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ABSTRACT

A facile synthesis strategy for lignin-derived three-dimensional hierarchical

porous carbon (LHPC) was developed in this work. The LHPC was synthesized

by a one-step carbonization-activation process using lignin as a carbon pre-

cursor and wet KOH as an in situ chemical activation agent. Compared with dry

KOH activation agent, the wet KOH shows exfoliation effect on assisting the

formation of hierarchical porous structure of LHPC. The H2O plays a key role of

an exfoliation agent in forming the hierarchical porous structure of LHPC. The

as-prepared LHPC shows a high specific surface area of 2109 m2 g-1 and

hierarchical pores. When used as an electrode material for supercapacitor, the

LHPC exhibits excellent electrochemical performances, including a high

capacitance of 254 F g-1 at 0.5 A g-1 and excellent rate capability with 59%

capacitance retention at 20 A g-1. This study offers a convenient and practical

approach to produce a high-rate hierarchical porous carbon material for

supercapacitors.

1 Introduction

Supercapacitors have been drawing considerable

attention due to their excellent rate capability, wide

operating temperature, long lifespan, and

environmental friendliness [1–3]. Electrode is a piv-

otal component that determines the capacitance and

energy density of a supercapacitor [4]. Electrode

materials have received extensive research attention

in recent years. Porous carbons are deemed as the

best electrode materials for commercial
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supercapacitors because of their stable performances

and relatively low cost [5, 6]. Nevertheless, porous

carbons also show disadvantages, such as low

specific capacitance and energy densities. Rational

pore size and distribution are found to be beneficial

for improving the performances of porous carbons.

Hierarchical porous carbons (HPCs) are porous car-

bons featured with multiscale pore size distributions.

HPCs are promising for the design of advanced

supercapacitors with high energy densities and

power densities [7, 8].

To fabricate HPCs, in most cases, an activation

process is needed to prepare meso- and micropores.

The micropores and mesopores of porous carbons

can be obtained by the activation process with acti-

vation agents, such as strong bases (KOH, NaOH)

[9–11], alkali metal carbonates [12, 13], and alkali

metal organics [14, 15]. Furthermore, to obtain HPCs,

extra templates are needed to introduce macropores

and mesopores [16]. Recently, HPCs have received

great interests due to its excellent rate capabilities

and high specific capacitances. Various HPCs have

been prepared using easily accessible biomasses as

precursors [17–20]. However, these methods are

based on specific kinds of biomasses. For large-scale

production, general methods are required for the

synthesis of HPCs from various biomasses. Lignin is

one of the most abundant ingredients (lignin, cellu-

lose, and hemicellulose) in natural plants [21]. Com-

posed of complex aromatic units, lignin can hardly be

utilized in traditional chemical engineering routes.

Every year, 70 million tons of lignin is produced as a

hazardous waste by papermaking and pulping

industries. It is of scientific and commercial signifi-

cance to transfer lignin into high-value products.

Research efforts are devoted to developing green

routes for porous carbon using lignin as the precursor

[22, 23]. However, it is challenging to prepare HPCs

using lignin as precursors [24].

In this work, HPCs derived from lignin were pre-

pared through a facile template-free strategy. Wet

KOH was used as an activation agent which played a

crucial role in generating macroporous carbon

skeleton. H2O, as an exfoliation agent, assisted the

formation of macropores in the HPCs. Taking the

advantages of the good solubility of alkaline lignin,

we mixed wet KOH and lignin into a mixture. After

pyrolysis, the mixture was transformed into an LHPC

featured with high specific surface area and hierar-

chical pores. The lignin-derived LHPC shows higher

rate capability compared with the porous carbon

derived from lignin prepared from conventional

methods. This study demonstrates that H2O could be

used as an exfoliation agent in the preparation of

LHPCs.

2 Experimental section

2.1 Material

Alkaline lignin was purchased from the chemical

market. All the other chemical reagents of this study

were of analytical grade and purchased from Beijing

Chemicals Co., Ltd. Nitrogen gas was of chemical

grade (purity of 99%). Deionized water was used

throughout the experiment.

2.2 Material synthesis

Alkaline lignin, KOH, and water was mixed with a

mass ratio of 10:40:1 using an agate mortar. The

mixture was carbonized at 700 �C for 1 h in the

nitrogen atmosphere with a heating rate of

10 �C min-1. The carbonization product was washed

with deionized water until neutral pH. After dried

overnight at 100 �C, the as-prepared carbon was

labeled as LHPC. A reference sample of LPC was

prepared by the same procedure using alkaline lignin

and dry KOH without water. Another reference

sample of LC was prepared using only alkaline lignin

without KOH and water.

2.3 Physicochemical characterizations

The N2 adsorption and desorption isotherms of car-

bon materials were characterized using 3H-2000PM2

adsorption–desorption analyzer (Beishide, Beijing

China) at 77 K. The specific surface areas and porous

structures were calculated with the Brunauer–Em-

mett–Teller (BET) and the Density Functional Theory

(DFT) models, respectively. The morphologies of

LHPC and LPC were characterized by field emission

scanning electron microscopy (FESEM, HITACHI

SU8020, Japan). The microcrystalline structures of

LHPC and LPC were tested by X-ray diffraction

(XRD) using step scans of 5�/min (2h) under 40 mA

and 40 kV. The Raman spectra were tested by a

Bruker VERTEX 70 inVia confocal Raman

microspectrometer (Bruker, Germany). The X-ray
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photoelectron spectroscopy (XPS) analysis was per-

formed on the Thermo VG ESCALAB250 surface

analysis system (Thermo Scientific, America).

2.4 Electrochemical measurements

The supercapacitors of LHPC and LPC were mea-

sured in the 6 mol L-1 aqueous KOH electrolyte in a

symmetric cell configuration. LHPC and LPC elec-

trodes were composed of 85 wt% of active carbon, 10

wt% of acetylene black and 5 wt% of polytetrafluo-

roethylene (PTFE). Each working electrode (mass

loading about 3 mg) was cut into a film with a geo-

metric area of 1 9 1 cm2. The galvanostatic charge–

discharge (GCD) cycling was tested on an NEWARE-

BTS4008 battery tester (Neware, Shenzhen China) at

current densities of 0.5–20 A g-1 in the voltage of

0–1 V. Cyclic voltammetry (CV) and electrochemical

impedance spectroscopy (EIS) were tested on a

PARSTAT 2273 electrochemical system. The CV

curves were tested as scan rates of 5 to 100 mV s-1 in

the voltage range of 0–1 V. EIS were tested at the

open circuit potentials of symmetric cells at the fre-

quencies of 100 kHz to 0.1 Hz.

3 Results and discussion

The LHPC was prepared from a one-step carboniza-

tion-activation strategy, in which KOH and water

were added in lignin (see the experimental section in

Supporting Information). In contrast, the LPC was a

reference sample prepared in the same procedure

without water. The SEM images indicate that both

dry KOH etched LPC and wet KOH etched LHPC

have been activated with many macropores, respec-

tively (Fig. 1). An interconnected three-dimensional

network structure with macropores and thin carbon

walls is clearly observed in the surface of LHPC

(Fig. 1a). The pore size of LHPC ranges from hun-

dreds of nanometers to several micrometers. On the

contrary, LPC does not show interconnected three-

dimensional (3D) network macropores (Fig. 1b). The

LPC shows thick wall with many macropores in

hundreds of nanometers. The macropores should be

originated from the decomposed gases during

pyrolysis (CO2, H2O, etc.) [25]. Thus, we can draw the

conclusion that the macroporous structure in LHPC

originates from both the pyrolysis gases and previ-

ously injected water. Water can be injected into lignin

powder and act as an exfoliation agent helping to

form the interconnected three-dimensional network

structure of LHPC.

XRD and Raman spectra were used to characterize

the structure of LHPC and LPC. Figure 1c shows the

XRD patterns of the LHPC and LPC. Both LHPC and

LPC showed two broad peaks at 23� and 44�. These
two peaks are attributed to the reflections of the (002)

and (100) planes of graphite. The broad peaks reveal

that they are of amorphous structures. Raman spectra

are shown in Fig. 1d, two wide peaks located at 1350

and 1590 cm-1 are assigned to D and G bands of

carbonaceous materials, respectively. Both LHPC and

LPC possess a large number of defects which are

etched by KOH. The D peak originates from the sp3

defects, while the G peak reflects the vibration of sp2-

bonded carbon atoms. The ID/IG values of LHPC and

LPC are calculated as 1.36 and 1.21, respectively.

Compared with the LPC, the LHPC shows a higher

ID/IG value indicating that the use of water during

carbonization process can introduce a more amor-

phous structure into the carbon material.

N2 adsorption–desorption isothermal analysis was

used to compare the micro- and mesoporous archi-

tectures of LHPC and LPC. Both nitrogen adsorp-

tion–desorption isotherms of two porous carbons

showed integrated I/IV type adsorption–desorption

isotherms. A strong N2 adsorption volume occurring

at a low relative pressure of 0.1 is attributed to the

presence of micropores. Obvious hysteresis loops (P/

Po from 0.5 to 1) are shown for both LHPC and LPC,

which suggests the existence of mesopores. The

adsorption/desorption isotherms of LPC and LHPC

indicate that micro-, meso- and macropores coexisted

in LHPC and LPC (Fig. 2a). Above result is in line

with the pore size distribution (PSD) (Fig. 2b). LHPC

shows a higher mesopore volume than the LPC.

Sharp rises of N2 adsorption/desorption isothermals

are shown at relative pressures close to 1.0 (P/Po).

Compared with the LPC, the LHPC shows a higher

slop at the end of N2 adsorption isotherm, indicating

a higher macropore volume in the LHPC [26]. Thus,

the LHPC achieves higher macropore and mesopores

volumes than the LPC, which is in good agreement

with the SEM images. Because the preparation of

LHPC and LPC is different in the use of water, water

plays an important role in exfoliating and assisting to

form the hierarchical porous structure. When used as

electrodes of supercapacitors, the three-dimensional

hierarchical porous architecture of LHPC can offer

J Mater Sci: Mater Electron



Fig. 1 a FESEM images of LHPC, and b LPC, c XRD patterns and d Raman spectra of LHPC and LPC

Fig. 2 a Nitrogen adsorption–desorption isotherms, and b pore size distribution of LPC and LHPC
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short diffusion pathways for the diffusion of elec-

trolyte ions, resulting in excellent high-rate perfor-

mance. As summarized in Table 1, LHPC has a larger

BET specific surface area of 2109 m2 g-1 and a pore

volume of 1.382 cm3 g-1. On the contrary, the LPC

shows a relatively low specific surface area of 1980

m2 g-1 and a relatively low pore volume of 1.181

cm3 g-1. The LHPC shows a higher specific surface

area than other lignin-derived porous carbons such

as template prepared HPC (350 m2 g-1, 803 m2 g-1)

[27, 28], KOH activated HPC (779 m2 g-1, 1373

m2 g-1, 1455 m2 g-1, and 1660 m2 g-1) [29–32],

sodium lignosulfonate-derived HPC (1054 m2 g-1)

[33], oxygen functional groups decomposition-

derived HPC (1092 m2 g-1) [34], Mg(NO3)2�6H2O

activated HPC (1140 m2 g-1) [35]. Also, the LHPC

shows a higher mesopores volume ratio than the

LPC. Besides the hierarchical porous structure, the

LPC and LHPC are rich in oxygen functional groups

(Fig. 3 and Table 2). The oxygen functional groups

can contribute to pseudocapacitances by acquiring

electrons during discharging process and releasing

electrons during charging process (Eqs. 1, 2) [36].

C¼Oþ e� þHþ ! C�O�H ð1Þ

C�O�H ! C¼Oþ e� þHþ ð2Þ

Based on the above results, we proposed an

explanation for the hierarchical porous structure

formation of LHPC. The formation of hierarchical

porous structure in LHPC is illustrated in Fig. 4. In

the mixing process, the lignin–KOH gel is obtained.

The H2O and KOH are homogeneously dispersed in

lignin, since alkaline lignin could be dissolved in

water and alkali solutions, which is pivotal to obtain

the three dimensional hierarchical porous structure

carbon framework derived from lignin. The obtained

lignin–water–KOH solid is directly transferred to the

carbonization process. In the carbonization process,

lignin is converted into bio-char firstly. Meanwhile,

water evaporates, resulting in macropores in the

carbon framework. With the temperature ramping

up, the crystalized KOH particles are melted and act

as an activation agent. Then, KOH attacks the outside

carbon shell, creating micropores and macropores in

the walls of LHPC. It needs to be noted that the

pyrolysis gases of CO2 and H2O from lignin can act as

exfoliation agents that help to form macropores in

LHPC and LPC [37].

In the preparation process, H2O acts both template

and exfoliation agent. KOH acts both as a template

and an activation agent. The mixing process of KOH,

lignin, and H2O took a longer time than the mixing

process without H2O because of the hygroscopicity of

KOH. However, if lignin and KOH are mixed with-

out H2O, the KOH can not be distributed homoge-

neously. In the carbonization process, KOH is merely

congregated in the surface of lignin, which is difficult

to form an interconnected porous structure. Hence,

LPC is of less meso- and macroporous structure

compared with LHPC. From the above discussion,

H2O injected in the previous lignin precursor plays a

crucial role in forming the hierarchical pores of

LHPC.

The LHPC electrodes were prepared by a rolling

method described in our previous study [38, 39]. The

electrochemical performances of LHPC and LPC

were investigated in a 6 mol L-1 aqueous KOH

electrolyte in a symmetric two-electrode cells. Cyclic

voltammetry (CV), galvanostatic charge–discharge

(GCD), and electrochemical impedance spectroscopy

(EIS) were employed for the comparison of LHPC

and LPC. The quasi-rectangular CV curves of LHPC

and LPC indicate the quasi-ideal electric double-layer

capacitive behaviors (Fig. 5a, b). Meanwhile, the

LHPC shows higher integrated areas of CV curves

than the LPC at various scan rates, indicating that the

specific capacitances of LHPC are higher than the

specific capacitances of LPC. Compared with LPC,

the high specific capacitances of LHPC are attributed

to the high specific surface area for constructing the

electric double layer. Compared with LHPC, the LPC

Table 1 Porosity properties of

LHPC and LPC Samples SBET (m2 g-1) Vtotal (cm
3 g-1) Vmic (cm

3 g-1) Vmeso (cm
3 g-1) Dpore (nm)

LHPC 2109 1.382 0.971 0.411 2.621

LPC 1980 1.181 0.922 0.258 2.385

SBET specific surface area determined from the BET method (m2 g-1), Vtotal total pore volume (cm3

g-1), Vmeso mesopore volume (cm3 g-1), Vmic micropore volume (cm3 g-1), Dpore average pore

diameter (nm)

J Mater Sci: Mater Electron



Fig. 3 High-resolution O 1 s XPS spectra of a LHPC, and b LPC

Table 2 Oxygen functional

groups of LPC and LHPC Sample O1 O2 O3 O4 O5

Quinones COOH/C(O)O C=O C–O OH

LPC (11.88 at%) 0.095 2.6 3.51 3.05 2.6

LHPC (10.71 at%) 2.5 2.3 2.24 1.9 1.88

Fig. 4 Schematic illustration of LHPC preparation. Insets in the left bottom show the photographs of lignin powder and LHPC

J Mater Sci: Mater Electron



Fig. 5 Electrochemical performances of LHPC and LPC tested in

6 mol L-1 aqueous KOH solution. a and b CV curves at various

scan rates, c and d GCD curves at different current densities within

a voltage range from 0 to 1 V, e specific capacitance as a function

of current density ranging from 0.5 to 20 A g-1, f the Nyquist plot

with frequency ranging from 100 kHz to 0.1 Hz

J Mater Sci: Mater Electron



shows CV curves gradually distorted with increasing

scan rate. This is due to the lack of a three-dimen-

sional network structure in LPC, which limits the ion

diffusion at high scan rates. In the GCD test, the

LHPC and LPC exhibit similar triangular shapes at

various current densities (Fig. 5c, d). The triangular

GCD curves of LHPC and LPC reveal their ideal

capacitor behaviors. The gravimetric specific capaci-

tances of LHPC and LPC were calculated at current

densities from 0.5 to 20 A g-1 (Fig. 5e). As the current

densities increased from 0.5 to 20 A g-1, the specific

capacitances of LHPC and LPC decreased from 254

and 248 F g-1 to 150 and 120 F g-1, respectively.

When the current density was increased from 0.5 to

20 A g-1, the LHPC and LPC show capacitance

retentions of 59% and 48%, respectively. By com-

paring the specific capacitances of LHPC and LPC at

various current densities, the high specific capaci-

tances and good rate capability of LHPC should be

attributed to its high surface area and well-developed

hierarchical pores. In detail, the high specific surface

area of LHPC can offer active reaction sites for con-

structing double-layer capacitance. Hierarchical

pores, especially the macro- and mesopores, are

beneficial to promoting ion diffusion during the

charge–discharge process. In contrast, the inferior

rate performance of LPC electrode is attributed to the

slow ion diffusion kinetics in the micropores. As a

comparison, LC was prepared by the carbonization of

lignin at 700 �C for 1 h without water and KOH. The

LC only shows a low specific capacitance of 12 F g-1

(Fig. 6), which is due to its non-porous nature.

Nyquist plot of LHPC and LPC were tested in the

frequencies range from 100 kHz to 0.1 Hz (Fig. 5f). At

low frequencies, the vertical lines parallel to the

imaginary axis are clearly observed for LHPC, indi-

cating a quasi-ideal capacitive behavior and low

diffusion resistance. The low diffusion resistance of

LHPC is ascribed to its high macropore and meso-

pores volumes that increase the pore accessibility for

the electrolyte ions [40, 41]. On the contrary, the

Nyquist plot of LPC is obviously deflected to the real

axis at low frequencies, reflecting the poor diffusion

ability of electrolyte ions in its microporous structure.

While at high frequencies, a semi-circle stands for the

charge-transfer resistance (Rct) across the interface

between electrode and electrolyte. The LHPC elec-

trode material shows a rather smaller Rct compared

with LPC. The small Rct of LHPC is attributed to its

hierarchical porous structure which improves the

accessibility of electrolyte ions. The real impedance at

100 MHz is determined as the equivalent series

resistance (ESR), which is shown in Fig. 5f [42]. ESR

results from the intrinsic electronic characteristics of

electrode and electrolyte, including the diffusion

resistances and the contact resistances between all the

components. The low ESR of LHPC is attributed to its

low contact resistance and low diffusion resistance of

electrolyte ions in the hierarchical pores of LHPC.

The electrochemical and impedance results prove the

feasibility of the unique hierarchical porous structure

facilitating fast ion diffusion. The Ohmic resistance of

two electrodes were nearly the same (0.2 X, inset of
Fig. 5f), indicative of their similar electronic

Fig. 6 a GCD curves of lignin-derived carbon (LC), and b corresponding capacitances at various current densities

J Mater Sci: Mater Electron



conductivity. LHPC based supercapacitor shows

high GCD cycling stability (Fig. 7). LHPC and LPC

were cycled for 2000 cycles at a current density of 1 A

g-1. During the cycling test, the specific capacitances

LHPC and LPC were retained up to 95% and 92%,

respectively. Both LHPC and LPC exhibited excellent

cycling stability.

4 Conclusions

In this work, the 3D hierarchical porous carbons

derived from lignin have been successfully prepared

through direct KOH chemical activation from lignin

with the assistance of water. The roles of H2O are

investigated by comparing porous carbons prepared

with and without H2O in the lignin carbonization

process. The LHPC with hierarchical porous struc-

ture is prepared by carbonizing the mixture of KOH,

lignin, and H2O, while LPC featured with micropores

is prepared by carbonizing the mixture of KOH and

lignin without H2O. The H2O introduces more

macropores and mesopores in the hierarchical porous

LHPC by acting as template and exfoliation agent in

the carbonization process. When used as electrodes of

supercapacitors, the LHPC exhibits high capacitances

at various current densities and excellent rate capa-

bility. This research provides a new strategy for

preparing hierarchical porous carbons toward high-

rate supercapacitors.
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10. E. Raymundo-Piñero, P. Azaı̈s, T. Cacciaguerra, D. Cazorla-

Amorós, A. Linares-Solano, F. Béguin, Carbon 43, 786
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