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Abstract

The carbon nanotubes (CNT) show promising electrochemical characteristics particularly for electrochemical energy storage. The
electrochemical double-layer (ECDL) capacitor is a new type of capacitor with features intermediate between those of a battery and a
conventional capacitor. ECDL capacitors have been made using various types of CNT and activated carbon (a-C) as electrode material.
The specific capacitance per surface area of the electrodes depends on the thickness and the specific surface area of the active material. Tt
CNT electrodes show a specific capacitance from 0.8 and 280 mFanu 8 to 16 F cm?, respectively. Increasing the mass density also
helps to increase the capacitance. Commercially available activated carbon (a-C) electrodes were also tested in order to study their specific
capacitance as a function of their physical properties. The various a-C electrodes have specific capacitance per surface area ranging frorr
0.4 to 3.1 F cm? and an average specific capacitance per volume of 408 due to their larger mass density.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction two electrodes. The amount of electrical energy (Whig

stored in the polarised dielectric mater{d] is given by
There have been considerable efforts to develop newEgq. (2)

methods of efficient energy storage. This application re-

quires a high specific power from approximately 1-10 kW W= }CU2 B

kg~! [1], and a specific energy density of 0.5-10 Whkg 2 Mact

[2]. The most common storage system of electrical energy . _ _

is the battery. However, the cycle life and power (below WhereU is the working voltage anths is the amount of
100 W kg™1) [1] limit the use of batteries for many mobile active material. Conventional capacitors have the advantage
applications. Batteries are useful for storage over long-time Of high working voltage. However, their specific energy ca-
application (>100's), while conventional capacitg8g are  pacity is limited by the breakdown field (¥m~?) of their
useful for short-time storage<Q0.01 s). Conventional capac- dielectric material. Overall, conventional capacitors do not
itors provide a high power (>103kWkg) and a long cycle ~ have a large enough energy storage capacity for applica-

life, but with a small energy density (about 70 mWHRy tions where significant energy is needed. The electrochem-
[1]. The capacitanc&€ of the conventional capacitors is ical double-layer capacitor (ECDL}] has been developed
given byEq. (1) for these cases which need a large energy density (Whkg

ee A high power density (W kg') and long cycle life (>100,000).
c="=2 ; E (1)  The ECDL capacitor is a new type of capacitor offering new

features intermediate those of a battery and a conventional
whereAg is the geometric surface area of the electrade,  capacitor[2].
the permittivity of the vacuumg, the relative permittivity The ECDL capacitor consists of two electrodes that are
of the dielectric material and is the distance between the immersed in an electrolyte with a separator between them
(Fig. 1, top). The electrode consists of a current collector in
* Corresponding author. Tek:41-26-300-9101; fax$-41-26-300-9747. contact with the active material. In ECDL capacitors, the en-
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Fig. 1. Top: sketch of the electrochemical double-layer capacitor based
on well-aligned MWNT, bottom: schematic view of the ECDL test cell.

Table 1
Comparison values between a conventional capacitor, an ECDL capacitor
based on CNT and a Ni-Cd battery

Conventional ECDL capacitor Battery
capacitor based on CNT  Ni-Cd
Surface electrode (cth 1 1 -
Electrolyte - Organic Aqueous
Density (gcnt3) 09x10% 04 -
(separator)
Specific surface area  — 100 -
(m?g™)
Active material 10 30 -
thickness m)
Dielectric constantg, 2 40 -
Diameter of ions (nm) - 1.2 -
Double-layer capacitor 4.67 x 108 62 -
(wFcmr?)
Total surface area (cth 1 1147 -
Capacitance (mFcnf) 4.67x 10°° 71 -
Working voltage (V) 1000 2.5 1.2
Power density (kW kg) 2.7 E10 260 <0.1
Energy density (Whkg) 0.072 15 225
Time application (s) <0.01 0.1-1 >100
Cycle life >10000 >100000 1000

as half the diameter of the adsorbed solvated ions at the
electrode/solution interfacéig. 1, top) [6].

The electrode material should be electrochemically inert
in the working potential, which is limited by the decom-
position potential of the electrolytfy]. Carbon materials
such as carbon nanotubes (CN8) and activated carbon
(a-C) are very attractive as electrode materials in the ECDL
capacitorg[9] due to their large specific surface area and
low mass density. Indeed, multiwalled (MWNT) and sin-
gle walled (SWNT) nanotubes are well adapted to allow the
electrolyte accessibility because of their morphology, high
BET (100-1315 rag~1) specific surface arda0] and good
mechanical propertigd 1].

A comparison of the performance of the three electricity
storage systems ifable 1shows that the ECDL capacitors

and ionic charges at the interface between high-area elec-using CNT are a remarkable compromise between the bat-

trode material and the electrolyte solutidrid. 1, top). In
the ECDL, this charge separatiahdistance is reduced to
the Helmholtz double-layedp thickness, which is defined

teries and the conventional capacitfirg]. Recent studies of
ECDL capacitors using CNT13-19]showed performance
comparable to those using af0,21] (Table 2.

Table 2
Recent results of the ECDL capacitors based on CNT and a-C
Authors Active material BET surface area{gr?) Csp (F gl Csp (F cni2) Electrolyte
Niu et al.[13] dc-arc MWNT 430 49-102 0.08-0.17 Aqueous
An et al. [14] dc-arc MWNT 357 71-180 0.3-0.8 Organic
Ma et al.[15] CVD MWNT 120 15-25 - Aqueous
Chen et al[16] CVD MWNT - 115.7 0.06 Aqueous
E. Frackowiak[17] SWNT Rice Uni. 410 18-40 0.012-0.06 Agueous
CVD-MWNT 200-400 36-172 0.054-0.26 Aqueous
S. Shiraishi[18] dc-arc SWNTs 500 45 0.00001 Organic
L. Diederich[19] Nanost.-C film 700 75 0.003 Organic
T. Osaka[20] Activated carbon 1000-2500 8-80 0.3-3 Organic
J. Gamby|[21] Activated carbon 1200-2315 80-125 - Organic
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This paper compares the performance of ECDL capac- Table 3
itors with electrodes made from CNT synthesised directly Physical characteristics of the different electrodes; BET surface area,
on aluminium (Al) substrate, with CNT paste electrodes Mckness and density of the active material

and with commercial available a-C electrodes. The differ- Type of active BET surface Active material Active material
ent electrodes are tested in an electrochemical Edl. (¢, material area thickness gm)  density ,
bottom) by impedance spectroscopy. A significant im- (m~g™) (mg cnm?)

A1 (CVD CNT) 47 15 0.1

provement of the spgcmc capfacnance (Fén is found A (CVD ONT) o4 s 0.27
for each type of active material through an increase of As (CVD CNT) 64 30 0.32
the mass density (mgcm) and thickness of the active

. . . . B;1 (CVD CNT paste) 57 50 4.45
Iayer: Indeed, mflqence of the active materlal. thlckne§§ and B, (CVD ONT paste) 57 75 6.05
dfansr[y on capacitance per surf_ace area will be critically g, (cvD CNT paste) 57 100 7.64
discussed and compared to various nanostructured carbom, (CVD CNT paste) 57 150 9.87
materials. As all electrodes, in this paper, have the samec, , cnT paste) 912 50 21
geometrical surface, the capacitance per surface area gives, (fb-CNT paste) 912 100 2.83
a most representative value and also allows to extrapolateCs (fb-CNT paste) 912 150 4
the useful surface in order to obtain the wanted capaci- C4 (fo-CNT paste) 912 200 4.33
tance. Moreover, the total surface area and the BET surfacep, (fb-CNT paste) 120 60 5.3
area contributing to the energy storage in the double layer D2 (fo-CNT paste) 220 50 2
can be calculated from the specific capacitance (Fym  Ds (-CNT paste) 370 & 52
. - . D4 (fb-CNT paste) 1064 100 1.6
The average capacitance per volume (F&rand per unit
weight (Fg1) values are also discussed and compared Ei Ea'g 1211 1‘5’8 gl
. . . . 2 (a- .
accorc_il?g to the physical properties of each type of active Es (a.0) 682 200 12
material. E4 (a-C) 919 400 26
Es (a-C) 1228 600 37
Es (a-C) 1256 800 52
2. Experimental
2.1. Types of active material 2.2. ECDL capacitors principles

Various types of CNT and a-C have been tested as active 1he aluminium current collector and the active material
material for ECDL capacitorsTable 3; MWNT grown in make up the electrodes. The electrodes capaci@agevas
a CVD systen{22], MWNT grown in a fluidised-bed CVD measured by making an ECDL ceki§. 1, bottom). This
system[23] and commercially available a-C. The electrodes Consists of two gold contacts on the active material elec-
A1 to A (Table 3 consist of CVD CNT directly grown on  trodes § = 3.14cn?). A porous membrane separator pre-

the Al foil support[24]. The electrodes Bto B4 (Table 3 vents electronic contact between the two electrodes. Both
consist of a paste of MWNT produced by CVR2]. The the separator and the electrodes are pressed and then impreg-
active material of the electrodes; @ C4 and Dy to D nated with the organic electrolyte that is consisted of 1 M of

(Table 3 consist of a paste of MWNT from the fluidised-bed tetraethylammonium tetrafluoroborate {EBF4) mixed in

method.Fig. 2 shows CNT synthesised directly on Al foil acetonitrile (AC). The capacitance is derived from the mea-

support in a CVD processe(g. 29, paste of CNT that are  Sured impedance usirigg. (3)

produced in a fluidised-bed synthedisgs. 2b-¢ and com- 1

mercially available a-CKig. 2d. The CNT paste is pre-  Ccell = T onf—ImZ) 3)

pared by blending mixture of 19% CNT, 24% binder so-

lution (carboxymethylcellulose (CMC) and distilled water), wheref is the frequency. The capacitan€ge was mea-

29% of methanol and 28% of water. The whole mixture is sured by an ac-impedance spectroscopy method using a

then spread on aluminium substrates. Solartron model 1186 electrochemical interface potentio-
Electrodes E to Es use commercially available a-C ma- stat/galvanostat and a Solartron model 1170 frequency re-

terial, as a reference. The a-C electrodes contain activatedsponse analyzer. The measurements were carried out at a dc

carbon belonging to the same supplier. They are made withbias 0V with sinusoidal signal of amplitude 15mV signal

various conditions in order to obtain active layer with a over the frequency range of 1 kHz to 1 mHz.

well-defined sticking and cohesiveness. Of the different The specific double-layer capacitance CD arises from

forms of carbon, a-C is particularly attractive as an ECDL the ionic double layer at the electrode/solution interface.

electrode because of its low cost, high specific surface areaThe diffused ions of opposite charge can be either solvated

of about 1000 rig—! and optimum density per surface area. E4NT or BF;~. CD is calculated fronkq. (1) As the rela-

The physical characteristics of the various active materials tive permittivity of the electrolyte, is 40 and the diameter

were measured and are comparedable 3 of the solvated ions is about 12[X], CD reaches a value
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Fig. 2. SEM pictures of the various active material surface: (a) CNT synthesised in the CVD system (elegjio® Baste of MWNT (912 rhg—1)
from the fluidised-bed method (electrode)C(c) paste of MWNT (220rhg~1) synthesised in the fluidised-bed system (electrodg @nd (d) a-C
material (electrode 4.

of 62uF cmr 2. The theoretical specific capacitance per unit have a diametedp and they soak into the pores, a monolayer
weight (Fg 1) can be obtained from BET surface area and forms in contact with active materidtq. (6)then givesAr:

CD. With Eqg. (3)and assuming thah is the active mate- 10%Aed
rial amount in one electrode, the specific capacitabgas Atot (cm?) = m (6)
calculated withEgs. (4) and (5)
Here,S(m?g~1) is the BET surface area of the active mate-
_o 2Ccell . N . . .
Csp[Fem ™) = —— 4) rial andp (g cm) is the mass density of the active material.
Ae The maximum theoretical specific capacitaie (Eq. (7)
is then derived fronkq. (6)andCp.
CoplF g~ = 252! ) e (andco
" Cin (F cm™2) = Cp—= (7)

with Ag defined inEq. (1) Ae

We have developed a model to calculate the total surface
area of active materiakyt (6) m_contact with t_he solvated 3 Results and discussion
ions. We assumed that the active layer consists of pores of

diameter 2p and a lengthd (Fig. 3). If the solvated ions The various electrodes materials give rise to different

values of capacitance due to their physical characteristics
(Table 3 and their morphologyRig. 2). The specific capac-
itance (Fcm?) in Eq. (4)gives the representative value of
the storage capacity of the various materials. Indeed, the ca-
pacitance per unit weight (Fg) from Eq. (5)reaches high

d values, due to low mass density and low measured cell ca-
pacitance of the active materials. However, these results are
not so significant and can be misleading. The active mate-
rial mass density (g cr?) is calculated Table 4 from the
active layer thickness and density per surface arehlé 3.

Fig. 3. Schematic view of the model to calculatgq( (6) the optimal A large increase of capacitance was obtained by increas-

total surface area in contact with the solvated iofH.( ing the thickness of the active materi&iq. 4). Kotz and




Table 4

Mass density (gcrm?), average capacitance per mass (Fgand per
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volume (Fcnt3) of the various electrodes used as ECDL capacitor

Type of electrodes p(gem3)  C(Fem?d) C(Fg?)

A (CVD CNT) 0.1 1.1 12

B (CVD CNT paste) 0.78 8 10

C (fb-CNT paste) 0.29 16 76

Dy (fb-CNT paste) 0.9 - 21 (cfEq. (6)
D, (fb-CNT paste) 0.8 - 16 (cfEq. (6)
D3 (fb-CNT paste) 0.7 - 26 (cfEq. (6)
D4 (fb-CNT paste) 0.16 - 79 (cEq. (6)
E (a-C) 0.6 40 66

CNT film grown on the aluminium substrate reach a maxi-
mum thickness of 3.m, and this can not be increased by
a longer deposition time of higher precursor concentration
[22]. The electrodes A show a maximum specific capaci-
tance of 4 mF cm?2. Their capacitance per volume is about
1.1 F cnt 3 due to the small active layer thickness and mass
density. The capacitance per unit weight frafy. (5) is
about 12F gl.

A much thicker active layer can be obtained by using a
paste of CNT as active material. This greatly increases the
amount of active layer contributing to the energy storage and
the capacitance. Electrodes B were made of CNT produced
in the same conditions as those of the electrodes A. The
electrodes B®) show a maximum specific capacitance per
surface area of 0.09 F crA (Fig. 4). Using the linear depen-
dence of the specific capacitance on the active material thick-

Carlen[5] describes theoretically the effect of active layer ness Fig. 4) and on densityKig. 5), the average specific ca-
thickness by demonstrating that a thicker active layer gives pacitance per volume and per unit weighalle 4 reaches

a higher capacitance. Indeed, our model above shows tha8F cnt3 and 10 F g1, respectively. The difference of the
the specific capacitance per surface area is directly propor-specific capacitance per volume between the electrodes A
tional to the thickness of the active layer. Indeed, in our and B is due to the eight times large mass density of the
study, the specific capacitance per surface area of the var-active layer of electrodes B than electrodesTAl{le 4. Re-
ious electrodes (A to C, and E) increases linearly with the cently, Chen et a[16] made electrodes based on CVD-CNT
active material thickness and the density per surface areaand obtained a specific capacitance of 0.05Fgnwhile
respectively. We showed that the electrodes A with directly Shiraishi et al[18] achieved 1QuF cm2 for SWNT elec-
grown CNT are not such promising materials for the ECDL trodes Table 2. Frackowiak et al[17] found a specific
capacitors. This is because of their limited capacitance. Thecapacitance of 0.26 F cr for CVD MWNT electrodes.
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Fig. 4. Specific capacitance (FcR) vs. thickness of active layer: (top) MWNT, (bottom) a-C.
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Fig. 5. Specific capacitance (FcR) vs. density (mgcm?) of active layer: (top) MWNT, (bottom) a-C.

These results show that the capacitance of CNT-based1000nt g~ but with twice as large mass density than elec-
electrodes can be increased by increasing the mass densityrodes C [0) gives an average specific capacitance per vol-
and the active layer thickness, respectively. However, the yme of 40 Fcm® (Table 4.
specific capacitance can be improved by increasing the BET  The accessibility to the active layer depends on the diffu-
surface area. Indeed, the electrodesl§ With an active  sjon of solvated ions and more precisely of the pores distri-
layer thickness of 5.m obtained a specific capacitance of pution, which seems to be influenced by the mass density.
0.08 Fcnr?, and with an active layer thickness of 206 The performance characteristics of ECDL capacitors differ
(Tables 3 and pthe electrodes CL{) achieved a maxi-  somewhat from those of conventional capacitors. While the
mum specific capacitance of 0.27 Fcfn The average spe-  ideal capacitor shows a vertical slope of the imaginary part,
cific capacitances per volume of 16 Fchand per mass of  the ECDL capacitors starts with a 4Bnpedance line and
76 Fg* were derived from the slope &figs. 4 and 5The approaching an almost vertical slope only at low frequen-
CNT produced in the fluidised-bed synthestsg( 2b) are  cies. The non-vertical slope of the low frequency impedance
single-wall or double-walled CNT23] with a BET surface  of any real ECDL capacitor is a typical feature of elec-
area of 912rAg™1. The small diameter pore size (8-10nm) trochemical charging processes, and may be interpreted as
[23,24]and the high purity{98%)[22] of the fluidised-bed  resulting from a distribution in non-uniform active layer
synthesis CNT improve greatly the access of the solvated[25] or a distribution in microscopic charge transfer rates
ions in these electrodes. [26], adsorption processes, or surface roughness. The 45

The active material of the electrodes C offers a smaller region known as Warburg region is a consequence of the
accessible volume for the diffused solvated ions due to its distributed resistance/capacitance in a porous electrode. De
relative small average mass density of 0.29 géifTable 4. Levie [27] and Song et al[28] have given a complete the-
Indeed, we observed also that the larger mass density leadgyretical description of the porous electrode behaviour and
to a higher capacitance. The larger density per surface areghey demonstrated that an increase of the active layer thick-
and mass density of a-C electrodes gives a greater mateness with constant pores radius results to an increase of
rial volume, which allows easier transport of the solvated the Warburg region that leads to a higher capacitance. The
ions from the electrolyte to the charged interface. Indeed, Nyquist plot inFig. 6 shows a region at high frequency of
the electrodes EA) with a similar BET surface area of 45 slope that is explained as arising from the diffusion of
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Fig. 6. Nyquist impedance plot in the Warburg region for: (top) CNT electrodes, (bottom) a-C electrodes.

ions at high frequency in the active material. The vertical area is not sufficient to predict the ionic adsorption and the
slope of the imaginary part in the lower frequencies corre- specific capacitance (Fg).
sponds then to a pure capacitance. The Nyquist impedance The behaviour of the specific capacitance per surface area
plot (Fig. 6) in the Warburg region for the CNT electrodes according to the BET surface area is also complex. Indeed,
shows a weak ions diffusior{g. 6, top), while the dif- the normalised specific capacitance per surface area can be
fusion region is quite significant for electrodes E(d. 6, plotted withEq. (7) (Fig. 7) by using an active layer thick-
bottom). ness of the CNT and a-C electrodes of 100. Using values

We established that the volume accessibility is associatedfrom Tables 3 and Ave estimate the maximum average pore
with the active material thickness and particularly with the diameteD (Eq. (6) of the CNT electrodes to be 400-420 A
mass density, but less with the BET surface area. Indeed,(Fig. 7, top), and 100-120 A for electrodes E froffid. 7,
the specific surface area corresponds to the area accessibleottom). Electrodes E have a more efficient volume accessi-
for the gas (M) adsorption[29] in the micropores (diam-  bility and a larger specific capacitance per surface area due

eter <20 A). According to the theoretical relation of Niu to their larger mass density.
Various methods were used to increase the specific capaci-

et al.[13], the theoretical specific capacitance per unit weight
tance. Recently, Endo et 0] developed ECDL capacitors

would beC (Fg~1) = CpBET (cf. Chapter 2.2) increasing
linearly with the BET surface area. However, our measure- based on activated carbon by mixing CVD carbon fibre as

ments show that the specific capacitance per unit weight isan additive. A maximum specific capacitance of 12 Fém

not linearly dependent on the BET surface area. Indeed, forwas achieved without increasing the active layer thickness.
the highest values of the specific surface area, an important The active material of the electrodes E shows efficient
fraction of electrolyte cannot penetrate in the active layer physical propertiesTables 3 and ¥as larger thickness and
volume due to small pore sizes. The size of the solvated ionsdensity (mg crm?) and especially an optimum average pore
limits the transport to the largest porfd. Micropores in diameter, which allows an easier access of ions into the active
the active layer are not accessible to the solvated ions andmaterial volume. The Warburg region study on the Nyquist

they do not contribute to energy storage. Hence, the BET plot confirms clearly these results.
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Fig. 7. Specific capacitance (Fcf) vs. BET surface area plotted froffg. (2} (top) MWNT, (bottom) a-C. The specific capacitance is normalised to
an active material thickness of 10@n.

4. Conclusion with specific capacitance ranging from 0.4 to 3.1 Fém
Because of their large mass density, they reach an average

Active materials used for the ECDL capacitors have to specific capacitance of 40 F crhand 66 F g1, respectively.
develop high specific capacitance per surface area and per |mproving the CNT electrodes capacitance would be pos-
volume. Various electrodes based on CNT and a-C weresijble by increasing the mass density of the active material,
studied. An increase of the specific capacitance per surfacefor example by modifying the mixture in the CNT paste. Like
area was achieved by increasing the active layer thicknessthis, due to their production simplicity and their physical
and particularly the mass density. The ECDL capacitors us- properties the CNT electrodes can replace the a-C as ECDL
ing CNT reached a specific capacitance of 0.8-280 mPcm in the near future. Meanwhile, our investigations demon-
and 1.1-16 F cm?, respectively. As the CNT films produced  strated that the more suitable active material for the ECDL
by CVD have a maximum thickness of 8fn, the electrodes  applications has to be composed of large mass density and
A do not make efficient ECDL capacitors. thick films.

Due to their high gravimetric density, the activated car-
bon (electrodes E) showed a large accessible volume for the
diffusion of solvated ions and thus a high specific capac- Acknowledgements
itance. The electrochemical impedance spectroscopy mea-
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