J. Korean Wood Sci. Technol. 2021, 49(4): 299~314

pISSN: 1017-0715 eISSN: 2233-7180
https://doi.org/10.5658/WOO0D.2021.49.4.299

Original Article

Specific Surface Area Characteristic Analysis of Porous Carbon Prepared
from Lignin-Polyacrylonitrile Copolymer by Activation Conditions'@

Hyunsu LEE? - Seokju KIM

2t < Mi-Jin PARK?

ABSTRACT

In this study, we investigated the effect of temperature on specific surface area and electrochemical properties when
lignin-based porous carbon (LBPC) with potassium hydroxide (KOH) is activated. After preparing LBPCs using
lignin-polyacrylonitrile (PAN) copolymer, which was synthesized by graft polymerizing lignin and acrylonitrile as a
precursor, activated LBPCs (KA-LBPC-6, 7, 8, 9) were manufactured by activating LBPC with KOH at 600°C, 700°C,
800°C and 900°C. To identify the surface characteristics of KA-LBPC, observations were made with a scanning electron
microscopy (SEM), and the pore characteristics were identified via specific surface area analysis. The electrochemical

properties were analyzed using a three-electrode system. The experiment has shown that micropores formed by activation
can be observed in SEM images. KA-LBPC-7 had the best pore characteristics among KA-LBPCs, with a specific
surface area of 2480.1 m%/g, a micropore volume of 0.64 cm’/g, and a mesopore volume of 0.76 cm*/g. KA-LBPC-7

showed the best electrochemical properties with a specific capacitance of 151.3 F/g at the scan rate of 2 mV/s.
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1. INTRODUCTION

Environmental pollution and carbon dioxide emis-
sions resulting from fossil fuel use are the important
factors that hinder sustainable development, and with
the emphasis on the importance of sustainable devel-
opment, there are active movements to develop
eco-friendly, high-efficiency energy storage systems
(Hatfield-Dodds et al., 2017; Zhang et al., 2017).
Supercapacitor is an energy storage system charac-
terized by high power density, short charging time,
and excellent durability (Zhai et al., 2011; Wang et
al., 2018). To improve the capacitance of the super-

capacitor, increasing the electrode material's electrical
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conductivity and enlarging the specific surface area for
enhancing the capacity to store ions is important.
Especially when the pore diameter is less than 2 nm,
the electrolyte ions cannot be adsorbed into the pores.
Therefore, ensuring that many pores sizes between 2
and 5 nm are produced is important (Conway, 1999;
Park and Kim, 2005). Carbon materials such as porous
carbon, carbon nanotubes, graphene, graphite, carbon
fiber, having low toxicity, high porosity and high spe-
cific surface area, and high physical and chemical sta-
bility and good electrical conductivity, are often used
as electrodes for supercapacitors (Dutta et al., 2014;
Wang et al., 2016). Most of the current commercially

produced carbon materials nowadays are coal tar,
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pitch, and polyacrylonitrile (PAN) that are derived
from fossil fuels. PANs in particular are expensive,
and therefore many studies are being conducted to re-
place them with renewable biomass (Sudo and
Shimizu, 1992; Kubo et al., 1998; Kadla et al., 2002;
Kubo and Kadla, 2005; Ibrahim et al., 2010; Qin and
Kadla, 2011; Baker et al., 2012; Chen et al., 2021;
Kang et al., 2021).

Lignin, which constitutes lignocellulosic biomass
along with cellulose and hemicellulose, is the second
most abundant biopolymer on Earth (Renders et al.,
2017). Although it is generated in large quantities as
a byproduct of biofuel production and pulping proc-
esses, it is structurally a highly complex nonconstant
macromolecule and is mostly used as a low-grade
source of heat due to its low reactivity in spite of hav-
ing various functional groups such as hydroxyl group,
carbonyl group, and methoxyl group (Nicholson and
Hammerschmidt, 1992; Lora and Glasser, 2002;
Calvo-Flores and Dobado, 2010). Despite these short-
comings, it is structurally rich in aromatic rings, which
have the advantage of high carbon content and bio-
degradability, making it highly likely to be a raw ma-
terial for various chemicals or materials (Suhas et al.,
2007; Kai et al., 2016; Han et al., 2017; Hong et al.,
2017; Kim et al., 2017; Min and Um, 2017; Hwang
and Choi, 2018; Fatriasari et al., 2020).

In a previous study, lignin-PAN copolymer was pre-
pared by graft polymerizing kraft lignin (KL) with
acrylonitrile in order to use lignin as a precursor of
carbon nanofiber mats (Youe et al., 2016), and the
physical and chemical properties of the copolymer
were observed. According to this study, the thermal
stability of lignin-PAN copolymer was superior than
that of individual lignin or PAN, and carbon nanofibre
mats manufactured from lignin-PAN copolymer
showed higher electrical conductivity than carbon
nanofibre mats manufactured from PAN alone. This

implies the potential of lignin-PAN copolymer being

used as electrode material for energy storage devices
(Panapoy et al., 2008; You et al., 2016).

In this study, activation conditions showing high
specific surface area were investigated to manufacture
lignin-based porous carbon (LBPC) that can be used
as electrode materials for energy storage devices using
lignin-PAN copolymer. The LBPC was manufactured
by carbonizing lignin-PAN copolymer at high temperatures.
Activation conditions for LBPC to have a high specif-
ic surface area were investigated by performing scan-
ning electron microscope/energy-dispersive X-ray
spectroscopy (SEM-EDS) and specific surface area
analysis on LBPC activated with KOH (KA-LBPC)
with different temperatures. The relationship between
specific surface area and capacitance was investigated
through electrochemical characterization using a

three-electrode system.

2. MATERIALS and METHODS
2.1. Materials

The black liquor used in this study was provided
by the Moorim P&P, Korea. In preparing the LBPC,
hydrochloric acid (HCI, guaranteed reagent, Daejung
Chemicals & Metals, Korea), methanol (guaranteed re-
agent, Daejung Chemicals & Metals, Korea), Dimethyl
sulfoxide (DMSO, analytical grade, Sigma-Aldrich,
USA), acrylonitrile (analytical grade, Sigma-Aldrich,
USA), azobisisobutyronitrile (AIBN, guaranteed re-
agent, Junsei, Japan), calcium chloride (CaCl,, guaran-
teed reagent, Junsei, Japan), and hydrogen peroxide
(H,0,, guaranteed reagent, Junsei, Japan) were used.
For chemical activation, potassium hydroxide (KOH,
technical grade, Sigma-Aldrich, USA) was used. In
molecular weight analysis, N,N-dimethylmethanamide
(DMF, HPLC grade, Duksan Pure chemical, Korea) and
lithium chloride (LiCl, ACS reagent, Sigma-Aldrich,
USA) were used. Polyvinylidene fluoride (PVDF, Sigma-
Aldrich, USA), 1-methyl-2-pyrrolidinone (NMP, anhy-
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drous, Sigma-Aldrich, USA), carbon black (C-NERGY
Super P carbon black, IMERYS Graphite & Carbon,
Switzerland), and sodium sulfate (Na,SO., guaranteed
reagent, Kanto chemical, Japan) were used for analyz-

ing electrochemical properties.

2.2. Method of Experiment

2.2.1. Preparation of Methanol Soluble Kraft
Lignin (KL)

To separate KL from the black liquor, the pH of
the black liquor was lowered to pH 2 using 35% HCI
to precipitate lignin. KL was separated by vacuum fil-
tering this mixture, which was washed with sufficient
unionized water, and then freeze-dried afterwards. To
prepare methanol soluble kraft lignin (MeKL), KL was
dissolved in methanol and then vacuum filtered to sep-
arate only the filtrate. After removing methanol from
the filtrate using a rotary evaporator, it was dried for
over 24 h in an oven at 60C to obtain MeKL.

2.2.2. Preparation of Lignin—PAN Copolymer
Lignin-PAN copolymer was prepared using the
method in previous study and the chemical reaction
process is shown in Fig. 1 (Youe et al., 2016). In a
250-mL round flask, DMSO (50 mL), AIBN (10 mg),

H, H
N AIBN | |l . r CaClz/H0;
C=C — =C—! » —C- o «+———— | Lignin OH
[H .EE]J P N=C T{CHQ cI:E|<:H; ¢ é—{ Lignin oS0 Lignin -
n Cdng O
N N

OR R = polyacrylonitrile

AIBN: azobisisobutyronitrile
DMSO: Dimethyl sulfoxide

Fig. 1. Chemical reaction for preparation of lignin-PAN
copolymer.

and acrylonitrile (11.836 mL) were put in. The inside
of the flask was filled with nitrogen gas, then stirred
at 70C for 2 h, then DMSO (20 mL), MeKL (4 g),
and CaCl, (8 g) was added, stirred at 70°C to 900 rpm
until it completely melted, then cooled to room
temperature. 30% H,O, (4.4 ml) was put in a flask, the
inside of the flask was filled with nitrogen gas, and
then stirred it at 300 rpm at 70C for 24 h for reaction.
The reactant was placed in unionized water (2 L) to
precipitate the lignin-PAN copolymer, filtered using fil-
ter paper (No.5A, Advantec, Japan) and a Biichner fun-
nel, then washed and dried at 60°C for 24 h. To remove
unreacted MeKL and acrylonitrile, the dried lig-
nin-PAN copolymer was mixed in methanol, filtered
using the Biichner funnel, and then washed with a large
amount of methanol. Then it was dried at 60C for 48

h to obtain high-purity lignin-PAN copolymer.

2.2.3. Property Analysis of Lignin—PAN
Copolymer

The molecular weight analysis was conducted using
the Dawn Heleos-II MALLS (multiangle laser light
scattering, Wyatt Technology, USA) and measured by
GPCmax VE2001 (Viscotek, UK) with an Optilab
T-rex RI (refractive index, Wyatt Technology, USA)
detector installed. As for the column, one Agilent
PLgel mixed-C (300 mm x 7.5 mm, 5 um) and two
Agilent PLgel mixed-D (300 mm x 7.5 mm, 5 um)
were connected and used while maintaining at 65C.
A solution of 1 mg of lignin-PAN copolymer and
MeKL dissolved in 0.2-M LiCI-DMF solution (I mL),
respectively, was analyzed using a 0.45-um syringe
filter, while applying the value of d,/d. of 0.1590. d./d.
is a constant that represents the change in refraction
index with the concentration of a solution. In
Fourier-transform infrared spectroscopy (FT-IR) anal-
ysis, NICOLET iS10 (Thermo Fisher Scientific, USA)
was used. The samples were scanned 128 times per

sample with a resolution of 0.5 cm™ in the measure-
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ment range of 4000-650 cm™.

2.2.4. Preparation of LBPC

For thermal stabilization, the lignin-PAN copolymer
was heated in a GC oven (6890N, Agilent Technologies,
USA) at 250°C for 2 h at a heating rate of 10C min™.
The thermally stabilized copolymer was carbonized in
a high-temperature tube furnace (Nabertherm RHTH,
Cole-Parmer, Germany) at 1200C for 1 h at a heating
rate of 10C min™ to obtain LBPC (Youe et al., 2016;
Kim et al., 2017).

Chemical activation of LBPC was performed using
KOH. LBPC and KOH were mixed at a ratio of 1:4
(w/w), and placed in an alumina boat. The mixture
was heat treated in a high-temperature tube furnace
where nitrogen gas flows for one hour at temperatures
of 600, 7007, 800C, and 900 at a heating rate
of 10°C min™'. After the activation is complete, the
samples were washed with large quantities of union-
ized water using the Biichner funnel, and then
freeze-dried to obtain KA-LBPC (KA-LBPC-6, 7, 8,
9), which were activated at 600C, 700, 800C and
9007C (Lili et al., 2004).

2.2.5. Characterization of Porous Carbon
The chemical and morphological properties of po-
observed using SEM-EDS
(JSM-7610F, JEOL, and Japan). Brunauer - Emmett -
Teller (BET) specific surface area analysis was con-
ducted at temperature -196C using BELSORP-max
(MicrotracBel, Japan).

rous carbon were

2.2.6. Analysis of Electrochemical Properties
of KA—LBPC

KA-LBPC-6-9 (0.3 g), PVDF-based binder (PVDF:
NMP=93:7, w/w, 0.56 g), and carbon black (0.0375
g) were mixed, and approximately 0.02-0.03 g of
NMP was added for regulating the viscosity, then stir-
red at 25T for 1 h. A 0.5-cm-wide, 4-cm-long, and

0.1-mm-thick aluminum plate was covered with
0.21-mm-thick coating of the mixture using a micro-
meter film adjustable applicator (Wellcos, Korea), and
was dried for 24 h at 65C to prepare an electrode.
A three-electrode system (Voltometry cell, SVC-3,
Bio-Logic, USA) was constructed applying the pre-
pared electrode as the working electrode, an Ag/AgCl
electrode as the reference electrode, and a platinum
electrode as the counter electrode. 1M Na,SO, aque-
ous solution was used as the electrolyte. When meas-
uring for all electrochemical characteristics analyses,
the VSP potentiostat/galvanostat system (BioLogics,
France) was used. When measuring the cyclic volt-
age/current (cyclic voltammetry: CV), the potential
range was fixed at 0-0.8 V in the scan rate range of
2, 5, 10, 25, 50, 100, and 200 mV/s. The galvanostatic
charge/discharge (GCD) test was conducted at a dis-
charge current of 0.6-2 mA and a potential range of
0-0.8 V (Youe et al, 2018; Phiri et al 2019).

3. RESULTS and DISCUSSION

3.1. Chemical Properties of Lignin—PAN
Copolymer

In this study, lignin-PAN copolymer was prepared
using the same procedure performed by Youe et al.

(2016), and conducted molecular weight analysis and

Lignin-PAN
cololymer

MeKL

15 20 25 30 35 40 45 50
Time (min)

MeKL: methanol soluble kraft lignin

Fig. 2. GPC chromatogram of MeKL and lignin-PAN
copolymer.
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FT-IR analysis of the prepared lignin-PAN copolymer
(Youe et al., 2016). The results of molecular weight
analysis of lignin-PAN copolymer and MeKL are

shown in Fig. 2. The number average molecular weight

Table 1. Number average molecular weight and
polydispersity index of MeKL and lignin-PAN copolymer

M, (g/mol) PDI° (My/M,)

MeKL* 7.357x10* 4511
Lignin-PAN 7.656x10° 1.196
copolymer

a: methanol soluble kraft lignin
b: number average molecular weight
c¢: polydispersity index

L e

Lignin-PAN copolymer

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

PAN: polyacrylonitrile

MeKL: methanol soluble lignin

Fig. 3. FT-IR spectra of MeKL, PAN and lignin-PAN
copolymer.

Absorbance

a8
iy

%10.000 -

(M,) and the value of polydispersity index (PDI) cal-
culated based on Fig. 2 are shown in Table 1. M, of
the lignin-PAN copolymer was 7.656 x 10° g/mol,
which increased about 10 times that of MeKL. On the
other hand, the PDI was 1.196, lower than PDI of
MeKL of 4.511. This result is similar to that of the
previous study: a 17.5-fold increase in M, of Lignin-
PAN copolymer and a 7.5-fold increase in MeKL.
(Youe et al., 2016). The FT-IR analysis results of lig-
nin-PAN copolymer and MeKL and PAN are shown
in Fig. 3. In the spectra of lignin-PAN copolymer, the
C=N bond stretching vibration peak, which does not
occur in MeKL, occurred near 2250 cm™ and also the
vibration-induced peak of aromatic ring frame, which
does not occur in PAN, occurred near 1510 cm’ (Youe
et al., 2016). Combining these two results, we con-
firmed that the lignin-PAN copolymer has been pre-

pared as in previous studies.

3.2. Specific Surface Area Property of
LBPC

Fig. 4 shows SEM images of the LBPC and KA-
LBPC-6-9. LBPC had sparsely placed large pores,

otherwise the surface was generally smooth, but

Fig. 4. SEM images of (a) LBPC, (b) KA-LBPC-6, (c¢) KA-LBPC-7, (d) KA-LBPC-8 and (e) KA-LBPC-9.
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KA-LBPC-6-9 showed many fine pores. This seems
to have been formed owing to KOH activation.
However, visually, the difference in pore growth with
the activation temperature could not be clearly
confirmed. The chemical element contents found on
the surface of LBPC and KA-LBPC-6-9 using
SEM-EDS are organized in Table 2. The carbon con-
tent of the LBPC was over 99%, which confirmed
good carbonization. Unlike LBPC, KA-LBPC-6-9 had
slightly lower carbon content and showed oxygen, po-
tassium, copper, zinc. It is considered that LBPC was

partially doped with potassium, oxygen, and impurities

in the reagent during the KOH activation process.
Carbon materials, if chemically and physically acti-
vated, come to have increased specific surface area
owing to micro/mesopores generated within the
material. These micropores and mesopores provide ion
adsorption sites to increase the ion transport capacity
of electrolytes (Xia et al., 2008; Jiang et al., 2020).
The changes in the specific surface area with KOH
activation temperature were shown in Table 3 using
Brunauerm-Emmett-Teller (BET) analysis. LBPC had
a specific low surface area of 12.8 m%g, and
KA-LBPC-6, KA-LBPC-7, KA-LBPC-8 had a specific

Table 2. Surface element contents from SEM-EDS analysis of LBPC, KA-LBPC-6, 7, 8 and 9

Element Atom (%)
LBPC KA-LBPC-6 KA-LBPC-7 KA-LBPC-8 KA-LBPC-9
Carbon 99.84 92.32 95.35 96.49 95.15
Oxygen - 5.39 4.29 2.94 3.95
Potassium - 1.98 0.15 0.28 0.57
Copper 0.13 0.14 0.14 0.17 0.21
Zinc - 0.17 0.07 0.12 0.12
Calcium 0.03 - - - -
Total 100.00 100.00 100.00 100.00 100.00

LBPC: non-activated and carbonized Lignin-PAN copolymer

KA-LBPC-x: KOH activated and carbonized Lignin-PAN copolymer

Table 3. BET analysis results of lignin-based porous carbon materials by activation conditions

Activation source Sample SgeT® dave® Vmicro® Vineso! Viota® Vmicro/ Viotal Yield®
- LBPC 45.8 2.38 0.02 0.17 0.19 0.1053 -
KA-LBPC-6 1017.9 1.81 0.37 0.09 0.46 0.8043 80
KA-LBPC-7 2480.1 2.26 0.64 0.76 1.40 0.4571 72
KO KA-LBPC-8 1192.2 1.89 0.44 0.12 0.56 0.7857 64
KA-LBPC-9 666.5 2.72 0.14 0.31 0.45 0.3111 35

: specific surface area (m%/g)

: mean pore diameter (nm)

: micropore volume (cm®/g)

: mesopore volume (cm’/g)

: total pore volume (cm’/g)

: micropore fraction to total pore volume
g: yield of LBPC after activation (%)

o a6 o

LBPC: non-activated and carbonized Lignin-PAN copolymer
KA-LBPC-x: KOH activated and carbonized Lignin-PAN copolymer
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surface area of 1017.9, 2480.1, and 1192.2 mz/g, re-
spectively, indicating that KOH activation sig-
nificantly increased LBPC's specific surface area. The
specific surface area was found to be the largest when

the activation temperature was 700C, which decreased

1000
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% 800 (a) ~+LBPC
) ~KA-LBPC-6
g 700 -+KA-LBPC-7
< 600 +KA-LBPC-8
2 —~KA-LBPC-9
£ 500
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= 200
=
< 100
0 o - - o ‘
-0.1 0.1 0.3 0.5 0.7 0.9 1.1
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LBPC: non-activated and carbonized Lignin-PAN copolymer

KA-LBPC-x: KOH activated and carbonized Lignin-PAN
copolymer

Fig. 5. BET analysis results of LBPC, KA-LBPC-6,

7, 8 and 9. (a) Nitrogen adsorption and desorption

isotherms (b) BJH pore size distribution (c) MP plot.

at higher temperatures. It seems that the specific sur-
face area increases with the formation of micropores
and mesopores up to 700, but at temperatures above
7007, the porous carbon overactivation causes the po-
rous structure to collapse and the specific surface area
to decrease (Kim and Hong, 1998; Rambabu et al.,
2013). Several other studies have ever reported that
the specific surface area decreases when carbon mate-
rial is activated above a certain temperature (Kang et
al., 2007; Jung et al., 2007; Lee et al., 2012).

Nitrogen adsorption/desorption isotherms of LBPC
and KA-LBPC-6 to 9 are shown in Fig. 5(a). KA-
LBPC-6 to 9 showed the shape of type I classified
using BET (Brunauer et al., 1938). Nitrogen adsorp-
tion/desorption isotherm is a measurement of the nitro-
gen adsorption/desorption volume of a sample at a cer-
tain fixed temperature, and we can use it calculate the
specific surface area of the sample. The adsorption of
LBPC was minimal, and KA-LBPC-6 and KA-LBPC-8
were mostly adsorbed up to 0.1 relative pressure (P/Pp)
and showed constant adsorption after 0.1. In slight
contrast, KA-LBPC-7 and KA-LBPC-9 showed in-
creasing adsorption up to P/Py 0.7. This is presumably
because KA-LBPC-6 and 8 and KA-LBPC-7 and 9 are
of similar micropore fraction ratio. KA-LBPC-7 had
the highest final adsorption quantity, followed by
KA-LBPC-8, KA-LBPC-6, and KA-LBPC-9 in order.
This was the same as the result regarding the specific
surface area.

Fig. 5(b) is Barrett, Joyner, and Halenda's (BJH)
graphs of LBPC and KA-LBPC-6 to 9. In these
graphs, mesopore distributions with a size greater than
2 nm can be identified. The mesopores appeared the
most in the range of 2-20 nm in KA-LBPC-7, and
other samples except KA-LBPC-7 showed a minimal
formation of the mesopores.

Fig. 5(c) shows the micropore (MP) distribution of
LBPC and KA-LBPC-6 to 9 the degree of micropore

formation by diameter can be identified. The size dis-
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tribution of micropores was the largest approximately
0.9 nm, 1.2 nm, and 1.6 nm in KA-LBPC-6 and 8,
KA-LBPC-7, and in KA-LBPC-9, respectively.

3.3. Electrochemical Properties of LBPC

Current-density—-voltage (CV) curves at all scan
rates of KA-LBPC-6-9 are shown in Fig. 6(a), 6(b), 6(c),
and 6(d), respectively. The CV curves of KA-LBPC- 69

were all inclined spindle-shaped curves. Fig. 6(e) is a

w

collection of the CV curves of KA-LBPC-6 to 9 at
a scan rate of 200 mV/s. The area of the CV curve
with applied voltage on the x-axis and current density
on the y-axis is the electrical charge quantity per unit
area. The area of the CV curve on Fig. 6(e) was the
largest in KA-LBPC-7, and decreased in the order of
KA-LBPC-8, 9, and 6. The specific capacitance calcu-
lated from the CV curve is shown in Fig. 6(f). In the
range of scan rate of 2-200 mV/s, the specific capaci-
tance of KA-LBPC-6 was 16.7, 14.3, 12.7, 10.5, 8.9,
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LBPC: non-activated and carbonized Lignin-PAN copolymer

KA-LBPC-x: KOH activated and carbonized Lignin-PAN copolymer
Fig. 6. CV curves of (a) KA-LBPC-6, (b) KA-LBPC-7, (¢) KA-LBPC-8, (d) KA-LBPC-9, (e) KA-LBPC-6~9
at 200 mV/s; (f) Specific capacitance of the KA-LBPC-6~9 vs scan rates.
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Voltage [V]

0 50 100 150 200 250 300 350 400
Time [s]

Fig. 7. GCD curves of KA-LBPC-7.

7.2, 5.6 F/g, that of KA-LBPC-7 was 151.3, 121.9,
95.6, 65.6, 48.7, 35.4, 24.6 F/g, that of KA-LBPC-8
was 23.7, 22.2, 21.0, 18.9, 16.8, 14.0, 10.3 F/g, and
that of KA-LBPC-9 was 25.3, 23.0, 21.2, 18.2, 15.3,
11.7, 8.0 F/g, respectively. As the micropores and
mesopores grown during activation increases the ion
storage capacity (Xia et al., 2008; Jiang et al., 2020),
the specific capacitance also expected to increase as
the specific surface area increased, but actual results
did not show an increase in specific capacitance in
KA-LBPC-6, 8 and 9 with the specific surface area
less than 1200 mz/g. On the other hand, KA-LBPC-7,
which had a specific surface area of 2480.1 m%g, more
than two times that of other KA-LBPCs, showed a sig-
nificant increase in specific capacitance by approx-
imately 6-9 times at 2 mV/s. Fig. 7 shows the results
of the charge and discharge tests of KA-LBPC-7 at
a voltage range of 0.1 to 0.8 V. The charge—discharge
curve represents a better electrochemical performance
as it is closer to a triangle (Kim and Park, 2011; Hur
et al., 2012). In the case of KA-LBPC-7, a relatively

close-to-triangle curve shape was shown.

4, CONCLUSION

In this study, LBPC was produced via carbonizing
the lignin-PAN copolymer obtained using graft poly-

merizing KL and acrylonitrile. The physical and elec-

trochemical properties of KA-LBPC obtained by acti-
vating LBPC with KOH in the 600C-900C temper-
ature range, were investigated.

By observing KA-LBPC using SEM, micropores
produced by KOH activation can be identified
visually. The BET specific surface area analysis
showed that KOH activation significantly increased
the specific surface area of LBPC. Especially,
KA-LBPC-7, a KOH-activated specimen at 700C,
showed the best specific surface area characteristic
with a specific surface area of 2480.1 m%/g, a micro-
pore volume of 0.64 cm’/g, and a mesopore volume
of 0.76 cm®/g. In addition, KA-LBPC-7 had the best
specific capacitance of 151.3 F/g (2 mV/s).

Given that the increase in specific surface area fol-
lowing the growth of micropores and mesopores en-
hances the capacitance by increasing ion storage ca-
pacity, the most appropriate activation condition for
lignin-PAN copolymer-based porous carbon to pro-
duce an electrode material for energy storage is con-

cluded to be 1-h activation at 700C using KOH.
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APPENDIX

(Korean Version)

JIU-PAN TEIAR AZE B B2 29 4% A 270 B
NEER B4 A7

2E: B AoAE 2lad 7|9 th34 BhAx(lignin-based porous carbon; LBPC)E AHIA-E(KOH) .2 E4313
=7t v A 7)3kekA 540 njAls e Yobhgtth 2l dat acrylonitriles T12HEE Fho R AR 2lod
-polyacrylonitrile (PAN) 358415 HLA 2 3to] LBPCE A3+ & LBPCE KOHZ 600, 700, 800, 900 Cof| 4] &4 3}s}of
2743} A2k LBPC (KA-LBPC-6, 7, 8, 9)& A|&3F31t). KA-LBPCO| &1 5745 dothy] 8 FARIA A E o=
Wusigon), vENY B2 B9 713 BAS selsislct A3k BAL 38T AaHoR Rasig. A Az
SEM AVAAolH S43} elo] eat ulAl7] 8 B49& a1tk KALBPC-79] WERAS 2480.1 m¥g, 0lA712 Sl
0.64 cm'/g, 371F 5= 0.76 em’/g % KA-LBPC FollA 714 £& 713 54 B9k A71stetd 54 944 2 mVis©]
A molA WA HE R0 1513 Figol9ldl KALBPC-70] 714 $& A02 Leyth

1. ME

A AR ARl gt B4 o d Y oJilgtEra &2 A& Thset WS Welshe 8% 891 F shtolH, X%
7Fet Aol et Fa/de] gl whek 1 1as oy A% FAE st S o] esithHatfield-Dodds
et al., 2017; Zhang et al., 2017). T WA E = o]&3t oY 2] AFLA] F stz w2 Ag U, F2 SHARL, Fojd
W 52 4L Qltks S40] 9Itk(Zhai ef al., 2011; Wang et al., 2018). 7rH 7| sjAE] <] HA-87-S F/FA717] SleiA=
AFAY ANHEEE zola HEHAE A 34 o]2AFTHE =ole A°] F835HH, AFNAE 7|59 FHo] 2
nm oJ5tYd o Asjd o]2F0] 7|F WE FAEA SR 2~5 nm 27]9] 7]Fo] HWol BAEHEE sl Ao] Fasitt
(Conway, 1999; Park and Kim, 2005). t}&A B4, etAYULREE TO83, 39, 844G 59 8h 2l S40] Y1
o E =2 HEHAS 7Y Sy o8 =2 P W 2 A7) ARAS AY FHAAEY A= AR
2 o|-§HtHDutta ef al., 2014; Wang et al., 2016). A FPHOZ PAE|= tha 259 A7 a2 AR A
fefst Zek=, 94|, polyacrylonitrile (PAN) F-o]t}. 53] PANZ 7HA 0] BI&pA o] F A 7Ha3t vlo] AR dfj#]s}7]
ot we A7) AsYE]al QIth(Sudo and Shimizu, 1992; Kubo ef al., 1998; Kadla et al., 2002; Kubo and Kadla, 2005;
Ibrahim et al., 2010; Qin and Kadla, 2011; Baker et al., 2012; Chen et al., 2021; Kang et al., 2021).

gl AEZ oA, SudlER 0 A8 317 BAA Hlo]| QuAE FATtE A dolA FRAR F5IE Hio] @ ALE Ao
thRenders ef al., 2017). Hpo] & A YA gl Hy FA oA FAMEE vhef ARt F24 0= vl Bastal Y6t
U2 AdjtAto|n] sto|EEAY], 7tER Y7, WEAY] T theFet 715717 SlSole Eatskal whgAdo] wof thRE A5
dYo g o]g5 1l QlthNicholson?} Hammerschmidt, 1992; Lora and Glasser, 2002; Calvo-Flores and Dobado, 2010). ©]&
SO E St A o8 RS 17} FEste] T o] waiL, AEsidoleke Aol JlenR off FEAEolu
2719 =7 & A A o] =th(Suhas et al., 2007; Kai et al., 2016; Han et al., 2017; Hong et al., 2017, Kim et al.,
2017; Min and Um, 2017; Hwang and Choi, 2018; Fatriasari et al., 2020).

o] Ao A= glad e AAsE 95t A2 E g1 (kraft lignin; KL)Z}; acrylonitrile 122 E S35)o] 2l1d
-PAN FFHAE AxotaL, F5EA9 Eoaehd 545 A EYTH(Youe ef al, 2016). o]o] w2H 2| 1d-PANO]
247} BEo.2 EAT tur) Bl IU-PAN 50 @4 e o] GAEIRIR, 2 TU-PAN BETAIR e Bkl
SUfEL PANKFO 2 A2 Batie g E Reh 27| HEE7} o B9t ofi 2] TH-PAN FETAES ofuix]) AR
A A2 o] &3 IAAo] AL Ju|gtthPanapoy et al., 2008; Youe et al., 2016).

£ AFoA= 2l2H-PAN FE5HAE ol&sto] oy Ao A= L& &8 4= Qe gad 7)e e g
(lignin-based porous carbon; LBPC)E A|23}7] a4, 1H|EHA S et @43} 2] 245 2RI 21 19-PAN
TEUAE L2o|A Halsto] LBPCE A|£381511L, &% 2712 th=7 sto] KOHZ 2/J3} 2|3t LBPC (LBPC activated
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with KOH; KA-LBPC)E thA o2 FARARLE u)7-of Y A A B35 M (scanning electron microscope/energy-dispersive
X-ray spectroscopy; SEM-EDS), H| W2 548 AAse] 18| EHAS el A 248 2ARBIEoH, 342 A A8 S
L0

e S =1
o83 H7Igks 54 BAL o) MU ERAALE £ HHETFE HolLx] Belsgick

il

)

2, Mz 3 U

2.1 A=

2 Aol AR SN B P&POIA AlFokgict 2lad 7R oA wa Aol F4Khydrochloric acid, HCI,
guaranteed reagent, Daejung Chemicals & Metals, Korea), H|€H-2(methanol, guaranteed reagent, Daejung Chemicals & Metals,
Korea), Dimethyl sulfoxide (DMSO, analytical grade, Sigma-Aldrich, USA), Acrylonitrile (analytical grade, Sigma-Aldrich,
USA), Azobisisobutyronitrile (AIBN, guaranteed reagent, Junsei, Japan), ¢3}Z4(calcium chloride, CaCl2, guaranteed
reagent, Junsei, Japan), T}AFs}=4x(hydrogen peroxide, H,O,, guaranteed reagent, Junsei, Japan)2 AR8-31%1 o0 glsh#] &H4
3} A e o= 4AslE(potassium hydroxide, KOH, technical grade, Sigma-Aldrich, USA)-& AME-3}TE SRl HA of =
N,N-dimethylmethanamide (DMF, HPLC grade, Duksan Pure chemical, Korea), lithium chloride (LiCl, ACS reagent,
Sigma-Aldrich, USA)S AME-3}3ith. Polyvinylidene fluoride (PVDF, Sigma-Aldrich, USA), 1-methyl-2-pyrrolidinone (NMP,
anhydrous, Sigma-Aldrich, USA), 7FH2E2(C-NERGY Super P carbon black, IMERYS Graphite & Carbon, Switzerland),
BFAMYE E(sodium sulfate, Na,SO,, guaranteed reagent, Kanto chemical, Japan)& 7|3}tz EA] Ao o]&-3}3ch

2.2 A% W
221 WS /g4 FEEE @1d A
591028 KL Helsp/] 915} 5909] pH 35% HCIS AHgatol pH 270 WA 2108 AAAZL, o] B382
Agolatsto] KL Helstela, 343 ool 542 NI4T F Saazsgrh We- 7164 T2 214 (methanol
soluble kraft lignin; MeKL)& A|:5}7] §114] KL& veh&o] §3et the 2golatsto] ofiolat wefsieiet. 2tz e
olg3te] ofsjolol ] EkeS AT 60T oA 24417k o) AESto] MeKLS A9iek

222. YIU-PAN 3534 Az

2 1U-PAN T5RA Azl o[ AolAe] the Ak en 1 skl 142 Fig. 1] Ueh2lTk(Youe ef
al., 2016). 250 mL S-2Ze}A30] DMSO (50 mL), AIBN (10 mg), acrylonitrile (11.836 mL) Wil ZepAd RE
Az 7| R Y& The 70°Co A 247+ THSES L, DMSO (20 mL), MeKL (4 g), CaCly (8 2} 2.1 70°Cojl A 900 rpm .
wRkste] SHAs| w9l & A0 2 Wzttt 30% H0, (44 m)E SetAde] ¥ YRE i 7|AE 2 5 70ToA
300 rppm O & 24|17t F9F wyksto] HEEAIFITE o] RRE& R4 2 D)ol ol g 2d-PAN TFHAIE FAA7]aL o717
(No.5A, Advantec, Japan)e} F-51] Zj7|5 o]-§-5to] o3} & A2t 5 60CollA] 24A17F F9F Az v]vh-33F MeKL
3} acrylonitrile A A3sL7] a4 AR A RS WE-&o] Yol §ajA7|1L, £33 Zuf7|of|A o1} & tfeFo] Heh&E
AlFateict. 13 o 60Tl 48A17F B3t ARste] I4w 9] 2l 1d-PAN T5HAE Ak

223. gIY-PAN F5EAY 54 &4

EA15F E42 DAWN HELEOS-IT MALLS (multi-angle laser light scattering, Wyatt Technology, USA), Optilab T-rex
RI (refractive index, Wyatt Technology, USA) A%7|7} A2E GPCmax VE2001 (Viscotek, UK)E =43}t 2H S
3t 7112] agilent PLgel mixed-C (300 x 7.5 mm, 5 um)2} 5 7112 agilent PLgel mixed-D (300 x 7.5 mm, 5 ym)S 25}
65CE frAlate] ARgstgltt 1 mgo| 2|719-PAN 35849} MeKLS 7+7t 0.2 M LiCI-DMF §-9(1 mL)o| 591 g5
0.45 pum A7 T2 osto] FA4610m, dy/dgh 0.1590& ARESISIT. dyd. 3t 849 Fleof uE =4 E HilE
LeRH Araro]tt. FT-IR (Fourier-transform infrared spectroscopy )43 NICOLET iS10 (Thermo Fisher Scientific, USA)S
AHEalTh. ZHH O 4000-650 cm' o)A 0.5 em 9] TR A|E o 128H AZNEATE

224 gad 7 o3 g Alx
AotA3LE QoA 2 1U-PAN ZEEAS GC LE(6890N, Agilent Technologies, USA)ollA] 10 CT/mind] 7} &£=&
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250Co) A & A7t 7tdstsich. detyaiet #5eAls A4 71A7F 325 1234 (Nabertherm RHTH, Cole-Parmer,
Germany)o] 2] 10 C/min®] 7} £=2 1200Co|A 1X]7F St ekslajA LBPCS A¢lthYoue ef al., 2016; Kim et
al., 2017).

KOHE AHg-sto] LBPCY| 31514 &3t A2 sl3ith. LBPCE} KOHE 1:4 (w/w)Q] &R AojA] UFnu HE]
Yo ohe A 7|A7F 2 12 WARA 10 Tming] 7FE S 600, 700, 800, 900T2] LmojlA] 1417 <k A s}
etk A2)7h B AR+ Buchner funnel& o431 tiake] SR2 A2 ohd 2 7A%3H 600, 700, 800, 900 Tof|A]
243} 7J2)3 KA-LBPC (KA-LBPC-6, 7, 8, 9)2 AgIthLili 5, 2004).

225, THEA Bl EA B4
2:9] 51512 3 ej5ta E4-2 SEM-EDS (JSM-7610F, JEOL, Japan)@ #+25}9]t}. BrunauerEmmettTeller (BET)
4].2. BELSORP-max (MicrotracBel, Japan)& ©]-&3}0o] &% -196Cof|A] EA5}9ic}.

2.2.6. KA-LBPC2] H7|s}etal EA] HA

KA-LBPC-6~9 (0.3 g)+ PVDF7| H}oIt|(PVDF:NMP=93:7, wiw, 0.56 g), 7HE-22(0.0375 g)< E33t & Ar 249
918l NMPE 9F 0.02~0.03 g B il 1At 5ot 2o A watsigleh o] £3&5 7F= 0.5 cm, A2 4 em, F7) 0.1 mm?&]
U205 EH| GEEd| o] =(micrometer film adjustable applicator, Wellcos, Korea)E ©]-8-5}¢] 021 mm T2 Z¥3}1L
65CollA] 24K Ffo] TS e A2 AL AAAT, SAS A 7| 2AF, 0T A2S Auon
5= 3= A AE|(Voltametry cell, SVC-3, Bio-Logic, USA)S 7451901, HsA 2= IM Na,SOs 842 A3t
BE #7|3}8H4 E4 BALS. VSP potentiostat/galvanostat system (BioLogics, France) o]-&35to] 2431¢it). <=8k A¢-AF
24 (cyclic voltammetry; CV)2 2, 5, 10, 25, 50, 100, 200 mV/s®] A} &ZHolo]4] A9H9l2 0~0.8 VE 1A 5}l
Z=A3s}9c} 94 A3 (galvanostatic charge/discharge test; GCD)2 WA R 0.6~2 mA, HAEH 9] 0~0.8 VoA =43}t
(Youe -5, 2018; Phiri 5 2019).

= =

1. 2]29-PAN F5A9| 35ty E4

& dFollA= Youe e al. (2016)014 A AL} FU8HA 2] 1H-PAN F58AHE Axstelon, Ax3t 2l 1d-PAN
T5UAY EAE BA4T} FT-IR 242 A8kt (Youe ef al., 2016). 2171H-PAN 3549 MeKLS] 2AHF 24 435
Fig. 20| YEl gl o, Fig. 25 uleto 2 AAksE 4~ 724 (number average molecular weight; M,)Z} PDI (polydispersity
index) 7S Table 10 YeRAT) 2 1d-PAN 253412 M2 7.656 x 10° g/mol2 MeKL 2] M Xt} ok 108} o4} Z7)slich
13 PDI= 1.1960.2 MeKL©] PDICI 451150k 7-4319t} o]k oA Aol A 2 1U-PAN ZZ4|2] M,0] MeKL|
M,9] 7.58]0)A] 17.54) Z7}5t AT} QAR Abo|tlYoue ef al., 2016). 2 1H-PAN ZE35H49F MeKL, PAN¢] FT-IR
B4 A3LE Fig 30 Yerl gl 2] 19-PAN 3554 9] A8 E oA MeKLO| A LFERLEA] 9= 2250 em™ 5-22] C=N
Ag A% A5 5329} PANOIA UERA] ok 1510 em™ H29] Waks: 12] 329 25l 23t 1 =71 @7 LFERITH Youe
et al., 2016). o] & AWE FFste] 2|1H-PAN FF5EAH7L o] A7 Zo] AXE S-S skt

3.
3.

Z7 o pEt

3.2 2 7|9 R A ae) wERE By

Fig. 4= LBPC} KA-LBPC-6~92] SEM A}lo|t}l. LBPCE 2 7]30] SRR Holn 11 9o FHS o2 u)12] 4]
¥ KA-LBPC-6-9& ulJgh 7] 3-50] v BaHgich. o]t KOH 243t He= 341 202 nalck aeu 245
He) Lol e 713 Aol Aol AlZAoR waks S18 4 ¢igich SEV-EDSE o] 63 LBPCS} KA-LBPC-6-99]
9L FFS Table 20] Helokich. LBPCE] th Bk 99% o402 SHa7} 2 ©l918-2 3l3lich. KA-LBPC-6-92
LBPCSH: ThEA| shagiago] ofh ol 1, AbAsh 248, T1e), ofel So| A& 9lit), o]t KOH 243} A2 2ol
ZEI AL 2 A ) BEE So LBPCY] 4% £3F 02 BuEr,

S 24 st Be R0 PRkt A el wAlE71 8] WA Ele] 2de] v ERAe] Z7eA ek, o3
A DS 3L ol FH AoES Agdte] MlaY ol &4 ele Z7HARINXia o al, 2008; Siang ef al., 2020).
KOH 248} 2] o] w2 u]Ed% W8S BET 242 53] Table 30 H2fagich. LBPCY] | ZAAL 128 mifg0 =
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3o 712 29l o KA-LBPC-6, KA-LBPC-7, KA-LBPC-82] v|%H 22 717} 1017.9, 2480.1, 1192.2 mz/g_o_i KOH &43}
A7} LBPCY] H|EHAAE ti& F7MAATH A& FAT 4= lodeh 43t 2%7F 700C S o vz zo] A,
ojir} 2 2=y W= HlEHAo| FhAdHs 2 0R UERT o= 700C7HAE ulAl7l 3t Z7150] P WA HEHE
o] Z7FetARE 700CET 2 oA thaA g o SR Qls| 73 F&7F FUA WA vlmH o] Zadh=
A0 2 AdEthKim and Hong, 1998; Rambabu ef al., 2013). T}2 HH LAl oA EA &L o|AoA] B4 479
A3 AP o v mHH o] 7radtty E1H vl QlthKang ef al., 2007; Jung et al., 2007; Lee et al., 2012).

LBPC9} KA-LBPC-6~99] A4 &2t 5242 Fig. 5(a)o YE itk KA-LBPC-6~9-2 Brunauerm-EmmettTeller7}
e type 19] JEE UEFH ATHBrunaver ef al., 1938). A4 SE& 242 U4 2EoA G i AR Aa
SEA RuE 3% Aer ARY HEHAE A 4 Qloh LBPCY F2e =3] wn|stsly, KA-LBPC-61%}
KA-LBPC-82 A FE(P/Py) 0.171A] dfjfifo] F&Eglon 0.1 o]$R2E= AT F2ES Btk o9 & tEd
KA-LBPC-77} KA-LBPC-9%= P/P, 0.77}7] &-21gko] 2715l m&S Bath o KA-LBPC-6, 8 121 KA-LBPC-7,
97} T A7l FEEe]7] Wit weEh 2F SRS KA-LBPC-70] 7P &4toH, TIohs-2 KA-LBPC-S,
KA-LBPC-6, KA-LBPC-99] =0]qlth. o] A H|EHA O] Aujel Ztet.

Fig. 5(b)= LBPC2} KA-LBPC-6~99] Barrett, Joyner, and Halenda (BJH) L] =& Yeld Aot} o] L Lo+ 2 nm
ol A7|E 7 F7ITREES U 5 Slrh KA-LBPC-794 2~20 nm R 9]ollA] F7]50] 71 Wo] 4Ast A os Uehte
u, KALBPC-7Z 4|93t T2 ARES 27139 94 Awrt vjujsieict

Fig. 5(c)i= LBPCS} KA-LBPC-6~99] micropore (MP) H325 Ut A0 & Ao w2 vjA|7]59 §/4 J=E gl
2 oIt} Fig. 5(c) Aol Al KA-LBPC-6, 82 0.9 nm H:Lo] 4], KA-LBPC-7- 1.2 nmo|| 4, KA-LBPC-9= 1.6 nm HLo]|A]
22} w4712 27) Bul AYAe ue

3.3, €79 7w BgA Bhel A18kE 54

KA-LBPC-6~99] WE ZA} £Eoj 4o CV ZAS Fig. 6(a), 6(b), 6(c), 6(d)o]l ZHzF Lrel 2k KA-LBPC-6~92] CV
AL BE 71&o WEy 4 BYE B Fig 6(e)= A7 4% 200 mV/solA| KA-LBPC-6~92] CV Z44E 3
Uetd Aolth xFo| JI7FAY, y&ol AFTEQ CV FA9] WAL deHAd AstskS 9ujglitt. Fig. 6(e)dolA CV
I49] WAL KA-LBPC-70] 7F 89101, KA-LBPC-8, 9, 62| =Xt = Zolfict CV FA 0 2R AL v -85S
Fig. 6(Ho] UERHQITE 2-200 mV/s A} 225 2]0) A KA-LBPC-62] v ALk 16.7, 14.3, 12.7, 10.5, 8.9, 7.2, 5.6
F/go|3lom], KA-LBPC-79] A= 151.3, 121.9, 95.6, 65.6, 48.7, 35.4, 24.6 F/g, KA-LBPC-8¢] 7= 237, 22.2, 21.0,
189, 16.8, 14.0, 10.3 F/g, KA-LBPC-92] 791 25.3, 23.0, 21.2, 18.2, 15.3, 11.7, 8.0 F/go| T}, B3} Aol A AJAkst
o AlE7]50] o] A} EHE oM FAETFE A7 RE(Xia ef al., 2008; Jiang et al., 2020), H]EHZ o] F7}3t]
upe} v AL o] F71e AoR oAl oy, A AnjoA= B EHZ 0] 1200 m’/g 0|3}9] KA-LBPC-6, 8, 9 7toj=
HIAH-85F9] S717F UEA] okttt Wi vl A 0] 2480.1 m2/g O & tHE KA-LBPCHT} = Hlj o} =9td KA-LBPC-7
2 2 mV/soj| A B G0l oF 6982 AA F7HT) Fig. 72 0.1~0.8 V] eI 9o A KA-LBPC-79] -4 HAE
A3E yepd Aotk T fA4LS APl 7kgaE A& sl Fal & 4 9 2H(Kim and Park, 2011;
Hur er al., 2012), KA-LBPC-79] %$-= 8|23 4o 717k 4 B Yok

M

24
=
Aol A= KL} acrylonitriles I12HLE F5ste] ¢ 2)71H-PAN F5UAE ©3fste] LBPCE A|xst3 oM,
600~900C &% oAl KOHZ E43lste] ¢ KA-LBPCO| E8-47|3sty EA4& dotugirh
KA-LBPCE SEMC 2 #3514lS wfi= KOH 2/} Ao ofaf mA|7]go] WEdt A& Alda oz gg 4= glelth
BET H|#HA 4] Aol A= KOH 8435}t A 2|7} LBPCO| v W& t& S7HSS & 4 Adeh 25 700Tof A
KOH 43351 A|#¢] KA-LBPC-70| H]EH 2] 2480.1 mYg, u|A|7| 351 0.64 cm’/g, 7)1 0.76 cm’/g O 2 v EHZ
EAo] 71 Satgles Eelsielth 3 KA-LBPC-79] v AEFS 1513 F/g (2 mV/s)2 & 71 S5tk
mAl57159 Aol whE HEHA Y] F77) o] AT EE w0l BAETE PRt HolAl ovA AdE A=
AR o] 857] $Igh 2] 1H-PAN F5HA| 7|9k tha A ©ao] 843t A 272> KOHE ARg-ste] 700 CojlA] 14|71
2R3} Agsle Aol 7P AAE AoR e

4,
2
o8
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