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Abdtract : A series of spherical porous carbons were prepared via resorcinol-formadehyde (RF) sol-gel polymerization
in the presence of cationic surfactant (CTAB, cetyltrimethylammonium bromide), wherein the carbon sphere sze was
controlled by varying the CTAB introduction time after a pre-determined period of addition reaction (termed as “pre-
curing”). The sphere size gradually decreases with an increase in the pre-curing time within the range of 30-150
nm. The carbons possess two types of pores, one indde carbon spheres (intra-particle pores) and the other at the
interstitial sites made by carbon spheres (inter-particle pores). Of the two, the surface exposed on the former was
dominant to determine the electric double-layer capacitor (EDLC) performance of porous carbons. As the intra-particle
pores were generated insde RF gel spheres by gasification, the pore diameter was similar for al these carbons,
thereby the pore length turned out to be a decisive factor controlling the EDLC performance. The charge-discharge
voltage profiles and complex capacitance andysis consistently illustrate that the smaller-sized RF carbons deliver a
better rate capability, which must be the direct result of facilitated ion penetration into shorter pores.
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1. Introduction

Electric double-layer capacitors (EDLC) are electric energy-
storage devices that can store and deliver energy at high
rates, also with longer cycle life, beyond those accessible by
modern secondary batteries.? This feature largely comes
from the fact that the charge storage in EDLC takes place at
electrified electrode surface by simple electrostatic charge
separation mechanism, which is contrasted by bulk chemical
reactions (for instance, ion intercalation) involved in second-
ary batteries.>®

At present, activated carbons are the favoured choice for
EDLC electrode materials as they have high electric conduc-
tivity and large surface area, which alows high charge-stor-
age ability (capacitance). The rate capability, which is reflected
as RC time congtants, is another important consideration in
EDLC electrodes, where R and C denote the equivalent
series resistance (ESR) and capacitance, respectively.5” To
have smaller RC time congtants (that is, better rate capability),
one should minimize either capacitance or ESR. Minimiza-
tion of ESR is, however, the better choice because capaci-
tance is an important consideration for EDLC electrodes. In
general, ESR is the summation of electrode resistance, bulk
electrolyte resistance and electrolyte resistance within pores.
In common EDLC electrodes, the pore resistance is domi-
nant in magnitude over the others unless the electrode mate-
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rials and electrolytes are highly resistive, thereby the pore
resistance should be minimized to achieve a high rate capa-
bility. Along this line, the pore structure (pore size, length,
and connectivity) of EDLC electrode materials should be
optimized: Too small pores in size are not desirable since
ionic motions are sluggish in such small pores. On aspect of
pore length, shorter pores are favoured because ion diffusion
in and out of pores is more facilitated.

In this paper, we present the experimental data ascertaining
that carbons carrying a shorter pore length deliver a high rate
capability. This was possible since a series of spherical
porous carbons prepared in this work differ in the sphere size
but are similar in the pore diameter, leaving the pore length
to be the decisive factor controlling the rate capability. The
size control of spherical carbons was accomplished by
changing the pre-curing time in the resorcinol-formaldehyde
(RF) sol-gel polymerization step.82? The rate capability of
porous carbon electrodes was characterized by charge-dis-
charge cycling and complex capacitance anaysis.” "2

2. Experimental

2.1. Preparation and characterization

A mixture of resorcinol (R, Aldrich Chem. Co., 98%), form-
adehyde (F, Aldrich Chem. Co, 37%), and Na,CO; (as a cat-
alyst) (50:100:1 in molar ratio) was reacted at 50°C with
stirring. After a certain period of reaction (pre-curing), the
surfactant solution (molar ratio of CTAB:H,0 = 1 : 350) was
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added into the reactant mixture (molar ratio of R.CTAB =
7 1 1). The reaction mixture was then vigorously stirred for
additional 2 h and aged for a week at 85°C. The resulting
precipitate (RF/CTAB) was washed with de-ionized water to
remove the residual Na,COs, and dried in air at 85°C to
obtain the RF gels. The porous carbons were obtained after
carbonizing the gels at 700°C for 1 h under Ar atmosphere.

Morphology of the porous carbons was examined using a
field-emission scanning eectron microscopy (FE-SEM, JEOL
JSM-6700F). Surface area and pore size distribution (PSD)
were analyzed from the N, and Ar adsorption isotherms with
a gas adsorption analyzer (Micromeritics, ASAP 2020).

2.2. Characterization of RF carbon electrodes

To prepare the EDLC electrodes, a mixture of porous car-
bon, polytetrafluroethylene (PTFE as a polymeric binder) and
Ketjenblack ECP-600JD (as a carbon additive for conductivity
enhancement) was dispersed in iso-propyl alcohol and coated
on stainless steel Exmet that was used as the current collector.
The eectrode plate was dried at 120°C for 12 h and pressed
to enhance the inter-particle contact and to ensure a better
adhesion to the current collector. The electrochemical perfor-
mance of RF carbon electrodes was anayzed with a three-
electrode configuration in aqueous 2.0 M H,SO, €electrolyte.
A Pt flag and saturated Ag/AgCl was used as the counter
and reference electrode, respectively. Galvanostatic charge-
discharge voltage profiles were obtained at a current density
of 20mA cm AC impedance measurement was made over
the frequency range of 100 kHz -5 mHz (Zahner, im6e) with
an ac amplitude of 5 mV. Experimental data were processed
and analyzed with Zview 2 (Scribner Associates, Inc.) and
Mathcad 2000 Professional (MathSoft, Inc.) software.

3. Results and discussion

3.1. Preparation and characterization of RF carbons

The RF sol-gel polymerization is composed of two consec-
utive reactions: (i) The formation of hydroxymethyl deriva-
tives of resorcinol that are generated by formaldehyde addition
to the hydrogen-abstracted resorcinol and (ii) condensation of
the hydroxymethy! derivatives and cluster growth.’*?° The
former is base-catalyzed and the latter by acids. It is thus
very likely that the solution pH is a critical factor controlling
the reaction kinetics. The solution pH was monitored in the
course of RF polymerization in this work (Fig. 1). In the
norma RF polymerization without CTAB addition, the pH
decreases dightly from 7.3 to 5.7 until the gel is precipitated.
Interestingly, however, rapid pH drop is observed upon addi-
tion of CATB (the trace of RF00). It is aso found that the
solution pH drops to a lower vaue when a larger amount of
CTAB is added. This pH drop can be accounted for by the
electrostatic organic-organic interaction proposed by Nish-
iyama and his co-workers who conducted a similar RF poly-
merization in the presence of CTAB.? On the basis of x-ray
diffraction analysis, they proposed that the cationic heads of
CTAB combine with anionic functional group of RF clusters
by a lipophilic interaction. Here, the anionic functional group

is the oxygen anions generated from the phenolic or hydroxy-
methyl groups after releasing protons. Even if Nishiyama did
not explicitly mention the proton release, the solution pH
should be decreased if this lipophilic interaction is indeed
occurring.

The observation that CTAB addition during the course of
RF polymerization leads to a rapid pH drop alowed us to
develop an idea to control the size of RF gel particles. The
idea was to alow the base-catalyzed addition reaction for a
pre-determined period of time in advance (pre-cured), and
then enforce the acid-catalyzed condensation reaction by
adding CTAB. A simple expectation was that a larger number
of gel particles but of a smdler size can be obtained by extend-
ing the pre-curing time since the base-catalyzed addition
reaction is extended at higher pH (> 6.0) to generate a larger
number of hydroxymethyl derivatives that will eventualy be
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Fig. 1. Evolution of the solution pH in the course of normal RF
polymerization and upon CTAB addition after a pre-determined
period of pre-curing: RFOO; without pre-curing, RF30; 30 min pre-
curing, RF60; 60 min, and RF90; 90 min. Note a rapid pH drop
upon CTAB addition.

Fig. 2. FE-SEM images of RF carbons as a function of pre-during
time (a); RF00, (b); RF30, (c); RF60, and (d); RF90. Note that the
RF carbons carry a sphere shape, whose diameter steadily decreases
with an increasein the pre-curing time.
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condensed by acids generated upon CTAB addition. In Fig.
1, the evolution of solution pH is displayed, where it is seen
that the solution pH drops rapidly whenever CTAB is added.
In the inset, the pre-curing time is indicated as the numbers.

Fig. 2 shows the field-emission scanning electron micros-
copy (FE-SEM) images of RF carbons that were prepared
with a variation in the pre-curing time while the other vari-
ables being fixed. Note that the RF gel samples before car-
bonization show a similar morphology except for having a
dlightly larger sphere size, thus omitted. The most revealing
feature in Fig. 2 is that the size of carbon particles succes-
sively decreases with an increase in the pre-curing time,
which is what is expected. The particle diameter is around
150 nm for RFOO (without pre-curing), but decreases down
to 30 nm for RF90 (pre-cured for 90 min). Additional feature
found in Fig. 2 is that the individual carbon particle carries a
spherical shape and they are agglomerated to generate pores
a the interstitial sites (inter-particle pores). These carbons
also carry the pores inside carbon spheres (intra-particle
pores) as presented |ater.

By summarizing the experimental data presented above,
the role of surfactant molecules in this synthesis is identified
as follows™ : Firgt, the surfactant molecules act as a tem-
plate for the RF polymerization. That is, the CTAB molecules
form spherical micelles immediately after being added into
the reaction mixture, into which the hydroxymethyl deriva-
tives that are generated during the pre-curing and monomers
move and then grow as sphere-shaped gel particles, which
are further three-dimensionally connected via a cross-linking
reaction. As a result, interstitial sites are generated that even-
tually become the inter-particle pores. Second, the surfactant
molecules that are adsorbed on the inter-particle pore walls
lower the surface tension at the pore water-gel interface so as
to minimize the pore collapse during the drying step, giving
rise to a stable inter-particle pore structure. Finaly, some of
CTAB molecules likely penetrate into the core region of
CTAB micelles and lipophilically interact with the gel clus-
ters to produce protons.

Fig. 3 shows the pore size distribution calculated by the
BJH (Barrett-Joyner-Halenda) method from the adsorption
branch of nitrogen isotherms. Upon considering that the pore
size is in the range of a few tens to a few hundreds nanom-
eters and the pores become narrower with an increase in the
pre-curing time, we can reach a conclusion that these pores
are developed at the interstitial sites made by the carbon
spheres (inter-particle pores). In the inset, the pore size distri-
bution calculated by the HK (Horvath-Kawazoe) method
from the adsorption branch of argon isotherms is pro-
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Fig. 3. Pore size distribution (PSD) that was calculated by the BJH
method from the nitrogen adsorption isotherms. The PSD derived
from the argon adsor ption isotherms is provided in the inset. Note
that the diameter of inter-particle pores decreases with an increase
in the pre-curing time, whereas the diameter of intra-particle pores
islargely the samefor four RF carbons.

vided. 2% A very similar pore size distribution was observed
in the range of 0.5-2.0 nm regardless of the carbon samples.
The much smaller diameter (<2 nm) for these pores than
that for the inter-particle pores and absence of these pores in
the gel samples illustrate that they are generated inside the
RF gel spheres as a result of gasification in the carbonization
process (intra-particle pores).

Table 1 ligts the total surface area (Sy) and total pore vol-
ume (Vi) that were obtained by using the BET (Brunauer-
Emmett-Teller) method. The volume (Vyic) and surface area
(Smic) relevant to micropores (<2 nm) that were obtained
from the t-plot method are aso listed.Z? Note that the Seq
denotes the surface area exposed on the inter-particle pores (>
2.0 nm). The most informative feature here is that the contri-
bution of S is dominant for the total surface area (Sq),
ensuring that the EDLC performance of these carbons is
determined by the intra-particle pores. In addition, the insig-
nificant difference in the V. values between the samples sup-
ports that the micropores are developed inside carbon spheres.
The larger difference in the values of total surface area (Sq)
and total pore volume (Vy) between the samples can then be
ascribed to a contribution from the inter-particle pores.

3.2. Rate capability of RF carbon EDL C electrodes

When account is taken of the similar pore diameter for
intra-particle pores between the samples (the inset in Fig. 3),
it is seemingly that ion penetration into the intra-particle

Table 1. Surface area and pore volume of RF carbons as afunction of pre-curing timein the RF polymerization step

Se/m’g VilImP g™t SIm’g? Sricolem®g ! Vmclem’g™?
RFO0 472 0.40 ) 382 0.18
RF30 515 0.47 103 412 0.19
RF60 592 0.65 185 407 0.19
RF90 657 0.92 231 426 0.20
20btained from BET method.

P Obtained from t-plot method.
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Fig. 4. Galvanostatic charge-discharge voltage profiles recorded
with the RF carbon electrodes. Note the voltage drop at the very

earlier period of charge-discharge switching, which reflects the
magnitude of equivalent seriesresistance (ESR).

pores becomes more facilitated for the RF carbons pre-cured
for longer period of time because the pore length is shorter
with a decrease in carbon sphere size. With this in mind, the
rate capability of EDLC electrodes fabricated with the RF
carbons was studied. Fig. 4 provides the galvanostatic charge-
discharge voltage profiles for four different RF carbon elec-
trodes, where the downward profiles correspond to charging
(charge storage) and the upward ones to discharging (charge
removal from the electrodes). It is apparent in Fig. 4 that the
voltage drop at the very earlier period of charge-discharge
switching becomes smaller with an increase in the pre-curing
time (i.e., with a decrease in the carbon sphere size). Table 2
lists the ohmic resistance values that were calculated from
the voltage drops. This ohmic voltage drop certainly reflects
the ESR in these cells, which is the summation of electrode
resistance (Ryecroae), bUlk €lectrolyte resistance (Ryectrolyte) 8Nd
electrolyte resistance within pores (Ryore). Note that Reecrode
was very small and largely the same for the electrodes (ca. 7
<1072 Qg) in this work and Raectralyte Should be comparable
to each other becasue the same cell configuration was used.
It is thus very likely that Ry is the dominant and meaning-
ful variable to affect the magnitude of overall ESR. Note that
severa previous reports have aready demonstrated that the
resistance relevant to ion penetration into intra-particle pores
is the dominant factor determining the overal ohmic resis-
tance.>"?¢2) Gijven that the surface area exposed on the
intra-particle pores is dominant (Table 1), such that the EDLC
performance is predominantly determined by the pore struc-
ture of intra-particle pores, the smaller ohmic resistance
observed with the carbons pre-cured for longer period of
time can be ascribed to the shorter pore length in smaller
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Fig. 5. Imaginary capacitance plots derived from the ac impedance
data. Note the successive increase in the peak frequency with an
increase in the pre-curing timein the RF polymerization step, which
indicates a progressve decrease in the RC time contant and
enhanced rate capability.

carbon spheres. The capacitance vaues calculated from the
inverse of slopes in Fig. 4 are aso listed in Table 2. Obvi-
ously, the capacitance increases with an increase in the sur-
face area of RF carbons. The RC time contants that were
derived by a multiplication of ESR and capacitance are also
listed in Table 2. The values steadily decrease with an increase
in the pre-curing time, indicative of a better rate capability
with a decrease in the carbon sphere size in this series of
porous carbons.

In the previous reports, we demonstrated the usefulness of
complex capacitance analysis for the assessment of EDLC
parameters.” 112 |n this analysis, experimentally obtained
impedance data are converted to complex capacitance and
the imaginary part of complex capacitance is plotted as a
function of frequency on a semi-logarithmic scale (imaginary
capacitance plots, Ci,, vs. log f). The advantageous feature of
this analysis over the conventional Nyquist plot (Rm VS. Re)
is that the capacitive component appears as a peak and the
peak frequency (fy) in imaginary capacitance plots has the
following inverse rdationship with time congtant (t = RC)"™2 :

_ 0.404
= 222

fo

Fig. 5 compares the imaginary capacitance plots derived
from four RF carbon eectrodes, where it seen that the capaci-
tive peaks appear whose peak frequency gradually shifts
toward the high frequency direction with an increase in the
pre-curing time. The RC time constants derived from the
above equation after locating the pesk frequencies (f,) in Fig.
5 were listed in Table 2. The vaues derived from two different
experiments are fairly matched to each other within experi-

Table 2. Equivalent series resistance (ESR), capacitance and RC time constants that were obtained from the galvanostatic charge-discharge

voltage profilesshown in Fig. 4

RF00 RF30 RF60 RF90
ESR/Qg (8.8 £ 0.2) x 107 (6.6 £ 0.2) x 1072 (39 £ 0.3) X 1072 (29 + 0.1) X 102
Capacitance/Fg™* 933 + 1.4 990 + 27 11 + 21 122 + 0.9
Time constant Vs 82+ 03 65+ 05 43+ 06 36+ 01
(84 + 0.8) (55 + 0.5) (36 + 0.3) (24 + 0.2)

2 The values obtained from the imaginary capacitance plots (Fig. 5) are listed in the parentheses.
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mental errors. Again, the smaller RC time constant (better
rate capability) for the electrodes fabricated with smaller car-
bon spheres must be resulted from the smaller ESR, which is
indebted to a facilitated ion penetration into shorter pores.

4, Conclusion

In this report, the preparation of spherical porous carbons
and their rate capabiltiy as the EDLC electrodes were exam-
ined. The following points are sumarized:

(i) A series of spherical porous carbons that differ in the
sphere size but are similar in the pore diameter were prepared.
The carbon sphere size was controlled by changing the pre-
curing time, which was possible by enforcing the acid-cata
lyzed condensation reaction by CTAB introduction after a
pre-determined period of base-catalyzed addition reaction in
the RF polymerization step. Similarity in the pore diameter
of intra-particle pores was resulted from gasification inside
the RF gdls during the carbonization period. The sphere size,
thus the pore length, steadily decreases with an increase in
the pre-curing time.

(i) The surfactant molecules play, in addition to the proton
release by an eectrostatic lipophilic interaction with RF clus-
ters, important roles in this preparation. They form spherical
micelles in water and act as a template for RF polymeriza
tion to produce the RF gels of a sphere shape, and minimize
the pore collapse during drying step by lowering the surface
tension at the pore water/gel interface.

(iii) The pore-length-dependent rate capability was demon-
strated on the galvanostatic charge-discharge voltage profiles
and imaginary capacitance plots. Two experimental results
consistently illustrate that the rate capability becomes better
with a decrease in the pore length, which is certainly
indebted to facilitated ionic motions inside shorter pores.
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