. In the 

present study, in order to optimize the pore structure by opening the 

as-formed closed pores and introducing micropores, ZnCl2 activation 

is employed, which is demonstrated to be very efficient. During the 

chemical activation process, ZnCl2 not only etches the carbon with 

lower graphite degree to open closed pores, but also creates 

micropores. 

 

Table 1. The specific surface are, pore volume and size, specific capacitance and rate capability of the as-prepared carbon electrodes. 

Sample ID Surface 

area 

(m2 g-1) 

Total pore 

volume 

(cm3 g-1) 

Micropore 

volume 

(cm3 g-1) 

Mesopore 

volume 

(cm3 g-1) 

Micropore 

median size 

(nm) 

Mesopore 

median 

size (nm) 

Specific 

capacitance 

Cs (F g
-1) 

Rate 

capability 

Rc 

Variable X1 X2 X3 X4 X5 X6 Cs Rc 

CC 156 0.03 - 0.03 - - 39 0.27 

LCC 260 0.21 0.03 0.18 0.76 4.68 119 0.42 

LRCC 426 0.29 0.07 0.22 0.75 5.11 165 0.35 

HAPC-11-800 694 0.45 0.10 0.35 0.78 4.61 149 0.97 

HAPC-11-700 740 0.47 0.17 0.30 0.76 4.37 150 0.78 

HAPC-13-900 743 0.57 0.05 0.52 0.78 4.03 170 0.95 

HAPC-11-900 856 0.58 0.17 0.41 0.76 5.83 246 0.79 

HAPC-31-900 858 0.64 0.08 0.56 0.77 4.45 130 1.35 

 
Note: The specific capacitance Cs is defined as the capacitance obtained at scan rate of 2 mV s-1. The rate capability Rc is calculated as the ratio of the prepared capacitance 

value at 100 mV s-1 to that at 2 mV s-1 using three-electrode configuration. 

It is noted that HAPC-11-900 sample has the highest micropore 

volume of about 0.17 cm3 g-1 with the specific surface area as high 

as 856 m2 g-1. 

The chemical structure of the as-prepared carbon samples was 

investigated using X-ray photoelectron spectroscopy (XPS) and 

Fourier-transform infrared spectroscopy (FTIR), as shown in Figure 

S6 and Figure S7, respectively.  According to the results of XPS, 

there are only two peaks of C1s and O1s for all the carbon samples. 

Oxygen existed in the carbon samples in the form of –C-OH and 

C=O, which was confirmed by the C1s core-level peak at 286.0 eV 

and 287.0 eV, respectively.36 The –OH group was also confirmed by 

the FTIR band at 3450 cm-1 in Figure S7. The FTIR bands at around 

1637 cm-1 were indexed to benzene ring skeletal vibration.37 For 

carbon materials, the graphite degree can be revealed by Raman 

spectra. Figure 2 displays the Raman spectra of LCC, LRCC and 

HAPC-11-900. The Raman spectra of CC and RCC is shown in 

Figure S8. For all the as-prepared carbon samples, there are three 

peaks located at 1350 cm-1, 1580 cm-1 and 2790 cm-1, respectively. 

These three peaks can be assigned to the D band originated from the 

vibration of disordered sp3 carbon, and G band originated from the 

vibration of ordered sp2 carbon, as well as the 2D band which is the 

characteristic of graphite carbon.38 The intensity ratio of ID/IG 

indicates the graphitization degree, defects or the domain size of 

graphitization.39, 40 In general, graphitization degree has an inverse 

relationship to the intensity ratio of ID/IG. The intensity ratio of ID/IG 

for CC, RCC, LCC, LRCC and HAPC-11-900 is calculated to be 

0.95, 0.87, 0.88, 0.89 and 0.87, respectively. The highest value of 

0.95 for CC indicates the lowest graphitization degree, while the 

very low similar value for RCC, LCC, LRCC and HAPC-11-900 

demonstrates the very high graphitization degree of these carbon 

samples. The dissolution and regeneration process transforms the 

amorphous cellulose to crystallized cellulose.41 The ordered 

microfibril structure and higher density of the crystalline cellulose 

promote the formation of ordered carbon in the RCC sample. In 

addition, there is benzene ring in lignosulphonate and it is easily 

crosslinked to form network structure with ordered benzene. These 

properties of lignosulphonate facilitate the formation of pseudo 

graphene structure in the final carbonized material, leading to a low 

ID/IG value of carbon materials prepared from lignosulphonate. As a 

result, carbon samples prepared from lignosulphonates (LCC, LRCC 

and HAPC-11-900) have lower ratio of ID/IG, compared with 

cellulose derived carbon (CC). Since these carbon samples already 

have high graphitization degree, the ZnCl2 activation did not 

significantly improve the graphite degree by etching the poorly 

graphitized carbon. Lignosulphonate typically has two types of 

hydroxyl groups.42 One is connected to the alkane chain and the 

other to the aromatic ring (phenolic hydroxyl group). These hydroxyl 

groups are reactive and can be crosslinked with each other through 
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hydrogen bond. It is believed that during the impregnation and 

drying process one phenolic hydroxyl group forms two hydrogen 

bonds with two hydroxyl groups in the alkane chains of two 

lignosulphonate, as illustrated in Figure S9. The crosslinking 

reaction bridges the lignosulphonate molecules to form a network 

with ordered arrangement of aromatic rings, which facilitates the 

formation of highly graphitized carbon. 

 
Figure 2. Raman spectra of LCC, LRCC and HAPC-11-900. 

 

Cyclic voltammetry (CV) was used to evaluate the electrochemical 

performance of the as-prepared carbon samples with a three-

electrode electrochemical cell in a 6 M KOH aqueous electrolyte, as 

shown in Figure 3. Generally, ideal electrochemical active electrode 

material has nearly rectangular CV shape.43 The CV profiles of CC 

and RCC shows triangle shape (Figure 3a and 3b), indicating their 

poor supercapacitive behaviour. After the introduction of 

mesoporous structure with the assistance of mesoporous silica 

template, the CV curves of LCC and LRCC is approaching to 

rectangular shape, indicating the improved supercapacitive 

performance of LCC and LRCC. Surprisingly, nearly symmetrical 

box-like shape of CV curves of the HAPC-11-900 sample can be 

seen from Figure 3e, demonstrating the ideal supercapacitive 

performance. Figure 3f summarized the specific capacitance of the 

CC, RCC, LCC, LRCC and HAPC-11-900 according to the CV 

testing. The specific capacitance at 2 mV s-1 of CC, RCC, LCC, 

LRCC and HAPC-11-900 is about 39 F g-1, 80 F g-1, 119 F g-1, 165 F 

g-1 and 246 F g-1 respectively. The HAPC-11-900 sample shows the 

highest specific capacitance. This means by careful control over the 

porous structure of carbon materials the electrochemical 

performance can be significantly improved. The reason is ascribe to 

the best physical properties of HAPC-11-900. As shown in Table 1, 

the carbonized cellulose (CC), the lignosulphonate-cellulose (LCC) 

and the lignosulphonate-regenerated cellulose (LRCC) possess much 

lower specific surface area, compared with the activated sample. But 

the volume ratio of mesopores to micropores varied with both the 

activation temperature and the mass ratio of ZnCl2 to carbon. It 

should be pointed out that over-activation occurs when increasing 

the mass ratio of ZnCl2 to carbon to 3:1 (HAPC-31-900). During the 

activation process, several adjacent micropores collapse and the 

walls break, and connect the micropores together to form one 

mesopore, which should explain why the micropore volume 

decreases and the mesopore volume increases for the HAPC-31-900 

sample. The resulted different electrochemical performance are 

shown in Figure S10. The only difference among these activated 

carbon samples is the current density. It is found that HAPC-11-900 

electrode displays the highest current density at all scan rates, 

confirming the best electrochemical performance of HAPC-11-900. 

 
Figure 3. CV profiles of as-prepared carbons (a) CC, (b) RCC, (c) LCC, (d) 

LRCC and (e) A-LRCC. (f) shows the specific capacitance as a function of scan 

rate for CC, RCC, LCC, LRCC and ALRCC. 

 

The energy storage ability of carbon materials is highly related to the 

porous structure. It is reported that different type of pores plays 

different role and has different contribution to energy storage. 

Generally, micropores (lower than 2 nm) have the largest 

contribution to energy storage, and mesopores (2-50 nm) are mainly 

responsible for electrolyte ion transportation. Macropores are usually 

thought to be the ion reservoir. Here, we used linear correlation 

analysis to investigate the relationship between the pores and 

electrochemical performance using the data listed in Table 1. Linear 

correlation analysis is an effective way to study the relationship 

among multi variables.11, 44 The Correlation can be calculated using 

the following equation if there exists a linear relationship. 

 
Where C is the correlation, x and y are the two variables, n is the 

number of variable x or y. If the value of C is larger than 0.8, x and y 

are highly related; if the value of C locates between 0.5 and 0.8, x 

and y is medially related; if C locates between 0.3 and 0.5, x and y 

has low relationship and no relationship if lower than 0.3. 

Page 5 of 8 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

We found that the specific capacitance Cs has a linear relationship 

and can be fitted as Cs = 76.4 + 892 X3 with R2 of about 65%. The 

rate capability Rc and mesopore volume X4 also have linear 

relationship and can be expressed using the equation Rc= 0.19 + 

1.6X4 with R2 of about 72%. The calculated correlation C(X1, X3) 

and C(X2, X3) is 0.77 and 0.71, respectively, located between 0.5 and 

0.8. This indicates that the specific surface area (X1) and total pore 

volume (X2) is medially related to mesopore volume (X3). In other 

word, micropore volume has high effect on the specific surface area 

and total pore volume. The correlation C(X3, Rs) and C(X4, Rc) is 

calculated to be 0.85 and 0.83, indicating the micropore volume is 

highly related to the specific capacitance and the mesopore volume 

is highly related to the rate capability. 

The HAPC-11-900 samples has been shortlisted to be the sample 

with the best electrochemical performance. Compared to a three-

electrode cell, a two-electrode cell reflects the electrochemical 

performance of supercapacitor in practice.45 Therefore, a two-

electrode symmetric supercapacitor was assembled with HAPC-11-

900 as the electrode material in the 6 M KOH aqueous electrolyte, as 

shown in Figure 4. In Figure 4a, the CV profiles of the symmetric 

supercapacitor shows ideal symmetric rectangular shape, indicating 

the high quality of the prepared electrode and ideal electrochemical 

performance of HAPC-11-900. The Nyquist plot obtained from the 

two-electrode cell in Figure 4b can be fitted with the equivalent 

circuit model in Figure S11.The ohmic resistance and the charge 

transfer resistance were estimated to be 2.2 Ω and 3 Ω, respectively. 

Figure 4c shows the plots of the imaginary capacitance (Cimage) and 

the real capacitance (Creal) versus frequency (f). f is the character 

frequency at which Cimage reaches the maximum and the time 

constant (τ = 1/f) is the characteristic of the rate capability. As a 

result, the time constant was estimated to be 1 s, which indicated 

good power delivery ability. Galvanostatic charge-discharge is a 

well-accepted method to evaluate the energy storage capability of 

supercapacitor electrodes. Figure 4d 

Shows the galvanostatic charge-discharge curves at different current 

densities over the voltage window of 0-0.8 V. The linear voltage 

versus time profile, the symmetrical charge and discharge feature as 

well as the quick current-voltage response indicated good 

electrochemical performance of HAPC-11-900 electrode. According 

to the charge-discharging curves, the specific capacitance, which 

was calculated based on the total mass of electrode, was 286 F g-1 at 

0.25 A g-1; and it remained 141 F g-1 at a current density of 10 A g-1 

(Figure 4e). The cycling stability of the HAPC-11-900 electrode was 

tested by the charge-discharge at 4 A g-1 over 2000 cycles (Figure 

S12). After 2000 cycles, the specific capacitance was reduced from 

179 F g-1 to 160 F g-1, keeping a high capacitance retention of 89.4%. 

The Ragone plot shows the dependence of energy density upon the 

power density (Figure 4f). The two-electrode symmetric 

supercapacitor exhibited an energy density of 13 Wh kg-1 at a power 

density of 27 kW kg-1. The result has demonstrated that the 

electrochemical double layer capacitor based on the meso-

microporous activated carbon electrode (HAPC-11-900) was able to 

deliver a relatively high energy density at a high power density. A 

lot of high performance porous carbon-based supercapacitor 

electrodes have been reported previously. For example, a 

hierarchical porous carbon electrode has achieved an energy density 

of 18.7 Wh kg-1 at a power density of 11.0 kW kg-1.46 An energy 

density of 1.0 Wh kg-1 at a power density of 14.4 kW kg-1 has been 

reported for the activated carbon-coated carbon nanotubes,47 and an 

energy density of 12.5 Wh kg-1 at a power density of 17 kW kg-1 was 

observed for the glucose-derived micropores carbon.48 The carbon 

electrode in this study has exhibited comparable or better 

electrochemical performance. 

 
Figure 4. Electrochemical performance of the meso-microporous activated carbon 

electrode (HAPC-11-900) in a two-electrode cell in the 6 M KOH aqueous 

electrolyte. (a) CV profiles, (b) Nyquist plot, (c) imaginary capacitance (Cimage) 

and real capacitance (Creal) versus frequency, (d) charge-discharge curves at 

different current densities, (e) specific capacitance as a function of the current 

density derived from the charge-discharge test, and (f) Ragone plot showing the 

energy density versus the power density. 

Conclusions 

In summary, a meso-microporous activated carbon was prepared via 

the template-assisted synthetic method and chemical activation using 

renewable cellulose and biowaste lignosulphonate as the precursors. 

Regeneration of cellulose and use of a silica template were two key 

steps for creating large specific surface area and specific mesopore 

volume. The chemical activation process was able to adjust the 

specific micropore volume and the specific mesopore volume. 

Increasing the micropore volume increased the specific capacitance 

of carbon electrode while increasing the mesopore volume increased 

the rate capability. The optimal two-electrode symmetric 

supercapacitor built on the meso-microporous activated carbon 

electrode exhibited a specific capacitance of 286 F g-1 at 0.25 A g-1 

in the 6 M KOH aqueous electrolyte. The supercapacitor showed an 

energy density of 13 Wh kg-1 at a power density of 27 kW kg-1. 
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