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Abstract

In this study, activated carbon was prepared by the potassium hydroxide ac-
tivation method with flax residues as raw materials. High-quality activated
carbon was prepared by single factor and orthogonal experiments. Iodine ad-
sorption and methylene blue adsorption were used as performance indicators.
As prepared activated carbon was characterized by XRD, XPS and SEM. The
results showed that the optimized electrode material was prepared under an
impregnation ratio of 1:2, activation temperature of 800°C and activation
time of 100 min. The yield of activated carbon was 49.48%, the iodine value
was 1667.13 mg/g and the methylene blue value was 429 mg/g. The specific
surface area measured by the automatic porosity analyzer is 1221 m?/g, and
the mass-specific capacitance is 215.7 F/g under current density of 0.1 A/g.

Keywords
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1. Introduction

In recent years, with the rapid growth of the world population and rapid eco-
nomic development, people’s living standards have been constantly improved,
and science and technology have also been continuously improved [1]. People
have begun to invest more in the development of energy-saving and green new
energy technologies, so the development of new energy and new energy storage
device have become one of the hot issues studied by global researchers. Conven-
tional capacitors had very low capacity and cannot meet the power density re-
quirements [2], therefore, the supercapacitor was born. The supercapacitor, also

known as the electrochemical capacitor, was developed in the 1980s as a new
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type of energy storage device between conventional capacitors and batteries [3].
As electrode material is the core component of the supercapacitor, the develop-
ment of electrode material with excellent supercapacitor performance has be-
come the focus of research [4]. In recent years, various new materials have
emerged to improve the performance of capacitors, among which porous carbon
materials are widely used in supercapacitors because of their good stability and
charging/discharging performance. Among them, activated carbon has a simple
fabrication process, low cost, well-developed pores, and large specific surface
area [5], as well as high electrochemical stability and good electrical conductivi-
ty. It has long been used as the first choice for the preparation of supercapacitor
electrodes.

At present, many supercapacitor electrode materials have been developed us-
ing carbon-containing precursors, but the results of the current study still can-
not meet the demand for higher performance. The development of cheap and
advanced carbon electrode materials by KOH activation is a key direction in the
field of supercapacitors [6]. The relationship between the microstructure of porous
carbon prepared by the KOH method and the corresponding capacitive proper-
ties is not clear. Indeed, porous carbon prepared by the KOH method is typically
amorphous, therefore, it is of great significance to select a suitable carbon source
and prepare alternative porous carbon materials with the KOH method.

Preliminary studies on electrode performance prepared from corn straw [7]
[8], coconut husk [9], rice husks [10], pepper stalks [11], and microorganisms
[12] [13] have been carried out in China and abroad. However, there are few
studies on electrode performance related to flax residue-activated carbon. The
activated carbon prepared by flax residue has abundant pores and a large specific
surface area, and it is due to the fact that flax residue contains more lignin and
hemicellulose [14]. Flax residue has the advantage of being simple and easy to
obtain, therefore, flax residue was selected as raw material for the preparation of
activated carbon electrodes, as well as the feasibility of flax residue for electrode
preparation was investigated and its electrode performance was further investi-

gated in detail.

2. Experimental
2.1. Raw Materials

The flax residues used in this study were obtained from Zhaoyuan, China. The
flax residue was purged, crushed with a pulverizer and screened out 18 - 20

mesh.

2.2. Reagents and Instrument

The chemical reagents and drugs used in the experiment and their manufactur-
ers are shown in Table 1.

The main equipment used in the experiment and its manufacturers are shown
in Table 2.
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Table 1. Experimental reagents.

Experimental Reagents

Reagent Grade Manufacturers
Potassium Hydroxide Analytical Pure Tianjin Comio Chemical Reagents Co., Ltd
Hydroic Acid Analytical Pure Tianjin Yongda Chemical Reagents Co., Ltd
Diodium Hydrogen Phosphate Analytical Pure Tianjin Comio Chemical Reagents Co., Ltd
Potassium Dihydrogen Phosphate  Analytical Pure Tianjin Base Chemical Reagents Co., Ltd
Copper Sulfate Analytical Pure  Tianjin Guangfu Fine Chemical Industry Research Institute
Todine Analytical Pure Tianjin Base Chemical Reagents Co., Ltd
Potassium Iodide Analytical Pure Tianjin Comio Chemical Reagents Co., Ltd
Sodium Thiosulfate Analytical Pure Tianjin Hengxing Chemical Manufacturing Co., Ltd
Soluble Starch Analytical Pure Tianjin Yongda Chemical Reagents Co., Ltd
Methyl Blue Analytical Pure  Tianjin Guangfu Fine Chemical Industry Research Institute

Sodium Carbonate Analytical Pure

Acetonge Analytical Pure
Ethanol Analytical Pure
Acetylene Black Analytical Pure
Adhesive PVC (PTFE) Analytical Pure

Tianjin Beichen Founder Reagent Factory
Tianjin Bohua Chemical Reagents Co., Ltd
Tianjin Hengxing Chemical Manufacturing Co., Ltd
Fujian Temigao Co., Ltd

Shanghai Maclin Biochemical Technology Co., Ltd

Table 2. Main equipment.

Main Equipment

Equipment Model Number Manufacturers
Electronic Balance ESJ205-4 Shenyang longteng Electronics Co., Ltd
Electric Heat Drum Air Drying Box DHG-9140A Shanghai Yiheng Technology Co., Ltd

UV Spectrophotomeometer

T6 New Prominent

Beijing Puji General Instrument Co., Ltd

Speed Multioscillator HY-2 Guohua Electric Appliance Co., Ltd
Muffle Furnace $X2-4-10 Tianjin zhonghuan Experimental Electric Furnace Co.,
Ltd
Pipe-Type Furnace SLG1100-60 Shanghai Yuntong Test Instrument Co., Ltd
Electronic Scanning Microscopy Quanta 200 Dutch FEI Company
X-Ray Diffractor D/MAX2200 Japan Science Co., Ltd
Fully Automatic Specific Surface A SAP2020 Micromertics, USA
Area and Pore Analyzer
Thermal Weight Analyzer Q50 American TA Company
Electrochemical Workstation CHI660E Shanghai Chenghua Instrument Co., Ltd
X-Ray Electron Spectrometer T HERMO American Thermal Electron Corporation
Vacuum Drying Box DZF-6020 Shanghai Yiheng Scientific Instrument Co., Ltd
Equipment Model Number Manufacturers
Electronic Balance ESJ205-4 Shenyang Longteng Electronics Co., Ltd
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2.3. Preparation of Activated Carbon

Flax residue was washed and dried in an oven at 105°C - 110°C to a constant
weight. A certain amount of flax residue was weighed into a constant weight
crucible, covered and placed in a muffle furnace, and pre-carbonized at 450°C
for 90 min to obtain flax residue carbon. According to different impregnation
ratios (in this paper, impregnation ratio was the mass ratio of absolutely dry flax
residue carbon to KOH), KOH was dissolved in a quantitative amount of water
and mixed with the weighed flax residue carbon, and the flax residue car-
bon/KOH mixture was obtained by impregnation for 6 h after thorough ultra-
sonic mixing. After impregnation, it was placed in an oven, dried at 120°C to a
constant weight, and then placed in a tube furnace with N, as the protective gas.
It was heated up to the activation temperature at a rate of 10°C/min, and acti-
vated carbon was obtained after a certain period of time. After cooling, the acti-
vated carbon was rinsed repeatedly with distilled water until the filtrate was
neutral, and then placed in an oven and dried at 120°C for 2 h to obtain acti-

vated carbon samples.

2.4. Orthogonal Test of Activated Carbon

Factors affecting performances of activated carbon prepared by chemical activa-
tion method include activator concentration, activation time, impregnation ra-
tio, activation temperature, impregnation time and impregnation temperature.
According to the characteristics of activated carbon prepared by KOH, impreg-
nation ratio (A), activation temperature (B) and activation time (C) were deter-
mined. The orthogonal test [15] was performed, the optimized working condi-
tions were determined. The iodine adsorption and methylene blue adsorption of

activated carbon was analyzed by range analysis method.

2.5. Performances of Activated Carbon

Iodine adsorption and methylene blue adsorption of activated carbon samples
were measured according to GB/T13803.1-1999 and GB/T13803.2-1999, respec-
tively. SEM (Quanta 200, the morphological characteristics of flax residue and
activated samples were observed at a certain magnification), XRD (X’Pert® Powder
X-ray powder diffractometer), XPS (THERMO Photoelectron spectroscopy), BET
N, Adsorption (ASAP 2020 Automatic specific surface area and porosity analyz-
er by micromertitcs, specific surface area and pore structure of activated carbon

were analyzed).

2.6. Preparation of Working Electrode

The as-prepared activated carbon was ground homogeneously and the carbon
material, acetylene black and PTFE suspension were weighed according to the
mass ratio of 8:1:1. The carbon material, PTFE suspension (60%) and acetylene
black were dispersed in anhydrous ethanol and sonicated for half an hour. It was

dispersed well, and then it was mixed thoroughly and steamed until it became
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viscous. Then it was applied evenly on nickel foam, dried in a vacuum drying
oven at 55°C for 12 h. The mass of active substance on the obtained nickel foam
was 3 - 5 mg; the coating area was about 1.0 cm® The electrode was then im-
mersed in 6 mol/L KOH solution for 12 h to ensure that the working electrode

was completely wetted for electrochemical testing at room temperature.

2.7. Measurement of Electrode Performance

2.7.1. Cyclic Voltammetry (CV) Testing

The electrode potential was controlled to change from potential ¢, to potential
@ at a constant rate, and then from ¢, to ¢,, at the same rate, and changed back
and forth between the two potentials; the corresponding response current was
recorded. The CV technique could be used to detect the electrode variation process
of an unknown electrode system over a wide range of potentials in a short time.
The obtained CV curves were analyzed to obtain information such as peak cur-
rent (/,), peak potential (¢,), and reaction kinetics. For a given potential scan-
ning rate, response current could be obtained by:

1=c% _c, (1-1)
dt

where /is the response current, A; ¢ is the potential, V; Cis the capacitance, F; v
is the potential scanning rate.
The specific capacitance of electrode material could be calculated by:
1 A
Comv(V,-V) IVl
where C, is the specific capacitance, F/g; m is electrode mass, g; v is the scanning
rate, Vs™'; [is the current for test, A; Vi and V; are low voltage value and high

voltage value of the voltage window.

2.7.2. Charging/Discharging Test
Charge/discharge test of the study system was conducted with constant current.
Constant current charging/discharging curves were used to analyze the process
of electrochemical reactions and to calculate the capacity, rate characteristics
and cycle life of electrode materials. The specific capacitance could be calculated
by:
C. - it
mAV

(1-3)

where G, is the specific capacitance per mass, F/g; 7/ is the current, A; # is the
charging time, s; A Vis the voltage window, V; m is the mass of activated sub-

stances, g.

2.7.3. Characterization by Electrochemical Impedance Spectroscopy
(EIS)

The left side of the Nyquist curve of electrochemical impedance spectra was the
high frequency region, where there was a semicircle for non-ideal capacitors,

representing the difficulty of electrolyte ions into material. On the right was the

DOI: 10.4236/msa.2021.129028

421 Materials Sciences and Applications


https://doi.org/10.4236/msa.2021.129028

B. Wang et al.

low frequency region, which was Warburg impedance with a 45° line. The test

frequency range was 107 - 10° Hz, potential amplitude was 5 mV.

3. Results and Analysis
3.1. Orthogonal Test of Activated Carbon

Nine activated carbon samples were prepared according to the three-factor three-
level orthogonal test and the activated carbon preparation process described above.
The experimental data were analyzed by range analysis method. The results of
iodine adsorption were: In factor A, K; was 3274.93 mg/g, K, was 5471.89 mg/g,
K; was 5188.47 mg/g, R was 732.32; In factor B, K; was 3991.54 mg/g, K, was
4740.81 mg/g, K; was 5202.94 mg/g, R was 403.8; In factor C, K, was 4744.04
mg/g, K, was 4777.35 mg/g, K; was 4413.9 mg/g, R was 121.15. Methylene blue
adsorption results were: In factor A, K; was 423 mg/g, K, was 990 mg/g, K; was
944.5 mg/g, R was 189; In factor B, K; was 588 mg/g, K, was 829.5 mg/g, K; was
940 mg/g, R was 117.3; In factor C, K; was 817.5 mg/g, K, was 820 mg/g, K; was
720 mg/g, R was 33.33.

The orthogonal test results of the three factors were compared and analyzed
with the R-values, it can be obtained that the optimal levels of iodine adsorption
and methylene blue adsorption were A,B;C,, with the order of A (impregnation
ratio) > B (activation temperature) > C (activation time), and the best combina-
tion was A,B;C,. Considering the adsorption performance of activated carbon,
the optimized working conditions under the present experimental conditions
could be determined as: impregnation ratio = 1:2, activation temperature = 800°C,
activation time = 100 min, optimized activated carbon in the following was acti-

vated carbon prepared under optimized working conditions.

3.2. Parallel Experiments Units

For the activated carbon prepared under optimized working conditions, three
parallel experiments were involved; average yield, average iodine adsorption and
average methylene blue adsorption of activated carbon were measured to be
49.5%, 1667.1 mg/g and 429 mg/g, respectively. Its iodine adsorption and me-
thylene blue adsorption were higher than national first-class product standards
(iodine adsorption = 1000 mg/g and methylene blue adsorption = 135 mg/g ac-
cording to GB/T13803.2-1999). The best quality activated carbon was initially

selected for the electrochemical performance measurement.

3.3. Characterization of Activated Carbon

3.3.1. Characterization by SEM

Flax residue carbon and activated carbon prepared by KOH method (activation
condition: impregnation ratio = 1:1, 1:2, 1:3, activation temperature = 800°C, ac-
tivation time = 100 min) were characterized by SEM (500x, 1000x, 5000x). The
results were shown in Figure 1.

As shown in Figure 1(a), the surface of flax residue carbon was relatively
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(d)

Figure 1. SEM images of flax residue carbon and activated carbon prepared under dif-
ferent activation conditions. (a) SEM images of flax residue carbon; (b) SEM images of
activated carbon (activation condition: impregnation ratio = 1:1, activation temperature =
800°C, activation time = 100 min); (c) SEM images of activated carbon (activation condi-
tion: impregnation ratio = 1:2, activation temperature = 800°C, activation time = 100
min); (d) SEM images of activated carbon (activation condition: impregnation ratio = 1:3,
activation temperature = 800°C, activation time = 100 min).
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smooth and had obvious pores. As shown in Figure 1(b), the impregnation ratio
was lower when flax residue carbon was less corrosive. As shown in Figure 1(c)
and Figure 1(d), the activated carbon obtained had a rich pore structure, which
was conducive to rapid ion transfer/diffusion and accumulation of charges, thus
enhancing the electrochemical performance of the material.

Based on possible chemical processes for the preparation of porous carbon
materials from the activation of KOH flax residue carbon [15] [16], it could be
concluded that: 1) Redox reactions between carbon and different compounds af-
forded multi-pore structures; 2) Potassium could enter the carbon pores and led

to the expansion of carbon layer [6].

3.3.2. Characterization by BET
Specific surface area and pore structure of activated carbon were analyzed by 77

K-temperature static nitrogen adsorption apparatus. The results were shown in

Figure 2.
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Figure 2. Adsorption/desorption isotherms and pore capacity—pore diameter differential
distribution curves of activated carbon prepared under different activation conditions. (a)
Adsorption/desorption isotherms of activated carbon (b) pore capacity—pore diameter
differential distribution curves of activated carbon.
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As shown in Figure 2(a), according to the International Union of Pure and
Applied Chemistry (IUPAC) classification, N, adsorption/desorption isotherm
can be classified as a type IV isotherm. The dramatic increase in the adsorption
capacity in low-pressure region indicated a strong interaction between the ad-
sorbent and the adsorbate, which proved the presence of a large number of mi-
cropores. In the medium-pressure region, the N, adsorption/desorption isotherm
showed a hysteresis loop, which was caused by capillary coalescence and indi-
cated the presence of mesopore structure in the sample. In the high-pressure re-
gion, the N, adsorption/desorption isotherm bended toward P/P, and the curve
was horizontal, and the adsorption was close to the limit. Figure 2(b) showed
the Non-Local Density Functional Theory (NLDFT) pore size distribution curves;
the micropore pore sizes were mainly in the range of 1-2 nm. The abundant void
structure was conducive to the rapid transfer/diffusion of ions and the accumu-
lation of charges, which in turn helped to enhance the electrochemical perfor-
mance of the material. The specific surface area and overall pore capacity of the

optimized activated carbon were 1221 m?/g and 0.498 cm®/g, respectively.

3.3.3. Characterization by XRD
The XRD patterns of activated carbon and flax residue carbon under different
activation conditions are shown in Figure 3. The crystalline structure of the
samples was analyzed by XRD (before). The broadened diffraction maxima near
260 =23.38" and the diffraction maxima at 43.22° were attributed to graphite-2H
phase carbon, (002) and (100) Faces, respectively [17]. The low intensity and broad
diffraction maxima of XRD indicated low graphitization and high disorder of
activated carbon.

Compared with flax residue carbon, the diffraction maxima of Faces (002) and

(100) of the optimized activated carbon were broadened and weakened, while

Flax charcoal
5 .
& - 1:1,800°C,100min
2 o
2 “
2 o &
£ J
< Best activated carbon
S 1:3,800°C,100min
1 I 1 1 1 1 1 I 1 1 1 L
10 20 30 40 50 60 70 80

20 (degrees)

Figure 3. XRD patterns of activated carbon and flax residue carbon under different acti-
vation conditions.
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there were no other diffraction maxima. No obvious diffraction maxima were
detected in the other two activated carbons, indicating that the activated carbon
obtained by KOH activation was amorphous carbon [18], but all activated sam-
ples had a weak diffraction maximum at 43.22°, indicating that the activated

samples were mainly disordered [19].

3.3.4. Characterization by XPS

XPS was used to determine the elemental composition and chemical state of the
prepared materials. Figure 4(c) showed the full XPS spectra of flax residue car-
bon and activated carbon. As observed, both flax residue carbon and activated
carbon contained C and O elements. As shown in Figure 4(a), peaks at 284.6 eV
corresponded to C-C/C=C, peaks at 286.4 eV corresponded to C-O, peaks at
288.9 eV corresponded to C=0, with a decreasing C-O content. As shown in
Figure 4(b), peaks at 530.5 eV corresponded to C=0, peaks at 532.2 eV corres-
ponded to C=0, peaks at 533.5 eV corresponded to C-O-C, peaks at 534.6 eV
corresponded to C-OH. Oxygen-containing functional groups were commonly
observed on surfaces of porous carbon materials. These groups were usually de-
rived from oxygen remaining on the sample after pyrolysis of precursor, oxygen
introduced into the sample by the strong oxidant KOH activator, and oxygen
absorbed from the air [20]. The Ols of all activated carbon samples had three peaks
at 530.5, 532.2 and 533.5 eV, representing ketone or quinonoid C=0 carbonyl
oxygen, phenolic oxygen and carbonyl oxygen in anhydrides and esters, chemi-
sorbed oxygen and oxygen in water, respectively [21]. In aqueous electrolytes,
the pseudocapacitance of porous carbon materials mainly came from the revers-
ible cycle reaction of O in C=0, so O in C=0 was the main contributor to pseu-
docapacitance [22]. The abundant oxygen-containing functional groups on the
surface increased the active sites on the surface of activated carbon, which could
accumulate a large number of electrolyte ions to improve the electrochemical per-
formance of activated carbon [23] [24]. Therefore, although optimized activated

carbon had a low degree of graphitization, it still had high electrical conductivi-

ty.

3.4. Capacitance of Activated Carbon
3.4.1. CV Test of Activated Carbon

Flax residue carbon and activated carbon prepared under different activation
conditions were selected for comparison. Activated carbon prepared under dif-
ferent activation conditions were represented with letters, a: flax residue carbon;
b: 1:1 (impregnation ratio), 800°C, 100 min; c: 1:3 (impregnation ratio), 800°C,
100 min; d: activated carbon prepared under optimized conditions: 1:2 (impreg-
nation ratio), 800°C, 100 min. Activated carbon was denoted by the above letters
in the following content. Electrode performance was investigated using 6 mol/L
KOH electrolyte and three-electrode system with 3-5 mg of active substance; the
electrodes size was 1 x 2 cm?, the active material application area was 1 x 1 cm?,

reference electrode was Hg/HgO electrode, the counter electrode was a platinum
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electrode of 1 x 1 cm?, the voltage window was set to —1 - 0 V, and the scanning

range was 10 - 200 mV/s. The results were shown in Figure 5(a) (scanning rate

was 50 mV/s) and Figure 5(b).
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Figure 4. (a) and (b) Cls and Ols spectra; (c) Full spectra of activated carbon and flax re-
sidue carbon under different activation conditions.

Figure 5(a) showed CV curves of flax residue carbon and activated carbon
prepared under different conditions at scanning rate of 50 mV/s. Compared with
other activated carbon, optimized activated carbon had the largest area.

Figure 5(b) showed CV curves of activated carbon prepared under optimized
activation conditions at different scanning rates. As observed, CV curves of ac-
tivated carbon at scanning rate of 200 mV/s still showed a regular rectangu-
lar-like shape, indicating its excellent fast charging/discharging characteristics.
There was no obvious redox peak in activated carbon, and its capacitance was
mainly electric double layer capacitance. The reason might be that the activation
temperature increased and the effective oxygen-containing functional groups on
the activated carbon were reduced, resulting in lower capacity. The relatively
large specific surface area and large number of micropores increased the electric
double layer capacitance, so they were mainly electric double layer capacitance.
The specific surface area of optimized activated carbon and the proportion of
micropores were relatively small, however, oxygen-containing groups were ef-
fective [19]. Figure 5(b) showed the CV curves at the scanning rate scanning
rate of 10 - 200 mv/s. The curves at each scanning rate were very close to rec-
tangular shape, indicating that the sample had excellent electric double layer ca-
pacitance characteristics. The shape deviated slightly from the regular rectangle
at larger scanning rate, which was caused by the stronger pseudocapacitance ef-
fect at larger scanning rate. In general, the sample showed good fast charg-

ing/discharging characteristics.

DOI: 10.4236/msa.2021.129028

428 Materials Sciences and Applications


https://doi.org/10.4236/msa.2021.129028

B. Wang et al.

(a) —=—a
——b
—&— Best activated carbon
0.04 - v—¢

<
g 0.00
5 .
O
-0.04 -
| | | 1 1 |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Voltage/V
0.10 _(b) —&— [Omv/s —®— 100mv/s
| —®—30mv/s —4—130mv/s
3 Q\ —A—50mv/s —»— 150mv/s
\\ —¥—80mv/s —®— 180mv/s
0.05 - \\\ I~ —%— 200mv/s
————
R\ e
= h‘_—_ ——\\
S o000\
3 A\
©
-0.05 -
-0.10 | ' | L | L | L | L |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Voltage/V

Figure 5. The CV curves of (a) flax residue carbon and activated carbon and (b) activated
carbon prepared under optimized activation conditions at different scanning rates.

3.4.2. Charging/Discharging Performance of Activated Carbon
Figure 6 showed charging/discharging curves of flax residue carbon and acti-
vated carbon prepared under different activation conditions at different current
densities. The current density was controlled from 0.1 to 10 A/g. The analysis
was carried out by the shape of the curve and voltage drop. The charging/dischar-
ging curves of an ideal capacitor were isosceles with good symmetry, and the
charging and discharging curves tended to be straight, and the voltage varied li-
nearly with charging/discharging time.

Figure 6 showed charging/discharging curves of Sample b, Sample ¢ and op-

timized activated carbon at different current densities. The charging/discharging
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Figure 6. Charge discharge curves of flax residue carbon and activated carbon under dif-
ferent activation conditions.

curve of optimized activated carbon was triangular, indicating that the capacit-
ance of flax residue based porous activated carbon prepared by the KOH method
was composed of electric double layers, and the discharge curve of activated
carbon was close to a straight line, indicating that pseudocapacitance of activated
carbon was low. The conclusion was consistent with CV curves in Figure 5(a).
The specific capacitance of samples without KOH activation was much smaller
than that of activated carbon. The specific capacitances of flax residue carbon at
current density of 0.5 and 10 A/g were 17.8 and 5 F/g, respectively. The poor ca-
pacitance retention suggested that the original sample had low capacitance per-
formance and poor rate performance when used as electrode material. The spe-
cific capacitance of the samples activated by KOH was significantly improved,
indicating that the flax residue based porous activated carbon prepared by the
KOH activation method had excellent electrochemical performance. This was
attributed to the fact that activated carbon contained abundant effective oxy-
gen-containing functional groups on surface, and specific surface area was large.
The capacitance retention rates of optimized activated carbon, b and ¢ were 53%,
44% and 40%, respectively, showing good rate characteristics. However, the spe-
cific capacitance of both was lower than that of optimized activated carbon,
which might be related to the low impregnation ratio, insufficient activation or
the high impregnation ratio severely destroying the carbon layer structure.

Due to the internal resistance of the electrodes, when the polarity of the
charge changed, there was a sharp drop in voltage during the initial stage of dis-
charge, which was called voltage drop. The voltage drops of flax carbon and ac-
tivated carbon prepared under different activation conditions were shown in
Table 3.

As shown in Table 3, with the increase of current density, the voltage drop
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gradually increased. The voltage drops of charging/discharging curves of acti-
vated carbon prepared under optimized was small, and the charging/discharging
curves had isosceles distribution under different current densities, indicating
good conductivity. According to Figure 6 and Table 3, activated carbon pre-
pared under optimized conditions was regarded as the optimized electrode ma-
terial and its specific capacitance per mass at current density of 0.1 A/g was
215.7 F/g.

3.4.3. Characterization by EIS

Figure 7 showed electrochemical impedances of flax residue carbon and acti-
vated carbon prepared under different activation conditions. Figure 7 showed
Nyquist curves of optimized activated carbon, Sample a, Sample b and Sample ¢
at frequency of 10 mHz - 100 kHz. The impedance curves of activated carbon
were almost vertical in the lower frequency region, indicating that the electrode
material had small electrolyte ions diffusion resistance and good capacitance
performance. The curve of flax residue carbon had the smallest angle with the
real axis in the low frequency region, indicating that it had poor capacitive per-

formance. The large ion diffusion resistance inside the electrode material was

Table 3. Voltage drop of flax residue carbon and activated carbon under different current
density (V).

Sample 0.5A/g 1Alg 5A/g
a 0.123 0.257 0.535
b 0.005 0.042 0.080
Activated carbon prepared under optimized conditions 0.007 0.013 0.062
c 0.011 0.102 0.213
50
40 -
30 -
E -
c
= 20+
N
—&— Flax charcoal
10 + —@— Best activated carbon
—&— 1:1,800°C,100min
r —v— 1:3,800°C,100min
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Figure 7. Impedance curves of flax residue carbon and activated carbon under different
activation conditions.
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not conducive to the diffusion and transportation of electrolyte. In the high fre-
quency region, the semicircular arc of the optimized activated carbon curve was
small, which indicated that the charge transfer resistance of the electrode ma-
terial was small and had good electrical conductivity; in the low frequency re-
gion, the curve was basically perpendicular to the horizontal axis, which indi-
cated that the material had ideal capacitance characteristics, and there were neg-
ative values below the real axis in the high frequency region. This indicated that
the impedance of the sample was low [25].

Based on the above analysis results, it can be seen that activated carbon pre-
pared under optimized conditions had the maximum specific capacitance, the
polarization resistance was small, the charge transfer resistance was low, and the
transmission resistance of electrolyte ions was small [26]. Therefore, activated
carbon electrodes prepared under this activation condition had better electro-

chemical performance.

4. Conclusion

Activated carbon prepared by the KOH method was highly disordered non-graphi-
tized carbon. C=0 groups on activated carbon played an important role in en-
hancing electrochemical performance. Activated carbon prepared at an impreg-
nation ratio of 1:2, activation temperature of 800°C and activation time of 100

min was regarded as the optimized electrode material.
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