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Abstract In this paper, we report the preparation and
characterization (morphological, structural, surface, and
electrochemical) of multiwalled carbon nanotube
(MWCNT)/carbon xerogel (CX) electrodes prepared by
mixing. This research proposes the hypothesis that the
use of a hydrophilic binder (nafion) and the use of
MWCNTs enhance electrode capacitance and conductiv-
ity. Electrochemical measurements in 2 M NaCl solution
were performed. The advantage of adding multiwalled
carbon nanotubes to the array of xerogel-nafion was
studied through different electrochemical methods. It
was validated that the greater carbon nanotube mesoporosity
allows less compaction of the electrode, thus effectively in-
creasing the specific area and therefore capacitance.
Furthermore, we observed the increase in electronic conduc-
tivity reported in numerous studies, a fact that is true for iR
drop measurement cycles in both galvanostatic charging and
discharging. The carbon composite proved to be viable for
energy storage.
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Introduction

Carbon aerogels, cryogels, and xerogels have been ex-
tensively studied as nanostructured electrode supports
for energy storage and conversion applications [1-4].
The most widely used preparation method involves car-
bon xerogel pulverization; powder is subsequently
mixed with binders in order to promote adherence and
enable fabrication of film electrodes. A more recent
work has reported carbon xerogels on porous materials
(carbon cloth) or in the form of monoliths [5, 6]. The
advantages of the more recent preparation methods are
the absence of binders that would limit the electrical
conductivity of the porous electrode and better electric
transport on the nanocarbon surface (covalence between
particles ensures percolation). In this investigation, we
obtained carbon xerogel monoliths of high hardness;
however, a great deal of material was lost when the
carbon xerogel was sliced with a diamond saw. Thus,
we decided to pulverize the carbon xerogel. The devel-
opment of new materials with very high specific surface
areas and the use of porous carbon with different mor-
phologies and different electrical conductivity introduce
new possibilities in electrode materials for electrochem-
ical capacitors [7—12]. The weight ratio of multiwalled
carbon nanotube (MWCNT)/porous carbons varies in
each research [4, 12, 13]. Higher electrical conductivity
is always desired to have high capacitance and high
power density in super capacitors [14]. This is the main
reason to introduce MWCNTs in carbon xerogel [4, 12].
On the other hand, interesting properties are given by
the presence of MWCNTs which exhibit a developed
porosity, a high electrical conductivity, and a good re-
silience, all being very important for enhancing the
power and cycle life of supercapacitors [4]. This study
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Fig. 1 XRD patterns; (¢) MWCNT and (b) carbon xerogel

proposes that the employment of a hydrophilic binder
(nafion) and the incorporation of MWCNTs would im-
prove the capacitance and conductivity of the compos-
ite. The electrodes were prepared by mixing and the
electrochemical characterization was carried out in 2 M
NaCl solution.

Material and methods

The synthesis procedure for the carbon xerogels was
similar to that reported elsewhere [1]. Resorcinol-
formaldehyde (RF) gels were prepared by the reported
polycondensation of resorcinol (R) (99 %, Sigma-
Aldrich) and formaldehyde (F) (37 wt%, Sigma-
Aldrich), using Na,COj3; (J.T. Baker) as the catalyst
(C), at fixed molar ratios of R:F (1:2) and R:C
(1000:1). After gelation at 50 °C for 96 h, the gels were
dried at ambient conditions for 72 h, followed by an
acetone bath at 56 °C for 96 h. Carbon xerogels (CX)
were obtained by slowly heating (2 °C min ') the RF
gels in nitrogen up to 800 °C for 1 h. To decrease the
hydrophobic nature of the xerogels, oxygen-containing
functional groups were grafted on the carbon surface
through thermal activation in air at 450 °C for 2 h.
Multiwalled carbon nanotubes (MWCNTs) purchased
from Nanostructured and Amorphous Material Inc.
(90 % purity, O.D. <10 nm L ~ 5-15 pum) were sub-
jected to acid treatment [15]. Carbon xerogel-nafion
(CXN) films were prepared by mixing 0.166 mg of
the thermally activated carbon xerogels with 4.93 uL

Table 1 Temperature

and degassing time Nanocarbon T(°0) ¢ (h)
Carbon xerogel 200 2
MWCNT 200 16
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Fig. 2 N, adsorption-desorption isotherms; (a) CX, (b) MWCNT, and
(¢) composite MWCNT:CX (10:90)

Nafion solution (Nafion® perfluorinated resin solution
5 wt% in lower aliphatic alcohols and water contains
15-20 % water, Sigma-Aldrich) and spraying over stain-
less steel substrates. Composite MWCNT/carbon
xerogel-nafion (CXMWN) electrode films were prepared
in the same way: 0.166 mg of carbon (MWCNT/CX:
10/90 weight ratio) with 4.93 puL Nafion solution and
spraying over stainless steel substrates.

The starting carbon nanomaterials were analyzed by X-ray
diffraction (XRD) using a Rigaku® Dmax 2200 diffractome-
ter, with CuK« radiation (A = 0.154 nm); the crystallite size
was calculated by means of the Debye-Scherrer equation [16]:

K\

b= (Bcosh (1)

where K = 0.9, (3 (in radians) is the diffraction peak width at
medium height, and 0 is the diffraction angle.

Nitrogen adsorption and desorption isotherms were
measured at 77 K using a Quantacrhome® NOVA
2400 surface area analyzer. The specific surface areas
(SBET) of all the carbons and the mixture of carbons
(MWCNT/CX: 10/90 weight ratio) were calculated by
the Brunauer-Emmett-Teller (BET) method using ad-
sorption data in the relative pressure range of 0.01 to
0.30. The total pore volume was estimated to be the
liquid volume of nitrogen at a relative pressure of
around 0.99 (Vpore). The micropore volume (Viicro)
was calculated using the #-plot (de Boer method). The
mesopore volume (Vi,es0) Was determined by subtracting
the micropore volume from the total volume. The mi-
cropore surface area (Spicro) and external surface (Speso)
were calculated using the #-plot (de Boer method) [17].
Pore size distribution was obtained from the nitrogen
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Table 2 Specific surface area and pore characteristics of carbons and composite

Nanocarbon SBET Smeso Smicro Vporo Vmeso Vmicro DFT
m’ g™ (g™ g™ (cm’ g™ (cm’ g™ (cm’ g (nm)

CX 985 354 631 0.83 0.51 0.32 1.50

MWCNT 495 495 0 0.76 0.76 0 2.80

MWCNT:CX 792 305 487 0.80 0.55 0.25 1.50

(10:90)

Table 3 Smeso/ Smicro and Vmeso/

Vmicro relationship Of Ca]'bon Nanocarbon Smeso/Smicro % Smeso % Smicro Vmeso/Vmicro % Vmeso % Vmicm

xerogel and MWCNT/carbon

xerogel CX 0.56 36 64 1.6 62 39

MWCNT: CX (10:90) 0.63 39 62 2.2 69 31

adsorption data based on density functional theory
(DFT) [18].

Electrochemical measurements were carried out using
a three-clectrode cell using graphite as counter electrode
and SCE as reference electrode. A Metrohm® Autolab
PGSTAT302N was used for cyclic voltammetry and gal-
vanostatic charge/discharge measurements. Analysis of
the electrode surface was performed with a scanning
electron microscope (Hitachi® FE-SEM, S-5500) work-
ing at 5-6 kV of operating voltage.

Results and discussion

Figure 1 compares the XRD patterns of the functionalized
MWCNTs and the thermally activated carbon xerogel (two
peaks at 20 = 25° and 26 = 45°). The broad peaks were fitted
with Lorentzian peaks for a reliable estimation of crystallite
size. For the MWCNTs (Fig. 1a), the estimated crystallite size
of 1.8 nm (~6 graphene layers) was within the range given by
the manufacturer, but it suggests a relatively large inner diam-
eter or a broad distribution of outer/inner pore diameters in
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Fig. 3 Cyclic voltammograms in 2 M NaCl at 5 (black line), 10 (red), 20
(blue), 50 (green) and 100 mV s (pink) ; a CX and b CXMWN

commercial nanotubes. Concerning carbon xerogel (Fig. 1b),
we obtained a low value of 0.4 nm, which indicates the abun-
dance of turbostratic or amorphous carbon.

Sample degassing is very important when studying surface
area and pore size. As a consequence, degassing time and
temperature must be optimized in order to avoid high temper-
atures or long degassing times causing irreversible damage to
samples, which could in turn result in a decrease of specific
area due to the sintering process, or an increase in specific area
due to thermal decomposition of the sample. Whereas the
degassing time for MWCNTs is standardized, carbon xerogel
degassing time is not, so different tests were performed.
Table 1 shows temperature and degassing time for the
carbons.

The nitrogen adsorption-desorption isotherms of carbons
and composite MWCNT:carbon xerogel (10:90) are shown
in Fig. 2. It can be appreciated that the adsorption isotherms
of all carbons are type IV (IUPAC), type H4 hysteresis loops
(IUPAC) to carbon xerogel and composite (Fig. 2a, c), and
type H3 hysteresis loop to MWCNT (Fig. 2¢). These indicate
that there is a higher amount of micropores in xerogel carbon
and greater mesoporosity in functionalized nanotubes, while

Table4 CX and CXMWN capacitances at different scan rates

Electrode v(mVs?" Cenarge (F g1) Caiseharge (F g 1)

CXN 5 51 61
10 50 55
20 49 51
50 48 48
100 44 44

CXMWN 5 63 67
10 60 64
20 58 62
50 57 57
100 53 54
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Fig. 4 A variation of capacitance determined from galvanostatic charge/
discharge cycles in 2 M NaCl

the composite presents an intermediate behavior, although
closest to xerogel carbon. According to the hysteresis loops
(H3 and H4), the pores are of the slit-shaped kind.

The textural characteristics of these carbons are summa-
rized in Table 2. Analysis of the results leads to the conclusion
that there are no micropores in MWCNTs, while 64 % of the
carbon xerogel BET area corresponds to micropores and 36 %
to mesopores (in regard to pore volume, 61.5 % corresponds
to mesopores and 38.5 % to micropores). As is shown in the
Table 3, the added 10 % weight of the MWCNTs to carbon
xerogel enhances the Spcso/Smicro aNd Vineso/ Vmiero relation-
ship, which could be beneficial for the energy storage perfor-
mance of these materials (greater penetration of the solvated
ions).

Figure 3 compares the cyclic voltammetry curves (1-cm®
electrodes) in the range of —0.25 to 0.45 V versus SCE at
speeds of 5, 10, 20, 50, and 100 mV s 'in 2 M NaCl. The
values of specific current are normalized in regard to carbon
xerogel mass. In general, we can see that the experiments
performed at different scan rates show an increase in current
as the scan rate is increased without any significant degener-
ation in the form of voltammograms at a high scan rate.
Differences between carbon xerogel-nafion (CXN) and car-
bon nanotubes/carbon xerogel-nafion (CXMWN) are difficult
to determine, but it appears that the addition of carbon
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Fig. 5 Specific capacitance versus charge/discharge cycles; CXN and
CXMWN at /=6 x 10 A in 2 M NaCl

nanotubes improves the shape of the curve at high scan rates
due to less resistance (see Table 4). It can be seen that capac-
itances obtained with CXMWN are higher than those of CXN,
e.g., 62 versus 51 F g ' at 20 mV s ' in discharge.

Chronopotentiometry determined charge/discharge perfor-
mance by setting a specific current. To this end, a double pulse
of current was applied to CXN and CXMWN for 50 cycles.
The magnitude of the current was selected considering the
voltammetric response of the electrodes. For carbons in 2 M
NaCl, the demanded currents were +2 x 104 A, +4 x 107* A,
+6 x 10 A, 8 x 10* A, and £10 x 10~* A. The specific
capacitance as a function of the applied current is shown in
Fig. 4. The values of CXN and CXMWN electrodes’ specific
capacitance obtained from galvanostatic charge/discharge
measurements are given in Table 5.

Figure 5 shows specific capacitance compared to charge/
discharge cycles of the CXN and CXMWN electrodes at
I=6x 10"* A (which corresponds to that obtained in the
cyclic voltammetry measurements carried out at 20 mV s ).
Good stability could be appreciated during the first 50 cycles.
In fact, the CXMWN electrode presents a slight increase in
specific capacitance during the last galvanostatic cycles. It can
be seen too that capacitances obtained with CXMWN are
higher than those of CXN, e.g., 73 versus 58 F g ! at
I=6x10"* A in discharge. The specific capacitance and good
stability of the CXMWN are better due to the presence of

Table 5 CXN and CXMWN

capacitance determined from CXN

CXMWN

galvanostatic charge/discharge in

Cdischarge (F gil) Ccharge (F gﬁl) Cdischarge (F gﬁl)

2 M NaCl 1(A) Ceharge F g )
£ x 107 66
+4 x 107 62
+6 x 107 56
+8 x 107 50
+10 x 1074 51

69 75 82
67 73 80
58 70 73
53 68 70
50 63 71
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Fig. 7 SEM images of
electrodes: a CXN and b
CXMWN. Insets: magnification
100,000 (500 nm) a CXN and b
CXMWN

MWCNTSs, which increase the mesoporosity and the electron-
ic conductivity of composite.

The iR drop value for the CXN and CXMWN electrodes
was determined. Figure 6 shows the behavior observed in the
charge/discharge stages for both electrodes. The lowest iR
drop occurred in the CXMWN matrix; this is attributed to
the incorporation of MWCNTSs, which provide electronic con-
ductivity and mesoporosity to the electrode. This lower iR
drop improved the electrode capacitance. It was also noted
that the iR drop decreases as the electric current increases,
which means that MWCNTSs play a role in the reduction of
resistance (mesoporosity and high electrical conductivity).
The opposite occurs with the CXN electrode, which becomes
more resistive with increasing current.

SEM images (Fig. 7 and Fig. 8) were obtained in order to
elucidate the causes of CXMWN composites’ higher conduc-
tivity. The image shows that porosity is similar for both (or
even better for CXMWN). Moreover, it is observed that
MWCNTs are incorporated throughout the bulk of the carbon

| (A)

xerogel-nafion matrix. The incorporation of 10 % by weight
of carbon nanotubes seems to be at the percolation limit,
which explains the electronic conductivity increase.

Fig. 8 SEM image of CXMWN
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