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Characterization of High Porosity Carbon Electrodes Derived
from Mesophase Pitch for Electric Double-Layer
Capacitors
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High porosity carbons prepared from mesophase pitch with KOH etching to different extents were used to fabricate electrodes for
electric double-layer capacitors. Nitrogen adsorption was used to characterize the porous structure of the carbon electrodes. The
performance of the capacitors in 1 M,$0, was investigated with voltage sweep cyclic voltammetry and constant current
charge-discharge cycling. These two electrochemical methods gave fairly close results for capacitance measurements and dem-
onstrated that distributed capacitance along a micropore path affected the capacitor performance. The specific capacitance of the
electrodes was found to increase with the specific surface area. However, the capacitance per unit carbon area showed a decreasing
trend with the specific area, and this has been attributed to the increased electrode resistance that would probably result from the
deepening of the pores upon etching. The highest specific capacitance of 13&wasgachieved with an electrode consisting of

80% carbon powders with a specific surface area of 2860gn and 20% polyvinylidenefluoride as the binder.
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The electric double-layer capacit@DLC) has recently drawn Changes in porous structures during etching are often monitored
considerable attention as an intermediate power source between rend controlled to produce various porous carbons for different ap-
chargeable batteries and conventional capactt®wschargeable bat-  plications. The purpose of this work is to investigate the applicabil-
teries are generally fabricated to have a large amount of energyty of using carbons derived from mesophase pitch as an electrode
storage with relatively low power density, while capacitors can gen-material. An effort is also devoted to the effects of the porous struc-
erally supply high specific powers, but their energy capacities areture, which are characterized with, Nidsorption, on the electro-
usually low. In an EDLC, the double layer at the electrode/ chemical behavior and capacitance of the resulting electrodes for
electrolyte interface can be quickly formed, resulting in a high EDLCs.
power rate of the EDLC compared to a battery where mass transfer
over long distances is requirédn the basis of the mechanism for Experimental
double-layer formation, it is generally true that the larger surface )
area that an EDLC can provide for adsorption of electrolytes on ~Sample preparatior-The precursor of the porous carbons used
electrodes, the more energy can be stored in the EBE.C. in the EDLC was a mesophase pitch powder generated by heat-

Activated carbons with large surface area and porosity are suitireatment of a coal-tar pitch having 3-6% primary (uinoline
able candidates as materials for the polarizable electrodes i#nsolubles with a softening point of 85-90°C. The anisotropic me-
EDLC.13 Almost any carbonaceous material can be converted intoSOPhase powder was obtained by extracting the heat-treated pitch
activated carbof’ The porosity in the carbons can be created by with a suitable solvent. The characteristics of the precursor coal-tar
heat-treatment of the carbon precursors combined with etchingPitch and the mesophase powder are listed in Table I. Prior to any
which results in carbonization as well as porosity development.iurther treatment the mesophase powder was ground and sieved to
Practically, the type of porosity is dictated by the type of precursorh@ve an average size of 20m.
material employed; however, the method of preparation is another  Porous carbons were prepared from the heat-treatment of the
parameter which may influence the final pore size distributdf. pitch impregnated with KOH. In a 250 mL glass-stoppered flask, the
Mesophase pitch, which is composed of lamellar macromolecules ifOH-impregnation process was initiated by migid g of the me-
parallel stack and has a dense structure, may have the potentiﬁpphase powder with & KOH solution containing 60 g of water. The
application in producing high specific capacity electrodes for EDLC. lask was immersed in a constant-temperature shaker bath, with a
The present study has used mesophase pitch as the precursor of thdaker speed of 100 rpm. The mixing was performed at 85°C and
activated carbon for EDLC electrodes. lasted for 3 h. The concentration of the KOH solution was adjusted

The creation of porosity in the carbon derived from mesophasel© give a ratio of KOH to pitchii.e., a chemical ratipvarying in a
pitch is achieved by etching with potassium hydroxide in the presenf@nge one to five by weight. _
work. The key mechanisms in porosity deveiopment are associated Aftér mixing, the pitch-KOH slurry was subjected to vacuum
with carbon gasification by the emitted ¢@nd the oxygen con- drying at 110°C for 24 h. The dried samples were then heat-treated
tained in the alkalt’'® During heat-treatment of the pitch impreg- N @ horizontal cylindrical furnaces0 mm id under an N flow at
nated with KOH, the release of GGrom K,CO, formed in the 100 mL/r_mn. The treatments were initiated by heating the sample at
treatment becomes significant at high temperatures. The releaseat®” C/min from room temperature to 700°C, followed by holding
CO, can react with carbon atoms to open up closed pores and erth® sample at the temperature foh before cooling under N _
large existing micropores. Meanwhile, the potassium-containing _After cooling the etched products were washed by stirring with
compounds, such as,® and K,COs, can be reduced by carbon to 290 ML of an HCl solution of 0.5 N in concentration at 85°C for 30
form K metal, thus causing the carbon gasification and hence thénin, followed by filtration. The acid-washed sample was then
formation of pores. The etching process can also be conducted withached by mixing with 250 mL of distilled water at 85°C, followed
physical methods, gasification of a char as in oxidizing gases, suckY flltratlon of the mixtures. Leaching was .carrled out several times
as CQ or steant® Carbon etching with KOH has been reported to until the pH value of the water-carbon mixture was above 6. The

be more effective in porosity development than those with physicallé@ched products were then dried in vacuum at 110°C for 24 h, to
methodst®18 give the porous carbon products.

Carbon characterizatior—Specific surface areas and pore vol-
umes of the derived carbons were determined by gas adsorption. An
2 E-mail: hteng@mail.ncku.edu.tw automated adsorption apparatiMicromeritics, ASAP 201D was
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Table |. Characteristics of precursor coal-tar pitch and me-
sophase pitch powder.

Precursor Mesophase
Characteristics coal-tar pitch  pitch powder

Softening point(°C) 85-90 -
Quinoline insolubleg%) 3-6 85-99 :
Toluene insoluble$%o) 25-30 95-99 -
Fixed carbon%) 40-46 86-92
Heat-treatment extraction yiel@o) 35-45 - »
Ash (%) 0.1-0.4 ; MP286
i MP238
. 4 MP193
employed for these measurements. Adsorption pivils performed  :
at —196°C. Nitrogen surface areas and micropore volumes of the i MP160

bitrary unit)

ensity (ar

samples were determined from the Brunauer-Emmett-TEHET)
and Dubinin-RadushkevichD-R) equations, respectively. The -
amount of N adsorbed at relative pressures near ur(jypg
= 0.98 in this worl has been employed to determine the total pore =
volume, which corresponds to the sum of the micropore and meso
pore volumeg® The average pore diameter can be estimated accord .
ing to the surface area and total pore volume, if the pores are as
sumed to be parallel and cylindrical. T T T T T T T

Int

MP131

MPC

Preparation of electrodes-Carbons with different porosities, 0 20 40 60 80
produced by adjusting the KOH/pitch ratio during etching, were Scattering angle, 26 (degree)
used to fabricate electrodes. Prior to the formation of electrodes for
electrochemical tests, each carbon was added to a solution of polyigure 1. Powder X-ray diffraction patterns of the carbons derived from
vinylidenefluoride(PVDF) in N-methyl pyrrolidinone(NMP), and ~ <OH etching of mesophase pitch to different extents.
the mixture was mixed at ambient temperature to form a carbon
slurry. Electrodes were prepared by pressing the slurry on stainless
steel foils with a doctor blade, followed by evaporating the solvent, sophase pitcliMP), followed by one-tenth of its BET surface area.
NMP, with a blow dryer. The carbon layer, which consisted of 20 The pore size distribution shows that with the increase in surface
wt % PVDF as the binding material, was adjusted to have a thick-area the mesopore fraction decreases to reach a minimum and then
ness of 15Qum. increases with a further increase of the porosity. The decrease in
mesopore fraction indicates that by increasing the KOH/pitch ratio

. . - . more KOH molecules can diffuse into the interior of the pitch to
pared with a pair of the carbon electrodes and a piece Of filter papeg,q 5o microporosity. With further increase in KOH impregnation,

as the separator. In electrochemical measurements the electrolyj, existing micropores were then widened by extensive gasifica-
wasal M HSO, aqueous solution. Cyclic voltammetric measure- ion hence resulting in the increase in mesopore fraction.
ments of the cell were made in the potential range-6{9 to 0.9 V As for the crystalline structure, the X-ray diffractié¢RD) pat-
applied between the two electrodes. The rate of the potential scagerns of the carbons with different porosities are shown in Fig. 1.
ranged from 2 to 10 mV's. The capacitance of the cells was The carbon derived from the 700°C treatment of the pitch without
measured by charging the capacitors to a voltage of 0.9 V and thekoH impregnation, which is designated as MPC in the figure, is
discharging @ 0 V at aconstant current. All the electrochemical ajso characterized with XRD for comparison. The crystallites in
measurements were conducted at ambient temperature. carbon have a scattering ang[) near 23° in XRD. The broad
peaks seen in these diffraction patterns indicate that the crystallite
sizes in these carbons are quite small. The peak height decreases
Characteristics of the porous carbons for electrode¥he po- with the extent of porosity development, indicating the destruction
rous structures of the carbons derived from the mesophase pitch a@f the crystalline structures in the etching process. The XRD data
presented in Table Il. The carbons with different porosities werereflects that these porous carbons have negligibly small crystallo-
prepared by varying the KOH/pitch ratio within one to five during graphic domains, and thus the edge sites account for almost all the
etching. The porosity of the carbons increases with the increasingurface sites for double-layer formation.
ratio, indicating that the etching intensity has been enhanced with The surface characteristics of the carbon-PVDF composites of
the increased addition of the alkali. In the table each carbon hashe electrodes were also determined with &tisorption, and the
been designated by using the nomenclature of its precursor, meresults are shown in Table Ill. It can be seen that both the surface

Electrochemical measurementsA sandwich-type cell was pre-

Results and Discussion

Table Il. Surface characteristics of the carbon powders derived from mesophase pitch with KOH etching.

Pore size distribution

Carbon KOH/pitch Surface area Pore volume Average pore
type ratio (m? gh (cm® g} micro (%) meso(%) diam (nm)
MP131 1.5 1310 0.744 84 16 2.3
MP160 2.0 1600 0.825 93 7 2.1
MP193 2.5 1930 1.00 92 8 2.1
MP196 3.0 1960 1.10 85 15 2.2
MP238 3.5 2380 1.28 88 12 2.2
MP286 45 2860 1.63 83 17 2.3
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Table lll. Surface characteristics of the carbon-PVDF compos- 20
ites of the electrodes.

Pore size distribution Average MP286
Carbon Surface areaPore volume — pore
type (m? g™  (cm® gl micro (%) meso(%) diam (nm) 15 —
MP131 608 0.338 86 14 2.2 MP193
MP160 763 0.393 94 6 2.1 i
MP193 797 0.416 92 8 2.1
MP196 962 0.536 86 14 2.2 f
MP238 1130 0.594 90 10 2.1 %0 —
MP286 1370 0.782 83 17 2.3 g

)

area and pore volume of the composites are much smaller than thos
of the carbon powders presented in Table II. Obviously, the PVDF- 0.5 —
binder has hindered the access ofiNolecules to the pores in car-

bon. As for the pore size distribution and average pore diameter

these values are similar for the carbon composites and the powder

This suggests that PVDF has been randomly distributed over the
external surface to block some pore entrances. The surface chara 0.0 ' I . I T I ;
teristics of the carbon-PVDF composites, rather than the carbor

powders, were used as the properties of the electrodes in the follow 0 3 6 _19 2
ing electrochemical investigation. Voltage sweep rate (mV s7)

Electrochemical characteristics of the resulting electrodethe Figure 3. Variation of Al (difference between anodic and cathodic charging
typical voltage sweep cyclic voltammograms of the carbon elec-currents with voltage sweep rate in cyclic voltammetric measurements using
trodesin 1 M HSO, are shown in Fig. 2. The voltage sweep range MP193 and MP286 electrodes (1 §m
was from —0.9 to 0.9 V and the sweep rates were 2, 5, and
10 mV s1. The MP286-PVDF composite was employed as the
electrodes in the cyclic voltammetric tests. The figure demonstrateseach a horizontal value. This is attributable to the enhancement of
that the electrode is stable in the acid solution within the voltagethe distributed capacitance effects in porous electrodes upon increas-
range applied. As the sweep rate increases, it can be observed thialg the voltage sweep rafdt has been commonly recognized that
there is a widening of the knee of voltammograms just after thethe charge stored in a porous electrode is distrib&t&d,and the
reversal of the voltage sweep and an increasing slope of the currerdhmic resistance in the electrolyte along the axial direction of mi-
plateau. The rectangular form of voltammograms, in which the cur-cropores has the effect of making the mouth of the micropores
rent quickly reaches a truly horizontal value after the reversal of thecharge or discharge faster, while the bottom of them lags betind.
voltage sweep, can be observed if the interface forming the doubléJnder this circumstance, rectangular voltammograms can only be
layer is homogeneous and ideally polarizable. Figure 2 exhibits thabbtained for cyclic voltammetric measurements in which the voltage
increasing the sweep rate has enhanced the delay of the current taveep rates and the corresponding currents are very low, since low-

ering the current would reduce the potential difference, resulting
from the ohmic resistance, between the mouth and the bottom of
4 micropores. An increase in the voltage sweep rate, hence an increase
in the potenial difference, would intensify the lag of charge or dis-
charge at the bottom of micropores and thus enhance the delay of
the currents to reach a horizontal value in the voltammograms, as
(2) shown in Fig. 2.
5 It can be seen from Fig. 2 that the charging currents for both the
anodes and cathodels, and | ., respectively, are increasing func-
tions of the voltage sweep rate. The difference betwgemd| . at
l the current plateaus of the cyclic voltammograms, which was des-
ignated asAl(=1,— 1), was determined for different voltage
7 // sweep rates. The variation Afl with the sweep rate for the MP193
and MP286 electrodes is presented in Fig. 3. A linear plot bf
against the sweep rate would give the double-layer capacitance and
the faradaic current from the slope and intercept of the ¥ldte
calculated results are listed in Table IV. The specific faradaic cur-
2 - rent (1) shows a decreasing trend with the porosity of the carbon
electrodes, having a value around 60-80 mAL.gNhy the faradaic

Current (mA)
=
l
SR
\

Table IV. Double-layer capacitance and faradaic current of the
-4 T T T I T T T carbon-PVDF electrodes determined from cyclic voltammo-

-1.0 0.5 0.0 0.5 1.0 grams.
Voltage (V) Cabontype 1. (mA g) Cy(F g  Cly(nF cm?)

Figure 2. Cyclic voltammograms of MP286 electrode (1 Y¥min MP193 75 103 13.0
1 M H,SO, at voltage sweep rates @) 10, (b) 5, and(c) 2 mV s L. MP286 57 130 9.4
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Figure 4. Charge-discharge curves of EDLCs using MP193 and MP286
electrodes (1 cR) at 0.5 mA. Figure 5. Variation of specific discharge capacitance with specific surface
area for electrodes (1 @ncharged at 0.5 mA to 0.9 V and then discharged
at the same current.

current would vary with the carbon porosity is not clear at this stage

of our study. On the other hand, the specific double-layer capaci-

tance Cq4) was found to increase with the porosity of the carbon that may result from different currents employed for these two meth-
electrodes. The increase of capacitance was expected, since the cads. Similar to the findings in Table 1V, Fig. 5 shows that the spe-
bon surface provides the interface for the formation of the doublecific capacitance increases with the increase in the BET surface area.
layers. The double-layer capacitance per unit area of the carborpart from the physical structure of such as surface area, the influ-
composites C}) can be calculated, and the results are also providedence of chemical characteristics such as the functionalities of the
in Table IV. The value ofc, was found to be different for different ~carbons on the capacitance should also be taken into account. Prac-
carbon electrodes. Obviously, the applicability of the surface variestically, the chemical properties of carbon are dictated by the type of
with the type of carbon. With more different types of carbon elec- Précursor material used as well as the method of preparation. In the

trodes involved, this aspect is further discussed in the following testdPresent study, however, these carbons were derived from the same
using the charge-discharge cycling. precursor and similar preparation procedures, and the difference ex-

hibited in the pore structure is simply due to the variation in the
Performance of capacitors-Figure 4 shows the typical cell extent of etching in KOH. Under this circumstance, the influence of
voltage against time curves of EDLCs charged and discharged at ahemical characteristics of the carbons on the double-layer forma-
constant current of 0.5 mA. It can be seen that carbon electrodesion can be considered to be negligible. The results in both Table IV
with a higher porosity have a higher capacitance and better perforand Fig. 5 clearly demonstrate that the BET surface area can deter-
mance in charge and discharge. The specific discharge capacitanesine, at least partially, the number of sites available for the forma-
of the electrodes) in EDLCs can be calculated according to tion of double layers.
The influence of the BET surface area can be further explored. If
C=(2XI XWX AE) (1] the carbon was constant in character and all the pores were fully and
) ] ) ) quickly accessible to the double-layer formation on the interface, the
wherel is the discharge currerttthe discharge timéyV the carbon  gpecific capacitance would increase proportionally with the increas-
composite mass on an electrode, avf the voltage difference in  ing surface area. On the other hand, if the pores created during the
discharge, excluding the portion of IR drop. The factor of two course of etching were unable to be fully accessed by the electrolyte,
comes from the fact that the total capacitance measured from the tegfhich might result from the enhancement of pore resistance to the
cells is the addition of two equivalent single-electrode capacitors inelectrolyte upon etching, then the specific capacitance would not be
series. Single-electrode capacitance is reported in the present worlgroportional to the surface area. Under this circumstance, the ratio
It has been reportédithat the electric double-layer capacitance of specific capacitance to specific BET surface area would decrease
at the electrode surface usually ranges within 1gsZ0cm 2. If the with the increasing porosity. This aspect is now examined. Figure 6
capacitance per unit area has a fixed value for similar porous carshows the ratio of discharge capacitance to BET surface area
bons, the energy stored on the surface should be proportional to th@apacitance/BEJTfor carbon composites with different surface ar-
area of the surface. All the carbon electrodes presented in Table lleas. It can be seen from the figure that the capacitance/BET ratio
were tested in the same manner shown in Fig.e4, the electrodes  shows a significant decrease with the increasing surface area. This
were charged at a constant current of 0.5 mA to a voltage of 0.9 V result indicates that the quick accessibility to the interface for energy
and then discharged at a current of 0.5 mA. The specific dischargetorage was reduced for the new area created upon etching.
capacitance of different carbon electrodes were calculated according Figure 7 shows the variation of micropore and mesopore vol-
to Eq. 1, and in Fig. 5 the capacitance results are plotted against themes with the surface area of the carbon composites. It can be seen
BET surface area of the carbon composites. The data in Fig. 5 showhat the increase in porosity mainly comes from the development of
that the values of discharge capacitance for MP193 and MP286 arenicroporosity. The results suggest that the increase in the depth of
fairly close to those o€ (shown in Table IV determined from the  micropores upon etching might have reduced the accessibility of the
cyclic voltammetric method, although there are some differencessurface in micropores to electrolyte, thus leading to the decreased
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Figure 6. Variation of capacitance/BET ratio with specific surface area for Figure 8. Variation of IR drop with the discharge current for electrodes
electrodes (1 c®) charged at 0.5 mA to 0.9 V and then discharged at the (1 cn) charged at 0.5 mA to 0.9 V
same current. ' D

) ) ) ) ) used to estimate the resistance of the electrodes. The resistance was
capacitance/BET ratio with porosity. This also demonstrates thakgynd to be 104 and 28% for MP193 and MP286, respectively.
increasing the BET surface area of carbon electrodes does not assufgyis difference in resistance can, at least partially, explain why the
a corresponding linear increase in capacitance. capacitance per unit area of MP193 is larger than that of MP286.

At the very beginning of the constant current discharge of the “Apart from the effect of porosity, the discharge capacitance was
EDLCs, the voltage suddenly drops, and this has been designated gsund to vary with the discharge current. Figure 9 shows the dis-
the IR drop. This voltage drop can mainly be attributed to the innercharge capacitance of the MP193 and MP286 electrodes charged at
resistance of ion diffusion in the micropores of the carbon 5 constant current of 0.5 mA to a voltage of 0.9 V and then dis-
electrode! Assuming that the diffusion resistance is one of the in- charged at different currents. It is observed that the capacitance
trinsic characteristics of the porous carbons, the voltage drop shoul@iecreases with discharge current for both electrodes. The decrease
be proportional to the discharge current. Figure 8 shows the varianf capacitance indicates that the distributed capacitance effects com-

tion of the IR drop with the discharge current for MP193 and pined with the existence of ohmic resistance along the path of mi-
MP286 electrodes. It can be seen that the voltage drop increases

linearly with the current, and the slope of this linear relationship was

135
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- - s
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2 04— - 04 2 5
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@ @ -
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<@ @
g = 90 —|
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Surface area of carbon-PVDF (m’ g') Discharge current (mA)

Figure 7. Variation of micropore and mesopore volumes with the surface Figure 9. Variation of specific discharge capacitance with the discharge
area of carbon-PVDF composite. current for electrodes (1 cncharged at 0.5 mA to 0.9 V.
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and the constant current charge-discharge cycling gave fairly close
values of the electrode capacitance. The specific capacitance was
found to increase with the specific surface area of the carbon com-
posites, but did not show a proportional increase with the surface
area. The capacitance per unit carbon-composite area is a decreasing
function of the carbon porosity, and this can be attributed to the
increase in the micropore depth with the extent of etching. This
inference was supported by the observation that resistance deter-
mined from the IR drop increases with the porosity. The decrease in
capacitance with the discharging current also reflects that the dis-
tributed capacitance effects affect the discharge performance. The

100 —
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EDLC prepared in the present work exhibits an excellent cycleabil-
ity performance with a cycle life of 200 cycles.
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Figure 10. Variation of capacitance stability and coulombic efficiency with
cycle number for a MP286 electrode charged and discharged in
1 M H,SG;.
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