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Tobacco stem-based activated carbons (TS-ACs) were prepared by simple KOH activation and their
application as electrodes in the electrical double layer capacitor (EDLC) performed successfully. The BET
surface area, pore volume, and pore size distribution of the TS-ACs were evaluated based on N2 adsorption
isotherms at 77 K. The surface area of the obtained activated carbons varies over a wide range (1472.8-
3326.7 m2/g) and the mesoporosity was enhanced significantly as the ratio of KOH to tobacco stem (TS)
increased. The electrochemical behaviors of series TS-ACs were characterized by means of galvanostatic
charging/discharging, cyclic voltammetry, and impedance spectroscopy. The correlation between electro-
chemical properties and pore structure was investigated. A high specific capacitance value as 190 F/g at
1 mA/cm2 was obtained in 1 M LiPF6-EC/DMC/DEC electrolyte solution. Furthermore, good performance
is also achieved even at high current densities. A development of new use for TS into a valuable energy
storage material is explored.

Keywords activated carbon, electrochemical performance, KOH
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1. Introduction

Electric double layer capacitors (EDLC) with both high energy
density and power density have been strongly recommended
especially from the viewpoint of their application to auxiliary power
sources of hybrid electric vehicles or fuel cell electric vehicles.
Activated carbon is a feasible material for the storage of energy due
to its unique surface characteristics, stable physicochemical prop-
erties, good conductivity, low cost and availability (Ref 1). In
general, the larger the surface area of the activated carbon sample,
the higher is the capacitance. However a nonlinear relationship has
been definitely observed between the surface area and the specific
capacitance (Ref 2), in respect that some other parameters of
activated carbon such as pore geometry, pore size, pore size
distribution, surface functional groups, and size of the electrolyte
ions also have great influence on the EDLC performance (Ref 3, 4).
For thepurposeof highdensity andpower applications, besides high
surface area, a reasonable proportion of mesopores (i.e., 2 nm<
pore diameter< 50 nm) within ACs is also demanded as a key
factor determining the capacitive performances of EDLCs in
considering the free movement of solvated ions and the establish-
ment of a complete array for the electric double layers. Mesoporous
carbon with uniform pore size were widely synthesized using
different kinds of templates including hard template (mesoporous
silica) (Ref 5, 6) or/and soft template (block copolymer) (Ref 7, 8).
However, not only the procedure involvedwas complicated but also
the surface area of the resulting porous carbonwas relatively low for

the application in EDLCs. Hence, various activation methods were
investigated to develop porous structures of ACs (Ref 9, 10), which
aimed at increasing power and energy density as well as lowering
fabrication costs while using environmentally friendly materials.

Recently, as a renewable source, biomasses have attracted
much attention for their promising applications in the preparation
of activated carbons. A large number of studies have been
devoted to the production of activated carbons from biomass,
such as cornstalks (Ref 9), durian shell (Ref 11), cherry stone
(Ref 12), corn grains (Ref 13), etc. It has been already
extensively demonstrated that the pore properties of activated
carbons depend not only on the experimental conditions of the
carbonization and activation steps but also preponderantly on the
original nature and structure of the involved precursor.

Tobacco is a kind of important economic crop. According to a
statistic in the year 2008 of China, the amount of the tobacco waste
discharge including tobacco stems (TSs) reached about 1.2-1.5
million tons. Unfortunately, the treatment of tobaccowaste in China
at present is directly buried or burned off, which would bring about
serious environmental problems. So, it is urgent to explore
multipurpose utilization technologies to dispose tobacco waste.
TSs contain rich carbon species and the major components of it are
cellulose, hemicellulose, and lignin, which can also act as a suitable
precursor for the formation of porous activated carbons (Ref 14).
Herein, we report a simple, cheap, and high yield strategy for the
preparation of activated carbons with high surface area and
mesoporosity from TSs, and their electrochemical performance in
EDLCs was thoroughly investigated in nonaqueous electrolyte for
the first time.

2. Experimental

2.1 Preparation of TS-ACs

Activated carbons were prepared by KOH activation
utilizing TSs as the starting material. The raw TSs were first
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washed, dried at 120 �C overnight, and crushed into powder.
The powder was then heated at 600 �C for 2 h in an atmosphere
of N2. At this step, a carbonized product (CP) was formed.
After carbonization treatment, the CP samples were activated
with KOH at different mass ratio in N2 atmosphere at 900 �C
for 1 h and washed with distilled water and then treated with
dilute HCl solution. Finally, the carbon material was further
washed with distilled water until the pH value of the system
reached about 7.0, and then dried at 120 �C overnight. The TSs
activated with various KOH dosages (mass ratios of 1:1, 2:1,
2.5:1, 3.0:1, 4.0:1 (KOH/CP)) are denoted as TS-AC 1-5.

2.2 Analysis of the Porous Structure and the Chemical
Characteristics of TS-ACs

Pyrolysis process was described by TG and DTG curves,
determined during thermal analysis of TSs in helium stream
using thermal balance STA409 PC Luxx (NETZSCH Instru-
ments Corp., Tirschenreuth, Germany) in thermal conditions
adequate for a chamber reactor.

Surface area and pore structure of the TS-ACs samples were
characterized with auto-adsorption apparatus ASAP 2020 Sur-
face Area & Pore-Size Analyzer (Micromeritics Corp., Norcross,
USA) by adsorption/desorption of nitrogen at 77 K. The
apparent surface area was determined by the Brunauer, Emmett,
and Teller (BET) equation from the N2 adsorption isotherm. The
total pore volumes, Vt (from the last point of isotherm at relative
pressure equal to 0.99) and pore size distribution were calculated
using density functional theory (DFT).

2.3 Electrochemical Measurements

The fabrication of carbon electrodes was as follows:
Activated carbons (active material), carbon black (conductivity
enhancing material), and PTFE (60 wt.% solution, binder) were
mixed in a mass ratio of 90:5:5 and dispersed in distilled water
(the mass ratio of carbon to water was set as 1:2). After
homogenized in a mortar, the slurry was rolled into a thin film
of uniform thickness (0.5± 0.1 mm). From this film, 12 mm
circular electrodes were punched out and pressed onto a
stainless steel mesh (as a current collector). The carbon-coated
stainless steel mesh was then dried under vacuum at 120 �C for
ca. 12 h. Test capacitors were constructed in a glove box. A
separator Celgard 3400 soaked with nonaqueous electrolyte
solution (1 M LiPF6-EC/DMC/DEC (1:1:1 V)) was sand-
wiched between two identical carbon electrodes in a button cell.

Electrochemicalmeasurements (CV, EIS) were performed on an
electrochemicalworkstationCHI660A (Chenhua InstrumentCorp.,
Shanghai, China) at room temperature, using two-electrode elec-
trochemical capacitor cells. Cyclic voltammograms were recorded
from 0 to 2.7 Vat various sweep rates and the Nyquist plots were
recorded potentiostatically (0 V) by applying an alternating voltage
of 5 mV amplitude in the 100 kHz-1 mHz frequency range. The
constant-current discharge-charge tests were conducted in the
voltage range of 0-2.7 V with a Battery Tester (Wuhan Jinnuo Co.,
Wuhan, China) at current densities of 1-50 mA/cm2.

3. Results and Discussion

3.1 Thermo-gravimetric Analysis

Figure 1 depicts the thermograms of TS. The curve showed
an analogous weight decrease as other biomass materials during

heat-treatment (Ref 15). The weight loss around 100 �C is
attributed to loss of superficial moisture from TSs. A major
weight loss can be observed between 250 and 500 �C and
reaches the maximum at ca. 315 �C, which can be attributed to
decomposition of cellulose, hemicellulose, and lignin in TSs to
yield low-volatile organics. The pyrolytic processes result in
carbonization and attendant aromatic condensation. Further
heating to the temperature of ca. 600 �C slows down pyrolytic
processes at a negligible and decreasing weight loss—it
indicates that a gradual restructuring of carbon proceeds. The
carbon yield is about 30% after heating to 900 �C.

3.2 Porous Texture Characterization

Nitrogen adsorption/desorption isotherms at 77 K of TS-ACs
prepared with different ratios of KOH/CP are described in Fig. 2.
The isothermmorphology of TS-ACs varies remarkably with the
increase of KOH/CP ratio. TS-AC 1, TS-AC 2, and TS-AC 3 all
exhibit Type I adsorption isotherms characteristic ofmicroporous
carbons, but a wider knee was illustrated, indicating the
development of a wider micropores. Different from TS-AC 1-
3, the shapes of the isotherms for TS-AC 4 and TS-AC 5 are a
mixture of type I and type IV isotherms and show obvious
capillary condensation step (hysteresis loops) at medium relative
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pressure, indicating that besides micropores, a considerable
amount of mesopores were created.

The specific surface areas and pore structural parameters of
TS-ACs are summarized in Table 1. The specific surface area
and total pore volume increase first and then decrease as the
ratio of KOH/CP changing from 1.0 to 4.0. It is suggested that
during the activation, the activating agent KOH reacts with the
reactive centers of the carbonized material, such as disorga-
nized carbons, carbons with heteroatoms, and carbons on
graphene edges, creating new pores and widening the existing
ones. The activation of carbon with KOH proceeds as
6KOH + CM 2 K + 3H2 + 2K2CO3, followed by decomposi-
tion of K2CO3 and/or reaction of K/K2CO3/CO2 with carbon
(Ref 16). When the ratio of the KOH/CP is 3, the surface area
total, pore volume, and mesoporosity reach the highest values,
being 3326.7 m2/g, 2.443 cm3/g, and 65.7%, respectively, but
further increasing the ratio to 4 results in slight decreases of
porosity of the carbon sample. This is because that the
activating agent not only develops the porosity but also
damages the structures of the pores at too high a concentration.

Figure 3 presents the pore size distribution of TS-ACs
calculated by DFT method, which consist well with the results
of the adsorption/desorption isotherms in Fig. 2. Combined
with Table 1, we found that when the ratio of the KOH/CP
increases, the volumes in pores of sizes between 1-2 and 2-
5 nm increased remarkably, which means pores were widened
and mesopores can be effectively created by corrosion of KOH
on the micropore wall of TS-ACs due to a relative weak carbon
skeleton derived from TSs like other biomasses (Ref 17). This
would be benefit for ion quick transport especially in organic
electrolyte. However, as the KOH/CP ratio was increased up to
4.0, the over-activation of KOH brought about the collapsing of
mesopore wall and the corresponding surface area subsequently
shrank and there is a balance between mesopore creation and
collapsing during activation process.

3.3 Electrochemical Characterizations

3.3.1 Cyclic Voltammetry Behavior of TS-ACs Elec-
trode. The voltammograms of electrochemical capacitor cells
with the TS-ACs as electrodes are presented in Fig. 4 at
different scan rates in 1 M LiPF6-EC/DMC/DEC (1:1:1 V)
nonaqueous solution. At low scan rates, all the samples showed
quite rectangular curve shape without observation of obvious
oxygen and hydrogen evolution peaks, suggesting a typical
nonfaradic adsorption/desorption reaction within the potential
range (0-2.7 V) employed. But their voltammogram shapes
become gradually distorted as elevated scan rates. The distorted

rectangle may be due to diffusion-limited capacitance, which
may in true be ascribed to electrolyte trapped in the micropores
of the carbons (Ref 18). For comparison, the cyclic voltam-
metric performance of varies TS-ACs samples were also
conducted (see Fig. 5), the scan rate was set at 50 mV/s. The
five TS-ACs samples exhibit distinguish behavior from each
other, with TS-AC 4 retaining the most rectangular CV profile
and exhibiting the highest specific capacitance. The nearly 90�
change in the CV curves of TS-AC 4 and TS-AC 5 at the
switching potential suggested that they had smaller equivalent
series resistance (ESR) as an ideal capacitor desired, which can
be attributed to a quick kinetic process for the diffusion of ions
resulting from their relative high mesoporosity (shown in
Fig. 3). The micropores play an essential role for ion adsorp-
tion, whereas the mesopores are necessary for their quick
transport to the bulk of the materials.

3.3.2 Charge-Discharge Behavior of TS-ACs Elec-
trode. The capacitances of as-prepared TS-ACs at different
current densities were demonstrated in Fig. 6. The specific
capacitances of all samples decreases with discharge current,
confirming that at the low currents the ions have enough time to
diffuse into the micropores of carbons, while at the high
currents the ions can only partially penetrate into the microp-
ores due to the steric limitations. However, different from other
samples, the specific capacitances of TS-AC 4 and TS-AC 5
drop rapidly at low discharge current and then become stable

Table 1 The specific surface area and pore structures of TS-ACs samples

Samples
SBET,
m2/g

Smicro
a,

m2/g
Smeso

a,
m2/g

V<1nm
a,

cm3/g
Vmicro

a,
cm3/g

Vmeso
a,

cm3/g
Vtot

a,
cm3/g

Vmeso/Vtot,
%

Db,
nm

TS-AC 1 1472.8 1272.4 191.1 0.216 0.638 0.122 0.760 16.1 2.06
TS-AC 2 2187.5 2030.7 167.8 0.205 0.841 0.193 1.034 18.7 1.89
TS-AC 3 2868.6 2159.5 632.8 0.192 0.883 0.625 1.508 41.4 2.10
TS-AC 4 3326.7 1948.8 1365.3 0.092 0.836 1.607 2.443 65.7 2.94
TS-AC 5 2912.5 1978.6 956.3 0.130 0.819 1.249 2.068 60.4 2.84

BET surface area
aCalculated using DFT
bAverage pore diameter: Adsorption average pore width (4 V/A by BET)
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Fig. 3 Pore size distribution of TS-ACs samples calculated by DFT
method
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above 10 mA/cm2, which agrees well with their CVs shown in
Fig. 4 and 5. The sample TS-AC 4 with both the highest
specific surface area and mesoporosity showed the maximum
specific capacitance value as 190 F/g at 1 mA/cm2, which is
much higher than the result recently reported (<140 F/g) (Ref
2) and retained as high as 80% (�150 F/g) even when the
current density was enlarged 50 times. It is widely believed that
to obtain high capacitance and rate performance at the same
time especially in organic electrolyte, porous carbon with a
high specific surface area and a large amount of mesopores is
effective. As shown in Table 1, the pore volumes of TS-AC 4
are mainly located in 1-2 and 2-5 nm, which are suitable for
adsorption and quick transport of organic electrolytes. There
are also other carbons with high mesoporosity. For example,

nanoporous carbons were prepared using colloidal crystal as a
template (Ref 5). Although the capacitance did not decreased
even at a large current density of 10 A/g in organic electrolyte,
the capacitance is not ideal enough (120 F/g) due to their
relative low specific surface areas of carbon samples ranged
from 1089 to 1455 m2/g. To improve the surface area of
mesoporous carbon, a combination of self-assembly (F127) and
KOH chemical activation was introduced (Ref 19). Superior
capacitive performances were showed in aqueous electrolyte of
the carbon samples, but unfortunately, capacitive performance
in organic electrolyte was not mentioned and the preparation is
a multi-step process, and the cost is extremely high.

The Ragone plots are frequently used in demonstration of
power densities and energy densities of EDLC as shown in
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Fig. 7. The highest value as 48.1 Wh/kg at low current density
is obtained with TS-AC 4, the carbon with highest specific
capacitance. With increasing specific power, the benefit of
mesopores in the carbon electrodes are clearly demonstrated by
the stable performance of TS-AC 4, which retains 38.3 Wh/kg
at 10000 W/kg.

3.3.3 Impedance Measurements of TS-ACs Elec-
trode. The impedance spectra in the complex plane (Nyquist
plots) of TS-ACs electrodes are shown in Fig. 8. In all the cases,
the Nyquist plots exhibit a typical impedance characteristic of
EDLC in nonaqueous electrolytes: a depressed semicircle at
high frequency region, a 45� line in middle frequency region and
a nearly vertical line at low frequency. The very high frequency
intercept on the real axis was estimated around 4X, which is
associated with the resistance mainly arising form the electrolyte
(Ref 20). The depressed semicircles represent a parallel
combination of resistive and capacitive components and the
width of the semicircle is a measure of the resistance due to the
diffusion of ions through the carbon pore network (Ref 21).

The values decrease in the sequence of TS-AC 1, 2, 3, 4, and 5,
which means the larger pore sizes obtained by activation of high
KOH ratios increase the connecting channels between pores
allowing better ion transport at fast discharge rates (Ref 22). At
low frequency, the resistance determined by the intercept that
the linear region makes with the real impedance axis represents
the overall resistance of the electrochemical cell. The smaller the
resistance is, the less the capacitance losses during cycling,
especially at a high current density. It can be observed that the
resistances decrease in the sequence of TS-AC 1, 2, 3, 5, and 4,
which is in good agreement with the results obtained by
galvanostatic cycling study as shown in Fig. 6.

In order to further investigate the penetration of the
alternating current into the pore system of the electrodes
materials and illustrate how much of solvated ions access the
pores at a specific frequency, a capacitance versus frequency
plot for TS-ACs is shown in Fig. 9. In the high frequency
range, there are no significant differences between samples as
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there is no time for ions access the whole porosity. However, in
the low frequency range (from 10 to 1 mHz), nearly a complete
penetration of the ions into the pores is allowed and the quite
stable values indicate the domination of the capacitive behavior
at the electrolyte/carbon interface. The capacitance values of
TS-AC 4 and 5 are much higher than other samples and the
decrease of their capacitance is shifted to slightly higher
frequency, which means their high mesoporosity pore system
favors fast diffusion of electrolyte at high frequency. These tow
samples can supply capacitance up to 120 F/g at 100 mHz,
which is interesting from a practical point of view.

4. Conclusions

The potential application of TSs-based activated carbons in
EDLCs performance has been confirmed successfully from the
results of KOH activated TS-ACs carbons. The TS-based
activated carbons possessed higher BET surface area
(3326.7 m2/g), larger pore volume (2.443 cm3/g) and higher
mesoporostiy (65.7%) than other AC samples. The results of
the cyclic voltammogram explored that the samples with high
mesoporosity exhibit good performance at high current density.
Among all the TS-ACs, the sample TS-AC 4 shows the highest
specific capacitance value of 190 F/g and retains 38.3 Wh/kg at
10000 W/kg in nonaqueous electrolyte solution which is much
higher than the result recently reported.
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