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bstract

Novel nanocomposite carbon aerogel (CAG)-multi-walled carbon nanotubes (MWNT) materials have been synthesized and studied in 5 M KOH
or electrochemical capacitor applications. The amount of MWNT in the nanocomposite was varied from 3 to 10 wt%. High specific surface areas
anging between 670 and 710 m2 g−1 were obtained as measured by nitrogen gas adsorption method, whereas the average pore diameter ranged

etween 1 and 4 nm.

Adding MWNT to the pristine CAG greatly improved the electrical conductivity as measured by electrochemical impedance spectroscopy.
inally, capacitance as high as 218 F g−1 was obtained with a composite containing 3 wt% of MWNTs.
rown Copyright © 2007 Published by Elsevier B.V. All rights reserved.
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. Introduction

Recent trends in electrochemical capacitor technology
nvolve the development of high-surface area activated carbon
lectrodes to optimize the performance in terms of capacitance
nd overall conductivity [1,2]. Attention has been focused on
anostructured carbons, such as aerogels [3–11], nanotubes
12–17], nanotemplates [18] and carbon nanotubes-polymer
omposites [19–28]. Because of their unique architecture, high
echanical strength, tailorable electronic properties, extremely

igh surface areas, lightweight, and excellent chemical and
hermal stability, carbon nanotubes are now intensively stud-
ed as new electrode materials for electrochemical capacitor
tructures. As to carbon aerogels, their advantages for capac-
tor application lie mainly in their high surface area, low ionic
nd electronic charging resistance and in their potential use as
inderless electrodes. Furthermore, both the porosity and sur-

ace area of carbon aerogels can be controlled over a broad
ange, while the pore size and particle size can be tailored to
he nanometer scale [29]. Replacing the standard carbon fiber

∗ Corresponding author. Tel.: +1 450 929 8231; fax: +1 450 929 8102.
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ith carbon aerogel electrodes could improve capacitance and
ycleability.

However, the main weakness of the current carbon aerogel
lectrode lies on the expensive processing technology called
upercritical drying, and the use of high cost precursor such
s the resorcinol formaldehyde, from which the electrodes are
ade [29].
We have recently overcome these issues by developing a

oute to monolithic carbon aerogel electrodes that is made much
asier and much less expensive to make than carbon aerogel
lectrodes, i.e., no supercritical drying step and no use of resor-
inol formaldehyde were used in our process [5,6]. Moreover,
ur carbon aerogel are directly made on cheap support mate-
ial such as carbon paper. The carbon paper is an electrically
onductive material and acts thus as the current collector, which
akes our materials very interesting as binderless electrodes for

lectrochemical power applications.
Aerogels are constituted of agglomerate particles linked by

ovalent bridges (ladder structure). The contact between these
articles and the space due to the pores unfortunately introduce

high internal resistance within the aerogel. This lead to high

quivalent series resistance ESR values which are detrimental
o the power density for electrochemical capacitor technology.
n order to reduce the internal resistance, strategies to introduce

All rights reserved.
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nternal molecular nanocollectors (nanopathways for charges)
uch as carbon nanotubes imbibed in the porous matrice of the
erogel itself are being pursued in our laboratory and elsewhere.

It is important to stress that our purposes are not limited
o taking well-known materials for electrochemical capaci-
or applications and combine them together. Because of their
anometer scale and high aspect ratio, fabrication and inves-
igation of nanotubes/aerogel composites present considerable
hallenges. The effective utilization of carbon nanotubes in com-
osite applications depends strongly on the ability to disperse the
NTs individually and uniformly throughout the CAG matrix
ithout destroying their integrity or reducing their aspect ratio.
This work will present the synthesis of carbon aerogel-multi

alled carbon nanotubes composite electrode material pro-
essed from their dispersion in dimethylformamide, and discuss
heir use as binderless electrodes in electrochemical capacitors.

variety of characterization techniques such scanning elec-
ron microscopy (SEM), microRaman, and specific surface area
ombined with electrochemical techniques were employed.

. Experimental

.1. Synthesis of carbon aerogel

Polyacrylonitrile (PAN) powder was purchased from Aldrich
hemical Co., and carbon paper (CP) sheets Technimat pur-
hased from Lyndall Technical Papers. The preparation of PAN
erogels has been described previously [5,30]. Briefly, carbon
aper sheets were dipped into a boiling solution of PAN (5 g)
n a mixture of dimethylformamide (DMF)/water (84/16 mL).
fterwards, the sheets were dried in air for 10 min, and then

mmersed in acetone overnight. Thereafter, the sheets were dried
n air before the pretreatment and carbonization processes. The
retreatment process was performed in air at 215 ◦C for 20 h.
his important step led to cyclization reactions and to a ladder
tructure. Finally, the carbonization process was performed at
50 ◦C for 8 h in an inert atmosphere (argon), leading to the
arbon aerogel denoted hereafter CAG.

.2. Synthesis of carbon aerogel–carbon nanotubes
omposites

Purified multi-walled carbon nanotubes powder was pur-
hased from Sigma–Aldrich and used as received (BET specific
urface area as measured by us was of ca. 370 m2 g−1).

First, MWNTs were dispersed ultrasonically in DMF for
0 min. Then the resulting solution was added to PAN powder
nd the whole was further ultrasonicated for 30 min. After-
ards, the solution was stirred and heated until 140 ◦C, then

ppropriate amount of deionised water is added drop by drop.
he two faces of carbon paper sheet were then dipped in the
oiling solution and the resulting composite film (PAN-MWNT-
P) is dried in air for 10 min followed by soaking in acetone

vernight. The exact amounts of the starting materials were of
.15, 0.3, and 0.6 g MWNTs added to 5 g of polyacrylonitrile
owder to prepare PAN-3 wt%MWNT, PAN-6 wt%MWNT and
AN-12 wt%MWNT, respectively.

T
p
v
e
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Finally, the PAN-MWNT samples are dried in air before
he pretreatment and carbonization processes similar to these
pplied to carbon aerogel (Section 2.1). At the end, three
anocomposites CAG-x wt%MWNT samples were prepared
nd denoted hereafter as CAG-3%MWNT, CAG-6%MWNT
nd CAG-12%MWNT.

.3. Activation of CAG and CAG-MWNT composites

Carbonized CAG and CAG-MWNT samples were activated
nder carbon dioxide treatment. The activation was carried out
sing the following soak cycle: heating from ambient temper-
ture to 800 ◦C during 1 h, holding at 800 ◦C under argon flow
uring 45 min. The atmosphere is then changed to mixture of
rgon/carbon dioxide during 15 min and then maintained to
00 ◦C during 1 h under carbon dioxide. Finally, the atmosphere
s switched to argon gas and the temperature is cooled down to
he ambient temperature.

.4. Physical characterization

The specific surface area (SSA) was determined from nitro-
en adsorption isotherms at 77 K (Autosorb-1 Quantachrome
nstrument) using the standard Brunauer, Emmett and Teller
BET) equation.

The morphologies of the samples were observed by scan-
ing electron microscopy (SEM) using a JEOL, JSM 6300F
pparatus. Micro-Raman measurements were taken with an RM
000 Renishaw Raman Microscope System equipped with a
aser at 514 nm, a Leica microscope and an electrically refrig-
rated CCD camera. The spectra shown here were obtained
ith 20 × magnification objective lenses. The laser output was
0 mW. Time acquisition was 5 min. The software employed
or data acquisition and analysis was WIRE for Windows and
alactic Industries GRAMS/32TM. Ten scans were recorded

o improve the signal-to-noise ratio. Spectra at three different
oints were taken for each sample to minimize problems arising
ecause of the possible lack of sample uniformity. The Raman
pectra presented are the representative measurements of the
hree points.

.5. Electrochemical studies

Electrochemical measurements were carried out using a
hree-electrode cell with the reference electrode and counter
lectrode being an Ag/AgCl and a platinum coil, respec-
ively. The mass loading (m) per unit of area of one
lectrode was 0.36, 0.47, 0.20, and 0.21 mg per 0.7 cm2 elec-
rode area for CAG, CAG-3%MWNT, CAG-6%MWNT, and
AG-12%MWNT, respectively. We have to emphasize that
AG-MWNT ratios represent the ones before activation. After
ctivation, it is difficult or practically impossible to measure
he CAG-MWNT ratio for this type of electrode structure.

he electrolyte was 5 M KOH for all experiments. The sam-
le electrochemical characteristics were determined by cyclic
oltammetry (CV), constant current (CC) charge–discharge, and
lectrochemical impedance spectroscopy (E.I.S). An EG&G
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alvanostat-potentiostat model 263A was used for CV, and
C measurements. The EIS measurements were conducted

n the constant potential mode by sweeping the frequen-
ies from 100 kHz to 0.01 Hz range at an ac-amplitude
f 10 mV using Solartron 1255 frequency response anal-
ser.

In our experiment samples were of 1 cm2 area and only
.7 cm2 area was immersed in the electrolyte. The electrical
onnections to the potentiostat were made by crocodile clips
o the non-immersed area. The crocodile clips were not thus in
ontact with the electrolytic solution. All the experiments were
onducted at 25 ◦C.

.6. Specific capacitance

The values of capacitance were estimated by voltammetry
y integrating the total charge passed by the sample and divid-
ng by the voltage window, i.e., C = (1/2m) × (1/�E) × ∫

Idt,
here I, t, �E, and m are the current (charge or discharge), time,
V voltage range and the mass of the electrode active material,

espectively.
The capacitance from the constant current charge–discharge

esults was calculated using the equation C = I × td/m�ECC,
here I is the total current, td the discharge time, �ECC is the
C potential drop during constant current discharge.

. Results and discussion

.1. Morphological and structural characteristics

The CAG-MWNT surface characteristics obtained by BET
2 adsorption–desorption technique are listed in Table 1, along
ith these of the pristine CAG for reference. Within the CAG-
WNT composites, the following remarks can be made: (i)

oth the pore volume (PV) and the average pore diameter (PD)
ncreased as function of the MWNTs content. A plot (not shown
ere) of PV and PD versus the MWNTs content resulted in a
esponse that could be nicely fitted to a linear relationship with
regression factor of 0.997. This indicates that by varying the
WNTs content in the CAG-MWNTs composite, it is possible

o tune the dimension of the pores for specific applications. (ii)

s compared to pristine CAG, the SSA for the CAG-MWNT

omposites remained high and was almost unaffected by the
WNTs content (only a 5% decrease is seen).

able 1
ET analysis (N2 77 K adsorption) of the carbonized aerogel (CAG) and com-
osite samples CAG-MWNTs

ample SBET

(m2 g−1)
Pore volume
(cm3 g−1)

Pore diameter
(nm)

AG 772 0.367 1.91
AG-3%MWNT 710 0.340 1.95
AG-6%MWNT 676 0.443 2.62
AG-12%MWNT 670 0.603 3.59
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.2. Microstructures of the CAG-MWNT composites

Typical SEM images of the bare carbon paper, CAG and
AG-MWNT nanocomposites are shown in Fig. 1. The CAG

urface shows a highly porous structure easily accessible by the
lectrolyte (Fig. 1b). This material looks like a sponge with a
ighly connected structure. Fig. 2c–e shows SEM micrographs
f the CAG-MWNT composites for various MWNT loadings.
he morphologies of the CAG-MWNT nanocomposites are

ound to vary with the loaded wt% of MWNT. It can be seen that
ew MWNTs are located at the surface of the composite, where
hey connect the pores following highways architecture.

.3. Micro-Raman analysis

Raman spectra for the pure MWNTs, the CAG and the CAG-
WNTs samples are shown in Fig. 2. The MWNT samples

xhibited mainly two Raman bands at 1343 cm−1 (D band) and
583 cm−1 (G band). The G band indicates original graphite
eatures, whereas the D band is known to be related to disorder
eatures of graphitic structures [31]. It is well known that the
-value, the relative intensity ratio of the D band to the G band
epends on both the degree of graphitization and the alignment
f the graphitic planes of carbon materials [32]. Also, the R-value
s sensitive to the ratio of the concentration of graphite edge
lanes and/or crystal boundaries relative to standard graphite
lanes, i.e., the lower the R-value, the higher is the amount of
p2 (graphite) clusters that exist on the sample. The intensity
atios of D band to G band (ID/IG) were determined and are
eported in Fig. 3a, whereas the dependences of the Raman shift
re illustrated in Fig. 3b.

The Raman spectra results, shown in Figs. 2 and 3, indicate
hat the specimens differ in graphitization degree. The deduced
-value for pure MWNTs sample is almost unity. On the other
and, the as-prepared CAG displayed the lowest R-value of ca.
.58. Adding MWNTs to CAG increased the R-value, which fur-
her increased with increasing MWNT content in the CAG-based

WNTs, representing the transformation of graphitic carbon
nto disordered carbon.

The D and G band positions (Fig. 3b) for the CAG-
WNT sample decreased slightly as compared to the CAG-free
WNTs. However, it can be seen that the amount of MWNTs

n the CAG-MWNTs composites had no significant effect on the
and G band positions.

.4. Electrochemical characterization

Cyclic voltammograms carried out at 5 mV s−1 on CAG and
AG-MWNT composites in 5 M KOH are shown in Fig. 4. The
urrent plots are normalized for the mass of active material in the
lectrode. The analysis of the curves shows a quasi-rectangular
hape over an 800 mV range and there is no current peak caused
y a redox reaction, indicating a typical electric double layer

EDL) behavior. From the dotted box drawn in Fig. 4, it is possi-
le to identify the regions where deviations from ideal behavior
re present. For the CAG sample, the deviation is higher and
ecome less apparent with the addition of MWNTs. The main
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Fig. 1. SEM image of (a) bare carbon paper substrate, (b) CAG, (c) CAG-3%MWNT, (d) CAG-6%MWNT, and (e) CAG-12%MWNT. In each of the (a)–(e) are
shown three images under increased magnification.
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Fig. 2. Micro-Raman spectra (a) MWNTs, (b) CAG, (c) CA

auses of these deviations as explained in the introduction sec-
ion are likely due to the inherent distributed resistance in the
AG porous electrodes, which appears after voltage inversion
hen the electric current should instantaneously change sign

33–35].
Results of experiments on the CAG and CAG-MWNT com-
osite electrodes conducted at scan rates ranging from 5 to
00 mV s−1 showed that the current increases with increase of
he scan rate for all the samples with no significant degenera-
ion of the shape of the cyclic voltammograms at the high scan

t

s
c

Fig. 3. Plots of (a) the relative intensity, R = ID/IG, and (b) peaks
MWNT, (d) CAG-6%MWNT, and (e) CAG-12%MWNT.

ates. Typical capacitances as function of electrode material and
can rate are reported in Fig. 5. It can be seen that capacitances
btained with CAG-3%MWNT are higher than those of CAG,
.e., 211 F g−1 versus 153 F g−1 at 5 mV s−1. On the other hand,
t seems that an amount of MWNTs higher than 3 wt% did not
ield to any significant change in the capacitances as compared

o pristine CAG.

Nevertheless, it is well-known that a correct estimation of
pecific capacitance should be done from constant current (CC)
harge–discharge but not from voltammetry.

(G and D) position as function of MWNTs concentration.
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ig. 4. Cyclic voltammograms of the CAG and CAG-MWNT samples, in 5 M
OH at room temperature, using a scan rate of 5 mV s−1.

Typical CC charge–discharge cycles (cell voltage versus
ime) at a current of 1 mA are presented in Fig. 6. With the
xception of CAG sample, the galvanostatic charge–discharge
urves are close to linearity for all the CAG-MWNTs sam-
les. CAG-MWNT composites demonstrated lower ESR than
ure CAG, where the voltage drops at the very earlier period
f charge–discharge switching is noticed. Capacitances deter-
ined as function of the applied current are reported in Fig. 7. It
an be seen that capacitance of the CAG significantly decreased
s the applied current increased, whereas that of the CAG-
WNT composites displayed good stability. This shows that
WNTs are very effective in decreasing the internal resistance

d
t

(

Fig. 6. Typical constant current charge/discharge curves at a curren
ig. 5. Variation of the capacitance determined from cyclic voltammetry as
unction of the scan rate.

f the CAG and by that demonstrating the effectiveness of the
AG-MWNTs synthesis procedure. An average capacitance of
34.4, 218, 156, and 122 F g−1 for the CAG, CAG-3%MWNT,
AG-6%MWNT, and CAG-12%MWNT, respectively. Unlike
V results (Fig. 5) that showed only the CAG-3%MWNT
isplaying capacitance higher than the pristine CAG, the CC
esults show that both CAG-3%MWNT and CAG-6%MWNT

isplayed higher capacitance that the pristine CAG with however
he highest value still for the former sample.

Electrochemical impedance spectroscopy measurements
EIS) measurements at CAG and CAG-MWNT nanocompos-

t of at 1 mA for the CAG and CAG-MWNT nanocomposites.
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ig. 7. Variation of the capacitance as function of the applied current for the
AG and CAG-MWNT nanocomposites.

tes were performed at −0.6 V versus Ag/AgCl and resulting
pectra are displayed in form of Nyquist (Fig. 8a and b). If the
ime constants for the different processes are sufficiently differ-

nt, the spectra in Fig. 8a and b comprise in general of (i) at
he high-to-medium frequencies a semicircle of which diame-
er decreases as the MWNTs amount increases; (ii) In the low
requency range, a straight line with a slope of 45◦ from the

M
d
a
r

ig. 8. Impedance spectra of a three-electrode cell containing 5 M KOH aqueous el
♦) CAG-6%MWNT, and (�) CAG-12%MWNT. (a) Nyquist plot, (b) magnification
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eal axis is observed that corresponds to semi-infinite Warburg
mpedance, which traduces ion penetration in the thickness of
he porous structure of the electrode [36–38]; and (iii) with the
xception of the CAG pristine, at the very low frequencies a more
r less vertical line, which is due to the accumulation of ions at
he bottom of the pores of the electrode at the measurement’s
otential is observed for the CAG-MWNT nanocomposites. The
ertical dependence of the imaginary part demonstrates a good
apacitive behavior without diffusion limitations.

Since no faradic current was observed in cyclic voltammetry
Fig. 4), the semi-circle cannot be ascribed to a charge-transfer
rocess. The semi-circle rather reflects the sum of the elec-
rolyte resistance and to the contact resistance between the
anocomposites (the electrode itself) and the carbon paper (cur-
ent collector). Indeed as observed in Fig. 8, the diameter of the
emi-circle depends on the MWNT content in the CAG-MWNT
anocomposite, i.e., the diameter of the semi-circle decreased
s the MWNT content increased, which simply means that with
he nanotubes added, better contact is being made to the coated
arbon paper.

Electrode conductivity improvements, if they were happen-
ng, should show up as a decrease in the ESR (intersection point
f the impedance with the real axis in the very low frequency
egion). In fact the complex-plane impedance for the CAG-
WNT nanocomposites containing 3–12 wt% of the MWNT
o show that ESR (the drawn inclined line in Fig. 8b) decreased
s the MWNTs content increased. This decrease in the internal
esistance in the CAG-MWNT nanocomposite is further demon-

ectrolyte, with different working electrodes: (©) CAG, (�) CAG-3%MWNT,
of the high frequency region of (a), and (c) Bode plot.
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trated by the Bode plot of Fig. 8c, where one can see that with
ncreasing amounts of MWNT, the phase angle at the low fre-
uency region is close to 90◦. These observations indicate that
WNT are acting as efficient nanopathways for charges in the

n the porous matrice of the carbon aerogel.

. Conclusions

New cost-effectively nanocomposite materials based on
arbonized polyacrylonitrile-multi walled carbon nanotubes
aterials processed from their dispersion in dimethylformamide

ave been synthesized and studied for electrochemical capaci-
or applications. The composites displayed high specific surface
rea ranging between 670 and 710 m2 g−1.

Addition of MWNTs up to 6 wt% to CAG improved both the
pecific capacitance and the conductivity of the CAG. A max-
mum capacitance as high as 218 F g−1 was however obtained
ith a nanocomposite containing 3 wt% of MWNTs.
Stability of CAG and CAG-MWNTs nanocomposites upon

everal thousands of galvanostatic charge–discharge cycling
n conjunction with elemental composition (X-ray photo-
lectron spectroscopy), and structural studies (microRaman
pectroscopy) carried out before and after cycling are in
rogress.
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