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Electrochemical Properties of Single-Wall Carbon
Nanotube Electrodes

Joseph N. Barisci®*? Gordon G. Wallace? Debijit Chattopadhyay,”
Fotios Papadimitrakopoulos® and Ray H. Baughmarf
aDepartment of Chemistry, University of Wollongong, New South Wales 2522, Australia

PDepartment of Chemistry, University of Connecticut, Storrs, Connecticut 06269, USA
“Nano Tech Institute, The University of Texas at Dallas, Richardson, Texas 75083-0688, USA

The electrochemical properties of single-wall carbon nanof@eT) electrodes in the form of sheets or papers have been
examined. Thermal annealing has produced significant changes in a range of properties of the material including increased
hydrophobicity and elimination of electroactive surface functional groups and other impurities. As a result of these changes, the
treated electrodes exhibit lower double-layer capacitance, absence of faradaic responses and associated pseudocapacitance, and a
better frequency response. The basic electrochemical behavior of the CNT paper electrodes is not markedly affected by relatively
large differences in electrolyte ion size, consistent with an average pore size of 9 nm. Increases in both CNT sheet thickness and
surface area induce a slower electrode response in agreement with the porous nature of the electrode matrix.

© 2003 The Electrochemical Society.DOI: 10.1149/1.159304All rights reserved.

Manuscript submitted September 25, 2002; revised manuscript received March 5, 2003. Available electronically July 10, 2003.

The exciting scientific and technological possibilities offered by ton, Texas The material consists of hexagonally packed bundles of
carbon nanotube@CNT9) are the focus of significant research ef- nanotubes 1.2-1.4 nm diam. Each bundle consists of about 30-100
forts. The growing literature on the subject, summarized and re-nanotubes, with average diam 50-140 nm and lengths in the mi-
viewed in recent publications® is now providing new insights into  crometer scalé®
the fundamental properties of CNTs while pointing to some practical ) )
applications. Many of these applications are electrochemical in na- nStrumentation—A conventional three-electrode cell was used
ture because CNTs possess many of the properties that have ma&ér all electrochemical experiments. The working eIe(_:trode was a
carbon electrodes so useful in the past. However, the special strud2iece (~0.3 cnf) of CNT paper attached to a short piece of thin
ture of CNTs suggests that other, new interesting properties ar®latinum wire, the reference electrode was Ag/AgEM NaCl) for
likely to be of use to scientists and technologists in general, not jus@queous media and Ag/Ag(0.01 M AgCIQ,/0.1 M tetrabutylam-
to electrochemists. monium perchlorate/acetonitrjléor nonaqueous solutions, and the

The electrochemical applications of CNT include capacitdrs, auxiliary electrode consisted of a piece of CNT paper several times
batterie® and electromechanical actuatd?s! Our interest stems  larger than the working electrode. The potentiostat for cyclic volta-
from the ability of single-wall CNTs to undergo dimensional mmetry (CV) and chronoamperometry consisted of PAR 174/175
changegexpand and contracupon the application of appropriate  modules. A MacLab 4€ADInstrument$ interface operated by Chart
potentials. Using a suitable device configuration, these volumesoftware(ADInstrument and a Macintosh computer were used to
changes can be used to do mechanical work. Electromechanical agiive the potentiostat and to record its output. Electrochemical im-
tuation by CNT electrodes, fabricated in a form described as matspedance data were obtained with an EG&G basic electrochemical
sheets, or papers, has been demonstrated in primitive dédites. system potentiostat operated by PowerSuite softW@&G) and
However, improvements are needed if practical devices are to b@n Optima computer. Equivalent electrical circuit analysis was per-
made possible. The areas to be improved are many, but, from théormed with EQUIVCRT.PAS software by B. Boukamp based on a
electrochemical point of view, some parameters are clearly morenonlinear least-squares fit program and supplied by EG&G.
important, and they are the subject of our attention. The surface area of the CNT papers was measured by the stan-

Initial work on electromechanical actuators used untreated CNTdard Brunauer, Emmett and Teller meth@ET) using a Quanta
paper electrode’ Because this unannealed nanotube paper containChrome NOVA 1000 adsorption isotherm machine. The technique
redox active impuritiegresulting from acid treatments used to re- involves adsorption of nitrogen gas by the substrate which is main-
move forms of carbon other than the nanotypas now typically tained at liquid nitrogen temperature. Before starting the actual phy-
thermally anneal acid-treated nanotube paper before use in actuaisorption, all the samples were degassed under vacuum at 200°C
tors. In previous reports *>we described some of the fundamental for 2 h to eliminate most of the physisorbed gases.
electrochemical properties of mainly unannealed single-wall CNT  Porosimetry analysis was performed in a TriStar 3000 analyzer
electrodes. Here, we report new studies that focus on annealed CN{Micromeritics using nitrogen at 77 K. The pore size distribution
paper and its characterization, which in this case has included eleawvas extracted from adsorption isotherms.
trochemical impedance spectroscofi1S). As in previous work, Contact angle measurements were performed using a Rame-Hart
factors particularly important for electromechanical actuators haveGoniometer(model 100-00-116 equipped with an environmental
received special attention. They include capacitance and the abilitghamber. Typically, a drop of deionized water or aqueous electrolyte
to store charge, charging rate and frequency response, effect of thefvas placed on the surface of the CNT sample to determine the
mal treatment, effect of electrode thickness and surface area, an@etting characteristics.

effect of electrolyte nature and concentration. o )
Procedures—The fabrication of the CNT paper has been previ-

ously described®*81t involved vacuum filtration of the single-wall
CNT suspension on a membrane filter, washing with water and
Chemicals and materials-All aqueous solutions were prepared methanol, air drying, and removal of the formed film from the filter.
using Milli-Q deionized water. Single-wall CNTs dispersed in water The CNT papers were subsequently vacuum dried at 80-120°C for
or toluene were obtained from Tubes@R{&éce University Hous- 24 h.
All CNT paper electrodes were cycled in the electrolyte between
+0.8 V vs.Ag/AgCl or +1.0 V vs. Ag/Ag™* for five cycles at 50
* Electrochemical Society Active Member. mV/s before any measurements were made. Solutions were not
2 E-mail: nbarisci@uow.edu.au deoxygenated unless otherwise indicated.

Experimental
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Table I. Physical and electrochemical data for CNT papers. 204

Thickness Density Capacitand® Capacitanc® R,C®
(A2 (A)? (U (A)? (A)?
Sample (um) (g/cnt) (Flg) (Flg) (m9

Thin 22.5 0.30 30.4 12.7 23
Medium 29.0 0.35 29.5 13.8 26
Thick 36.5 0.41 35.9 13.9 35

aA: annealed, U: unannealed.

b Capacitance at 0.0 \hil M NaCl measured using CV.

¢Time constant at 0.0 Vhi 1 M NaCl neasured using chronoamper-
ometry.

-im  Z/Ohm
>
1

Annealing of the CNT paper was carried out under argon gas
using the following temperature program: 20-120°C at 20°C/min,
120°C for 2 h, 120-300°C at 1°C/min, 300°C for 2 h, 300-600°C at
5°C/min, 600-1050°C at 10°C/min, 1050°C for 1 h, cool to room
temperature overnight.

Results and Discussion Re Z/Ohm

Effect of annealing—Thermal treatment of the CNT paper in (@)
inert atmosphere produced a significant loss of mdsble ),
around 40%, in conjunction with a 26% decrease in sheet thickness,
resulting in a lower density material. The bulk of the mass change is
attributed to the volatilization of impurities resulting from acid-
based removal of carbon contaminants, as well as from the surfac-
tant added to disperse the CNT. However, the loss of some CNT is 124
also probablé:® Unless otherwise indicated, the results presented
refer to annealed CNT samples.

CV.—As described previoush#'®annealing removed the broad re-
dox responses observed in cyclic voltammograms of CNT paper in
aqueous solutions. Capacitance measurements carried out on this
occasion on the same samples, before and after annealing, revealed
that the unannealed sample had values 2-3 times |@fgdie ).

Two major factors may explain the observed differences. The
first is related to the functional groups, such as carboxylic acid and
quinone, which are attached to the surface of the CNT paper and 4
give rise to a pseudocapacitariéé® Elimination of these groups by
heat-treatment removes this faradaic contribution. 2

A second factor, related to the annealing, is the increase in hy-
drophobicity of the CNT paper after treatment. The contact angle
measured for unannealed CNT paperl M NaCl solution was T T T T
around 75°; whereas, upon annealing it was between 90-100°. The ° 5 10 15 20
greater hydrophobicity results in decreased wetting of the CNT pa- Re z/Ohm
per and hampers electrolyte penetration into the pores, thus lowering
the capacitance. ‘ (b)

Finally, in the unannealed samples, the CNTs are open and. .
loosely pyacked, while it is knovx}ﬁ'”tﬁat annealing increasesp crys- dgfgé‘{ﬁ, dlésNa%qglgt\AgilitT\Af?\lra(é)l annealed andb) unannealed CNT paper
tallinity, allows the CNTs in the bundles to pack better, heals defects ' '
and closes the tubes ends, which were opened during the oxidative
purification of the CNT, all of which could hinder wetting of the

bundles. nealed electrode, the electrical equivalent circuit of Fig. 2a was
EIS—The complex plane impedance plots of annealed CNT papeIused. This is a classical circuit where the double-layer cap_acitance
electrodes have the general features expected for a poroud@S been replaced by a constant-phase elef@) that describes
electrode’®1® Two distinct domains are observed, a high-medium € frequency dispersion of the response. The CPE conslits of a
frequency domain with a characteristic linear portion approaching afansmission line and an impedance given Dy= [Q(jw)"]™",

45° angle, and a low frequency region represented by an almoswherej = =1, Qis a constant combining the resistance and ca-
vertical straight line where the penetration depth of the ac signalpacitance properties of the electrode, antikes values between 0
approaches the pore depth and the electrode starts to behave likeg@d 1. Variations of the equivalent circuit of Fig. 2a were tested, but
flat surface(Fig. 19. At the inflection point exhibited by the Nyquist the best agreement with the experimental data was only observed
plot, the frequency is about 250 Hz. At frequencies above 100 Hzwhen the proposed model was appligdg. 38. Even here curve

the impedance becomes increasingly resistive, while the value of thétting in the high frequency region was not optimum, but the exer-
capacitance drops to a small fraction of its low frequency level, ascise still provided an indication of the basic electrode behavior. The

shown later. value ofn was in most cases around 0.95, indicating that the CPE
To further understand the basic electrochemical behavior of thds essentially capacitive, considering timat= 1 for an ideal capaci-
CNT electrodes, some limited modeling was attempted. For the antor.

-lm 2Z/Ohm
-
1
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Figure 2. Equivalent circuits for(a) annealed angb) unannealed CNT pa- Re 2/0Ohm

per electrodesR; : resistance composed of solution resistariRg é&nd elec-

trode resistance R,), R,: charge-transfer resistance across electrode/

solution interface, CPE constant-phase element representing interfacial (a)
capacitance, CRE constant-phase element representing pseudocapacitance

from surface functional groups. 50

The capacitance values for the annealed CNT paper obtained
from the impedance data correlated well with those obtained from 40
CV, although the latter were slightly higher by around 10%. This is
consistent with slow current components accessible by CV. In a
porous electrode, the measured capacitance always has some scan

rate or frequency dependence, which can be very strong in the case & 304
of diffusion/migration, concentration gradients, or charging of deep g
pores.

Consistent with the porous nature of the electrode, a capacitance & 20

dispersion is observe(Fig. 4), which is much stronger than that
observed for the smoother basal plane of grapliithen the fre-
guency decreases, the capacitance tends to increase but reaches ar
almost constant value at low frequencies, below 5-10 Hz, depending 10+
on the sample. Above this frequency range, only part of the total

length of the pores charges, and, as a consequence, the capacitance
appears lower than the low frequency capacitance.

Unannealed CNT electrodesWhen the previous results are com-
pared with those for the unannealed material, some differences are
apparent. The Nyquist plot for the unannealed CNT pdp&y. 1b
suggests the presence of an underlying semicircle in the high-
medium frequency region, which can be explained by the pseudoca- (b)
pacitance associated with the surface-bound functional groups re-
sponsible for _the responses observed in t_he cyc||(_: vo_ltammogram_qIigure 3. Nyquist plots for(a) annealed andb) unannealed CNT paper
Because of this additional feature, the equivalent circuit needed to figjectrodes at 0.0 Vhi1 M NaClshowing experimental datsolid line) and
the experimental results had to include an additional capacitive elesimulated curvesdotted ling obtained from the equivalent circuitSig. 2).
ment in the form of a CPE representing the described pseudocapaci-
tance(Fig. 2b and 3hb

The different natures of the annealed and unannealed materials

were also evident, first, in the Bode phase-angle fiiot shown

where the maximum phase angle for the unannealed electrode apl€re entirely electrostatic in origitt:?> Measurements of pzc were
peared at lower frequencies, and second, in a stronger frequenc§@rTied outin both aqueous and nonaqueous deoxygenated solutions

dependence of the capacitand&g. 4). These results can be ex- by locating the potential at which the capacitance was minimum. In
plained by the pseudocapacitance and by the greater penetration §fU€oUs solutiof0.005 M sodium chloridethe pzc was around 0.0
the signal, due to the better wettability, exhibited by the unannealed” (vs.Ag/AgCl), whereas in acetonitrile mediu(.005 M tetrabu-
electrode. The combination of these factors leads to a stronger frelylammonium hexafluorophosphate, TBAHFfRe pzc was around

quency dependence of the signal for the unannealed CNT paper. 0.0 V (vs.Ag/Ag®). These values are very close to those reported
for the basal plane of graphit&?23 particularly for nonaqueous so-

Effect of applied potential.—Potential of zero charge lutions. The possible presence of residual surface oxide groups may
(pzc)—Determination of the pzc is important for carbon-based elec-be responsible for the slightly more positive valisy 0.15 \) ob-
tromechanical actuators as its value indicates the potential at whiclained in aqueous solutions with respect to that observed for graph-
the electrode volume would be minimum if dimensional changesite. However, the pzc for the unannealed material in

20 25 30
Re Z/Ohm
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. ) . Figure 6. ResistanceR;) as a function of applied potential for an annealed
Figure 4. Capacitance as function of frequency for CNT paper electrodes,cNT paper electrode, measured by EiSliM NaCl.
measured by EIS at 0.0 \hil M NaCl. Gapacitance was normalized with
respect to the maximum capacitance value.

tions where a narrower potential range was used to avoid back-

sodium chloride solution was up to 0.4 V more anodic, most likely ground solution reactions. As proposed for grapfit€’, the mini-

due to the large presence of the surface oxygen-containing funcmum in the capacitance-potential curve at high electrolyte
tional groups. concentrations is possibly due to the presence of a space-charge

] o ) . region within the CNT electrode, suggesting a material with semi-
Capacitance—Variation of the CNT paper capacitance over a wide conducting properties. The usual CNT material consists of a mixture
range of applied potential§=2 V) was investigated in 0.1 M of metallic and semiconducting CNTSAs a result of a low density
TBAHFP in acetonitrile using EIS. The curve obtained has a para-of electronic states near the Fermi level, a space-charge region exists
bolic shape with its minimum in the vicinity of the pzEig. 5 and  in the solid. The absence of a sharp minimum in the capacitance-
is similar to that reported for graphif8?* albeit with a broader  potential curve may be at least partly accounted by the surface het-
minimum. The same type of curve was obtained in aqueous solugrogeneity of the porous CNT sheet. However, other factors such as

the different nature of the space-charge layer in graphite and CNT
may also play a role.

50
Resistance—Changing the applied potential produces a change,

about 40% in the range-0.5 to 1.0 V, in the measured high fre-
guency resistanceR;), which is considered to include an electrode
40 resistance R,) component(Fig. 2). The curve relatindR; and the
applied potential shows a maximum near the (fzg. 6). This be-
havior is observed in both aqueous and nonaqueous solutions, and it
always exhibits a clear hysteresis. A dependence of resistance on
30 potential has been observed for graphite and other carbon
materials®*?% and a possible explanation for this phenomenon has
been suggested:?®
The proposed model considers the carbon material as a semicon-
20 ductor with a narrow bandgap and assumes a potential-dependent
electronic conductivity, which is related to the population of both
positive and negative charge carriers. At the potential of minimum
L4 conductivity, both types of carriers are present at their minimum
10— () concentrations. In addition, recent spectroscopic stétie@ssingle-
wall CNTs have shown that it is possible to electrochemically tune
the electronic properties of the CNT, as a result of which maximum
electronic resistance is observed aroun@.3 V (vs. Ag/Ag™), in
0 T T T T agreement with our results. The suggested origin for these observa-
.2 -1 0 1 2 tions is the change in the number of free carriers resulting from
electron depletion or filling of specific energy bands of the CNT as
E/V the Fermi level is shifted. It is also suggested that, associated with
the electronic charging-discharging of the electrode, there is interca-
Figure 5. Capacitance as a function of applied potential for an annealedlation of electrolyte ions in the CNT films that act as dopants. This
CNT paper electrode, measured by EIS in 0.1 M TBAHFP/acetonitrile. interpretation may explain the hysteresis observed in the resistance

CIF g1
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Figure 7. Nyquist plots for an annealed CNT paper electrode, obtained at & Dex
0.0 V in NaCl solutions of different concentrations. a 20-
0- T T T T T
change, as the intercalation processes probably only reach comple -1 0 | :/H 2 8
og z

tion on a relatively slow time scafé.
As a result of the effect of applied potential on electrode resis-
tance and capacitance, the time const&Q) for electrode charg- b)

ing is also dependent on the potential. Although the potential ha§:igure 8. (3 Bode amplitude andb) Bode phase-angle plots for an an-

opposite effects on the variation & and C, the effect onC is  Lea1ed CNT paper electrode, obtained at 0.0 V in different electrolyte
stronger. Consequently, the time constant goes through a minimurgg)ytions.

(e.g, ~100 ms in 0.1 M TBAHFP/acetonitrijearound the pzc and
reaches values up to three times larger at applied potentiatd &
V vs. pzc. This would have implications where fast charging and

strain rates are important. As was the case for unannealed CNT electrodes examined in

electrolytes containing different anions and catibh& the cyclic
Effect of electrolyte nature and concentration.—Electrolyte voltammograms obtained fpr annealed electro.des were similar in all
concentration—The influence of electrolyte concentration on the electrolyte solutions. The difference observed in the capacitance val-
CNT paper electrochemical behavior was investigated using Naches for the smaller anions (GNO; ,SC;”) was not significant.
solutions with concentrations between 0.01 and 5.0 M. The capacifor the other ions, the maximum difference was a 25% higher ca-
tance increased by 60% and the resistance decreased about 60 tineacitance for PTS in relation to Cl possibly due to some specific
with increasing concentration within the range investigated. Thisadsorptiort® Impedance datéFig. 8 indicated that within a rela-
resulted in an exponential decrease of the time consRy€). tively narrow range, the response of the CNT paper in PSS departed
Impedance data showed that the frequency response depend®ost from the average behavior, probably due to the increased re-
greatly on the electrolyte concentration through the correspondingpistance of this solution, 3-5 times higher than those of the other
solution resistivities and by the need for the signal to penetrate intcsolutions.
the electrode subsurface pores. These results are interesting considering that the molecular
The plots in Fig. 7 illustrate how the ac response at the porousweights of PSS and Dex are more than three orders of magnitude
electrode becomes attenuated with increasing dilution of the invad!arger that those of the other ions. These results agree with previous
ing electrolyte. The decrease in the slope and increase in the |engmbservation§,3'15 suggesting that the pores of the CNT paper are
of the 45° region of the Nyquist plot associated with decreasingrelatively large and able to accommodate ions with a wide range of
electrolyte concentration are consistent with an increase in electrodgizes without significant detriment to electrode performance.
pore resistanc&?’ In dilute electrolyte solutions, the pore resis-
tance becomes more significant and modifies the electrode respon
Only at 1 M NaCldoes the impedance response closely approac
the expected behavior. In agreement with these effects, the capac
tance dispersion is greater at the lower electrolyte concentrations.

I(Ealectrolyte solvent—Cyclic voltammograms showed that in a
ELi*-containing nonaqueous electrolyte solution a large reduction re-
sponse occurred which was not observed in other solutions. This
ehavior, attributed to the insertion ofLin the interstitial spaces
) i between nanotubes inside the bundles, was also observed previously
E|eCtr0|yte type—The |nﬂuence Of electrolyte anion on the e|eCtI’O- for unannealed Samplé%’_lS However, in that case, the response
chemical properties of the CNT paper was studied using agueougppeared at a potential 0.2 V more anodic, suggesting that interca-
solutions of Na salts. These salts were selected to provide anionsjation in annealed samples is more difficult. Increased lithium inter-
with diverse chemical properties, sizes, and electrical charges. Thealation has been associated with structural disorder and defects in
electrolyte solutions investigated contained 0.1 M,@.1 M NG5, CNT ropes!’ The capacitance of annealed CNT paper in 0.1 M
0.1 M SG~, 0.1 Mp-toluene sulfonatéPTS, 0.1 mM polystyrene  LiCIO /acetonitrile was about 20% larger than in 0.1 M TBAHFP/
sulfonate(PSS, and 4% w/v dextran sulfonat®ex). acetonitrile and more than double that in aqueous 0.1 M LiCIO
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30 Assuming that the BET and electroactive surface areas are the
same, the areal capacitance for the CNT papers evaluated is around
5 wF/cn?, similar to the values reported for the basal plane of graph-
ite measured under very well-controlled conditiGAsdowever, if

this assumption is not true, as Fig. 9 and porosity data presented
below suggest, then the areal capacitance of the CNT paper must be
higher than 5uF/cnt, perhaps as high as 10F/cn?. This would not

254 be unreasonable on two accounts. First, values higher thafidm

have often been reported for the basal plane of graphiecond,

for the CNT papers investigated, the surface structure is not as or-
dered and inert, and the purity not as high, as those encountered in
the basal plane of graphite.

Pore size distribution was investigated for both annealed and
unannealed CNT sheets prepared from aqueous dispersions. Pores
are usually classified into three groups according to their size:
microporeg <2 nm), mesopore$2-5 nm and macropore§>5 nm).

The total surface area is also divided into two parts, the micropore
area and the external area, which includes the area from mesopores
and macropores.

A first important result is that the average pore size for both

15 T T T annealed and unannealed CNT sheets is around @ahte Il). This

250 300 350 400 450 relatively large value is consistent with our observatior_1 that the
nature of the electrolyte does not markedly affect the basic response

of the CNT electrodes, even when a wide range of ion sizes is

A/m2 g- 1 involved. As established by many porosity studies of carbon

materials>?>3* pores larger than 0.5 nm are able to accommodate

Figure 9. Capacitanc€0.0 V, 1 M NaC) as a function of BET surface area Most common electrolyte ions. Although the CNT electrode contains
for annealed CNT papers. a sizable fraction of micropore area that may not be accessible to the
largest ions, a proportion of the micropores could still be penetrated
by small ions and thus contribute to the double-layer capacitance at

suggesting that in an aprotic medium*Linteracts much more low charging rates, assuming the pores are wetted.

strongly with the CNT than any of the other ions investigated. A significant consequence of the thermal treatment of samples is
an increase in surface area of the order of 40%, originating mainly

Effect of electrode thickness, surface area, and porosityin the external surface aré@able Il). The relative contribution of
Thickness—The capacitance and the charging time constRaC{ mesopores and macropores to the external surface area also changes,
of CNT electrodes increase with increasing thickness of the CNTshowing a shift towards a greater proportion of mesopore area, per-
paper(Table ). This means that in thicker electrodes more charge haps as a result of tighter packing of the nanotubes and bundles. The
can be stored or extracted, but at a lower rate. The trend observedecrease in CNT electrode capacitance and the increase in surface
can be mainly explained by the increasing surface area of the elecarea introduced by the annealing treatment suggest that the greater
trode that accompanies the growing thickness. At the thicknessegapacitance values associated with the unannealed samples are pri-
investigated, diffusion-controlled charging was not evident, perhapsmarily due to the presence of electroactive impurities and surface
again due to the relatively open structure of the porous materialfunctional groups. Clearly, the gain in capacitance due to increased
However, the effect of increased thickness is clearly shown in thesurface area obtained upon annealing does not compensate the de-
shift of the maximum in Bode phase-angle curyast shown to- crease arising from the loss of carbonaceous material and pseudoca-
wards lower frequencies, reflecting greater difficulty for the elec- pacitance.
trode to respond to the ac signal.

Surface area and porosity-Sheets were prepared using varying
amounts of CNT material to produce electrodes with increasing The electrochemical properties of porous CNTs electrodes in the
thickness, mass, and surface area. The capacitance of the samplesfarm of sheets or papers have been further examined, particularly in
both 1 M NaCl and 0.1 M TBAIFP/acetonitrile was measured using terms of their frequency response. Thermal annealing has produced
EIS. significant changes in a range of properties of the material, including
The correlation between the capacitance and surface area iscreased hydrophobicity and elimination of electroactive surface
shown in Fig. 9. On a mass basis, as the BET surface area increasdsnctional groups and other impurities. As a result of these changes,
the electroactive surface area, of which the capacitance could bée treated electrodes exhibit lower interfacial capacitance, absence
considered a measure, decreases. This is probably due to the solaf faradaic responses and associated pseudocapacitance, and a better
tion having increasing difficulty reaching the inner areas of the CNT frequency response.
paper as the thickness increases. Even for solution-flooded pores, a The potential of zero charge and the capacitance dependence on
decrease in the penetration of the time-dependent electrical signdfequency were similar to those described for the basal plane of
can be expected as the pores become deeper with increasing thiclgraphite, with some differences due in part to the inhomogeneous
ness. nature of the CNT paper surface. This behavior, as well as the varia-
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Table 1. Porosimetry data for CNT samples.

Micropore External Mesopore Macropore Average
Total area area area area area pore size

Sample (m?g) (m?g) (mPlg) (%) (%) (nm)
Unannealed 173.2 107.2 66.1 10 87 8.7

Annealed 247.2 114.9 132.3 25 72 8.8
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tion of electrode resistance with applied potential, has been attrib11.

uted to the semiconducting nature of certain types of CNTSs.
The basic electrochemical behavior of the CNT paper electrodes,

of the electrolyte. Analysis of pore size distribution indicates that the

CNT sheets exhibit an average pore size of 9 nm, consistent with thé4.

ability to charge at relatively fast rates and the possibility to operate
in electrolytes containing bulky ions without significant loss of per-
formance.

Increase in both CNT sheet thickness and surface area induce a
slower electrode response as the electrolyte and the electrical signal

find increasing difficulty in penetrating the pores of the electrode 17

18.
19.

matrix.
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