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ABSTRACT

n this study, a combination of physical and chemical activation was used to produce activated carbon from sunflower

stalks. The NaOH activated carbon possess a high specific surface area of 2658 m?/g. The micropore fraction and surface
area obtained is much higher than a commercial activated carbon. The electrodes from the activated carbons were
electrochemically analyzed in a two-electrode supercapacitor cell with 1 M H SO, electrolyte. The results show that the
high surface area of sunflower activated carbon resulted in significantly high specific capacitance of 207 F/g at 0.05 A/g
current density. Moreover, a high energy density of 18.4 Wh/kg was obtained at the power density of 80 W/kg. The results
also showed the importance of pore structure on the supercapacitor performance.
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0z

u calismada, aygicegi saplarindan aktif karbon tretmek igin fiziksel ve kimyasal aktivasyon yontemlerinin bir bilesimi

kullanildi. NaOH ile aktive edilen aktif karbon, 2658 m?/g gibi yliksek bir ylizey alanina sahiptir. Elde edilen mikrogozenek
orani ve ylzey alani mktari ticari aktif karbonlardan ¢ok daha yuksektir. Aktif karbonlardan elde edilen elektrotlar, ikili
stiper kapasitor hicresinde, 1 M H,SO, elektrolit ile elektrokimyasal olarak analiz edilmistir. Sonuglar, ayciceginden elde
edilen yluksek ytzey alani sayesinde, 0.05 A/g akim yogunlugunda, 6énemli derecede yuksek bir kapasitans olan 207 F/g elde
edildigini gostermistir. Buna ek olarak, 80 W/kg glic yogunlugunda yiksek bir enerji yogunlugu degeri olan 18.4 Wh/kg elde
edilmistir. Sonuglar ayrica gbzenek yapisinin siper kapasitor performansiigin ne kadar 6nemli oldugunu da géstermistir.
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INTRODUCTION

n recent years, due to environmental concerns and

energy issues, to recycle agricultural residues has inc-
reasing recognition. One interesting application is to use
lignocellulosic wastes for the production of activated
carbons (ACs) [1-3]. These high surface area materials
from carbonaceous sources can be either synthesized
with oxidizing gases (steam, air, etc.) or chemicals (H,SO,,
KOH, etc.) at high temperatures. While the main source is
coal, other carbonaceous materials like wood, fruit sto-
nes, etc. are also utilized [1, 2]. Activated carbons have a
series of micro and mesopores connected to each other.
This results in a very high porosity and specific surface
area carbon material. The surface area and the pore
structure highly depend on the raw material and activa-
tion agent used [4-6].

In industry, their high porosity makes them a perfect ma-
terial as an adsorbent in purification applications. They
are also very suitable materials as supports in catalytic
reactions. Lately, activated carbons became an attracti-
ve material of electric double-layer capacitors (EDCLs) [7,
8]. These devices are a new type of electrical energy sto-
rage systems and have high power capabilities with long
cycle life. In EDCL, energy is stored by the interaction of
surface charges on the electrode and the ion conducting
electrolyte. Introduction of low-cost and high specific
surface area carbon materials is the main priority for the
mass production of these devices. For that reason, lig-
nocellulosic waste-based ACs is an important scientific
research area [9-12].

In Thracia region of Turkey, there is a high amount of
sunflower oil production but the stalks are industrially
useless and they are used only for burning by the local
farmers. From an industrial point of view, this a huge
waste, considering the potential of these materials. Pre-
vious studies have shown that sunflower stalks are an
attractive source of material for activated carbon pro-
duction [13]. These activated carbons have been suc-
cessfully used for the removal of dyes and heavy metal
ions from aqueous solutions.

In this study, sunflower stalks from a local farm were
chosen as the cheap lignocellulosic waste. The activation
was a combination of chemical and physical processes.
Structural characteristics of the synthesized activated
carbon were analyzed by different tests. Nevertheless,
the final product was studied as a supercapacitor ma-
terial in an acidic electrolyte. The comparisons with a

commercial activated carbon shows the potential of
sunflower stalk-based activated carbons as electrode
materials in supercapacitors.

MATERIALS and METHODS

Materials

The sunflower stalk used for the activation was obtai-
ned from a farm in Kirklareli, a city from the Thracian re-
gion of Tukey. For the chemical activation of the carbon
source, sodium hydroxide (NaOH) (Sigma-Aldrich, pu-
rity 98-100%) was used. Hydrochloric acid (HCI) (Sigma-
Aldrich, 37%) was used to wash the samples and sulfuric
acid (H,S0,) (Sigma-Aldrich, 98%) was used as the elect-
rolyte. For comparison, a commercial coal-based acti-
vated carbon (AC) sample (Com) was utilized (Merck).

Synthesis of the activated carbon

For the synthesis of activated carbon, a thermoche-
mical method was followed. This synthesis consists of
two steps. At first step, the sunflower pith was dried,
peeled and the inner foam-like core was ground. The
ground particles (1 mm particles) were carbonized un-
der N2 atmosphere at 500°C (10°C/min heating rate) for
60 minutes. In the second step, the carbonized material
was mixed with NaOH with a 3:1 mass ratio (NaOH:char)
and distilled (DI) water. After the slurry was stirred for 2
hours, it was dried at 130°C for 4 hours. As the last step,
the dried mixture was activated at 700°C (10°C/min) for
120 minutes under an N2 atmosphere. The activated
mixture was first washed with 0.1 M HCl and then hot
DI water until a neutral pH was reached. After drying
(110°C, 24 h), the NaOH activated carbon was labeled
as Acna.

Characterization

Textural properties of Acna and Com were determined
by a Micromeritics 3Flex Surface Characterization de-
vice (at 77 K for nitrogen adsorption and desorption
isotherms). The specific surface areas of the samples
were calculated from the N2 adsorption isotherm (P/PO
range of 0.03-0.1) using the Brunauer—Emmett—Teller
(BET) equation. The total pore volume was calculated
according to the volume of liquid nitrogen adsorbed at
the relative pressure up to P/PO = 0.99 [14]. Dubinin-
Radushkevic equation was used to determine the mic-
ropore volume and the average pore diameter was cal-
culated by the DFT method.

Thermogravimetric analyses and ash content of the car-
bon materials were determined by NETZSCH Simultane-
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ous Thermal Analyzer STA 449 C Jupiter (up to 1000°C

— a heating rate of 10°C/min). Fourier Transform Infra-
red (FTIR) spectroscopic analyses of the samples were
performed using a Thermo Scientific’s Nicolet iS10 FT-
IR spectrometer, between the wavenumbers 4000 and
500 cm™.

Electrochemical Characterization

Two-electrode symmetrical cells were prepared with
AC materials in a split cell setup. After the AC materials
were ground, they were mixed with carbon black and
polyvinylidene fluoride (PVDF) with an 80:10:10 ratio
(AC:carbon black:PVDF). N-methyl-2-pyrrolidone (NMP)
was added to the mixture to obtain a slurry and stirred
overnight. Stainless steel current collectors were coa-
ted with these slurries and dried at 110°C in a vacuum
oven. The final coating mass was about 0.4 mg/cm?. The
electrodes were screwed tightly in the split cell. A poly-
propylene membrane was used as the separator and
the electrolyte was 0.1 M H,SO, solution.

The electrochemical performance of the AC superca-
pacitor cells was characterized using a PARSTAT MC
potentiostat system. The potential range for the cyclic
voltammetry (CV) measurement was between 0-0.8 V,
and the voltage scanning rate was in a range of 1-200
mV/s. The current densities for the galvanostatic charge
and discharge measurements were performed betwe-
en 0.5-2 A/g under the potential window of 0-0.8 V. The
electrochemical impedance spectroscopy (EIS) measu-
rements were recorded in a frequency range of 10

mHz? MHz with a sinusoid alternative voltage of 10 mV.

RESULTS and DISCUSSION

Material Characterization

The yield of the activation process is an important pa-
rameter when producing ACs. It is defined as the final
weight of the product at the end of the reaction. After
the carbonization of the sunflower stalks at 500°C for
60 minutes, the percent yield was calculated as 34%.
This value is reasonable for biochars [15, 16]. At the se-
cond step, the biochar is activated with NaOH at 700°C
for 120 minutes. Here NaOH breaks the C-O-C and C-C
bonds of the char [15, 16]. In the end, after all of the
washing and drying steps, the final percent yield was
calculated as 19%.

The functional groups which were identified from the
FTIR spectrum for the sunflower stalk and AC samples
are presented in Table 1 & 2 [14, 17]. The FTIR spect-
ra are also shown in Figure 1. In the spectrum for the
sunflower’s raw sample, the broadband of O-H stretc-
hing at the 3300 to 3000 cm™ range shows the presen-
ce of oxygen-containing functional groups in the orga-
nic structure of the biomass [18]. During the carboniza-
tion and activation, most of the functional groups of the
precursor were diminished. The FTIR spectra of the ACs
show a loss for most of the functionalization in the regi-
on from 3500 to 1600 cm™. Aliphatic CH stretching aro-
und 2900 cm™ also diminished due to complete remo-
val of hydrogen-containing aliphatic groups. The aroma-
tic CO stretching bands between 1300 and 1050 cm™
mostly associated with the plant’s cellulose structure.

Table 1. Functional groups of sunflower stalk determined by the FTIR.

Wavenumber (cm™)
3331
2903
1598
1416
1318
1203
1022
894

Functional Group
—OH Stretching
Aliphatic CH Stretching Vibration
Aromatic C=C Ring Stretching
Aromatic C=C Ring Stretching
Aliphatic CH3 Deformation
Aromatic CO- Stretching
Aliphatic Ether C—0 and Alcohol C-0 Stretching

Aromatic Ring
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Table 2. Functional groups of AC samples determined by the FTIR.

Wavenumber (cm™)
1694
1461
1287
1095
861

These peaks lost their intensity after the carbonization
at 500°C. Because of the activation process, chemical
bonds were broken, and most of the functional groups
were lost and resembled carbonaceous materials in the
literature [19]. At the end of the activation process, the
peak related to the aliphatic groups located at around
1400 cm™ disappeared. The main reason can be the de-

Functional Group
C=0 Stretching
C=0 Stretching in Carboxylic Groups
C—0-C Stretching
C—-0-C Asymmetric Stretching
Aromatic C—H Ring Stretching

composition of lignin structure in the char during the
activation which was conducted at 700°C [20]. For com-
parison reasons, a commercial AC sample, Com, also
was characterized. It was seen that the functional group
in both synthesized Acna in this study and Com show
the same pattern in the FTIR spectra.

Com
— Acna
-
8
Q
(3]
c
8
=
[/;]
=
&
- |Raw
Sunflower
4000 3500 3000 2500 2000 1500 1000

Wave Number (cm™)

Figure 1. FTIR spectra for the sunflower stalk and AC samples.
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Table 3. Textural properties of the activated carbons.

sample SBET Vtotal Vmicro Vmeso Vmicro/Vtotal dIDOre
(m*/g) (cm*/g) (cm*/g) (cm*/g) (%) (nm)

Com 754 0.53 0.18 0.35 34 5.8
Acna 2658 1.21 0.88 0.33 69 2.9

Textural Properties

The porous structure of the AC samples was analyzed by
obtaining the nitrogen adsorption and desorption isot-
herms at 77 K. These isotherms are illustrated in Figure
2. Both of the isotherms mainly belong to type | with a
very small hysteresis at high P/PO values (H4). Less ste-
ep nitrogen uptake at lower P/PO means that the mate-
rials have a broader pore size distribution, with mainly
wide micropores and some mesopores [21]. The type
| isotherm, which is also known as Langmuir isotherm,
indicated that the adsorbent and adsorbate have high

affinity with each other. The textural analysis results of
the AC samples are presented in Table 3, where SBET,
Vtotal, Vmicro, Vmeso, and dpore are the BET surface
area, total pore volume, micropore volume, mesopore
volume, and average pore diameter, respectively. These
results confirm the isotherm analyses. A wide range of
porosity was observed for both Com and Acna, while
Acna being more microporous and having higher speci-
fic BET surface area.
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=
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@
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Figure 2. Adsorption and desorption isotherms of N2 at 77 K. for activated carbon samples.
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Figure 3. Pore size distribution of AC samples.

The pore size distribution of Com and Acna is presented
in Figure 3. As discussed previously, the sunflower stalk
based AC has mainly micropores. On the other hand,
Com mainly consists of mesopores. Moreover, it should
be mentioned that the sunflower stalk based activated
carbon has a higher BET surface area than the commer-
cial coal-based sample. The difference is more than 3
times of the Com sample. Although having a high spe-
cific surface area is very important, the nature of the
pores also plays an important role in supercapacitor
performance.

Electrochemical Characterization
the
electrode symmetrical cells were prepared. Figure 4

For electrochemical characterizations, two-

shows the cyclic voltammograms of supercapacitor
cells of Com and Acna samples at different scan rates

10
Pore Width (nm)

(1 - 200 mV) (10th cycle). The quasi-rectangular and
symmetric shape of the current-voltage curves indica-
tes a stable capacitive performance of the supercapa-
citor cells in the aqueous 1 M H,SO, electrolyte. The
steep charge and discharge curves show that the stu-
died systems have a good electrochemical operation.
The quasi-rectangular shape indicates that all the AC
samples have a microporous structure in parallel to the
textural characterization results. When the areas of the
curves are compared, Acna samples has a bigger area
and this suggests a higher capacitance. This area is big
in lower scan rates as well and shows a good capaciti-
ve behavior [22-24]. It should be noted that CV curves,
especially at high scan rates, reveal a spike at 0.8 V. Ac-
tually this spike is more pronounced in the Acna sample.
This behavior discloses a fast charging and discharging
non-Faradaic mechanism [25].
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Figure 4. Cyclic voltammograms of a) Com and b) Acna cells at various scan rates.
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Galvanostatic charge and discharge tests of the AC
samples were performed under the current densities of
0.05-2 A/g between the voltage range of 0-0.8 V. For

the two-electrode charge-discharge measurements,

the specific gravimetric capacitance (SGC) is calculated

using equation (1) [26]:

(D

where ICell is the discharge current in amperes, At is the

discharge time in seconds, AVCell is the cell potential

window in volts, and m is the total mass of the active

material on both electrodes in grams. Fig. 5 shows the
charge-discharge curves of the two-electrode super-
capacitor cells of Com and Acna at the tenth cycle for
various current densities. The charge-discharge curves
of Com show a symmetric triangle-like shape, which in-
dicates a good capacitive behavior. However for Acna
symmetric triangle-like shape can only be seen for high
current densities (1 and 2 A/g), but at lower current den-
sities a bend on the curve was observed. The reason for
this bend is due to the high percentage of micropores.
The specific capacitance of Com at 0.05 A/gis 93 F/g. On
the other hand, at the same current density, Acna has
a capacitance of 207 F/g. This result also coincides with

the CV results. This big difference is probably due to the

high specific surface area difference.
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Figure 5. Galvanostatic charge-discharge curves of a) Com, and b) Acna.
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Figure 6. Variation of specific capacitance with different current densities.

Figure 6 shows the variation of specific capacitances
with changing current densities. For both of the cases,
as expected, with decreasing current densities, specific
capacitance increases [24]. With higher current densi-
ties, less amount of ions accumulates at the AC/elect-
rolyte interface. Interestingly from 0.5 to 2 A/g, Com
exhibits higher capacitances. However starting from
0.5 A/g, Acna’s capacitance increases with a very steep
curve. This can be explained by the inability of micropo-
res present in Acna to supply charges at high currents.
The interaction between Acna micropores and the ions
probably is not able to counterbalance this driving force.
This results in the reduction of capacitance. But gene-
rally, the Acna cell shows better capacitances. Actually,
with an increasing amount of micropores, the increase
in capacitance at lower current densities becomes ste-
eper [27]. The Acna sample showed similar behavior. In
table 4, some biomass-based ACs and their properties
are compared. As can be seen from this table, there is
a huge difference in both specific surface areas and ca-
pacitances. Although all the capacitance values a very
high, a high specific surface area does not necessarily
mean a high capacitance. Every biomass has a different
porous structure and reacts distinctly to the activation

agent. Of course, the pore size distribution and the in-
teraction with the electrolyte also determine the per-
formance. The hydrated ions should be small enough
to penetrate deep into the micropores [28]. At high
concentrations, the capacitance increases, but hand-
ling highly concentrated electrolytes can be hard and
requires special containers, current collectors and se-
parators. The effect of charge-discharge cycles on the
cycle life of the supercapacitor cells was examined up to
10000 cycles at a current density of 1 A/g (Figure 7). The
Com cell performs quite stable up to the 6500th cycle.
However, after that point, the capacitance significantly
drops and ends at about 70% of initial capacitance. On
the other hand, Acna cell shows a 20% capacitance loss
at the 1000th cycle but conserves this capacitance until
the end of the 10000th cycle. It has been reported that
ACs with higher micropore content perform better for
longer charge-discharge cycles [25].

“The specific average energy (ESP) and power (PSP) den-
sities were calculated using equations (2) and (3) accor-
ding to capacitance values from galvanostatic discharge
tests [34]:

_ CspViey
sp=— 2)

3600,
Psp :TSP (3)
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Table 4. . Comparison of some AC based supercapacitors.

AC Source SBET (m?/g) Activation Agent
Apricot shell 2074 NaOH
Birch sawdust 3300 NaOH
Cherry stone 1273 KOH

Sunflower stalk 2658 NaOH

Rice husk 2681 NaOH

Coconut kernel 1200 KOH

Where ESP is in Wh/kg, PSP is in W/kg, CSP is in F/g and
At is in s. Figure 8 shows the Ragone plot of the Com
and Acna supercapacitor cells. Clearly, it can be seen
that with increasing power density, energy density dec-
reases. Usually, the energy and power densities depend
on the porous structure and electrolyte/active material
interaction. Due to the pore and electrolyte resistances,
the power and energy density trend is inverse. Similar
to the galvanostatic charge-discharge results, there are

Electrolyte CSP (F/g) Ref.

6 M KOH 339 [29]
4.9 M H2S0a 310 [30]

2 M H2S0a 230 [31]

1 M H2S0a4 207 This Study
0.5 M K2S0a 172 [32]
1M H2S0a 173 [33]

regions where each material performs better. Acna sho-
wed higher energy densities below 600 W/kg (18.4 Wh/
kg at a power density of 80 W/kg) and Com showed hig-
her energy densities above 600 W/kg. The large surface
area of Acna enabled storing high amounts of charges
however the high percentage of micropores did not let
the release of these charges at high currents.
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Figure 7. Effect of charge-discharge cycles on the lifetime of Com and Acna cells (1 A/g, 10000 cycles).
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Figure 8. Ragone plots of Com and Acna supercapacitor cells.

Figure 9 shows the Nyquist plots of the Com and Acna
cells, where small semi-circle (higher frequencies) and a
straight line (lower frequencies) can be seen. While the
semicircle suggests that there is an RC mechanism (a
capacitor and a resistance connected in parallel) in the
electrode, the nonvertical straight line is due to the dif-
fusion resistance in the electrolyte. Generally, the elect-
rochemical impedance of a supercapacitor fits a Randa-
les Cell where series resistance (RESR) is in series with a
parallel a constant phase element (non-ideal capacitor)
and a Warburg element (diffusion resistance) with a
charge transfer resistance (RCT). The obtained Nyquist
plot fits this model perfectly. The high-frequency end
of the semi-circle gives the equivalent series resistance
(RESR) which is the combination of the contact resis-
tance between the current collector and the electrode
layer, the resistance of the electrolyte, etc.. For both of
the cells RESR was about 0.4 Q. The size of the semi-
circle is about the resistance inside the electrode [35].
According to Figure 9.b, Com cell has a lower electrode
resistance than Acna cell. Moreover, the slope of Acna’s
straight line is smaller, this means that the diffusion re-
sistance is higher for Acna [36, 37]. All this information

actually confirms the previous discussions about micro-
pores resistance at high current densities.

CONCLUSIONS

As a summary, an activated carbon sample was prepa-
red from sunflower stalk with a combination of che-
mical and physical activation. The sunflower-based AC
(Acna) have a significantly high specific surface area
with a high percentage of micropores. The obtained AC
material was electrochemically characterized in a two-
electrode supercapacitor cell. Acna showed a very high
specific capacitance of 207 F/g at 0.05 A/g, an energy
density of 18.4 Wh/kg at a power density of 80 W/kg.
With a high specific surface area and a high percenta-
ge of micropores, very promising results were obtained.
However, galvanostatic charge-discharge curves, cyclic
voltammograms, and Nyquist plots reveal that Acna
and H,SO, electrolyte are not perfectly compatible.
Aqueous electrolytes with neutral salts or nonaqueous
electrolytes may even give better results.
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