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ABSTRACT

This paper describes a new class of composite materials designed by combining multiwall carbon nanotubes (MWNTs) and sol—gels. These
materials provide new capabilities for the development of electrochemical devices by taking advantage of the favorable electrochemical
characteristics of MWNTSs. Further, variations in the silane precursors used and in the carbon nanotube content of the composites results in
materials with a range of capacitance, electron-transfer rates, and potential to control selectivity.

Carbon nanotubes have attracted much attention during thecomposites: methyltrimethoxysilane (MTMQOS), ethyltri-
past decadedue to their unique mechanical, chemical, and methoxysilane (ETMOS), and propyltrimethoxysilane (PT-
electrical propertied® Of particular interest is the use of MOS). The sols were prepared by mixing 1.0 mL of the
carbon nanotube-based materials for the development ofsilane precursor, 1.5 mL of ethanol, and &0 of 12.1 M
electromechanical actuatdrsupercapacitors? batteries, HCI. The sol was sonicated for 1 min after the mixing.
and electrochemical senséfs!® Most efforts in this area  Various amounts of sol (25, 50, or 7&) were added to 10
deal with carbon nanotube papers, aligned nanotube whiskersng of the multiwall carbon nanotut®sand mixed thor-
and single nanotube arrangements. Chemical derivatizationoughly to ensure uniform composition. The mixture was
of carbon nanotubes has been challen§irt§ and, conse-  packed tightly into the tip ba 1 cn® Tuberculin plastic
quently, has not been used to adjust the electrochemistry ofsyringe body and left to dry for 2448 h (depending on the
such materials. To broaden the applicability of carbon amount of the sol). Electrical contact was achieved through
nanotubes, an approach for controlling their electrochemical the back surface of the composite material with a stainless
properties is reported herein using carbon nanotubegal  steel wire. The electrodes were polished using weighing
composites. paper to yield a smooth surface. Depending on the amount
Sol—gel technology involves the fabrication of materials of sol added (25, 50, or 74.), the final composite contained
through the hydrolysis and condensation of suitable alkoxy- 619, 44%, or 34% (w/w) carbon nanotube, respectively. The
silane precursor¥:*® Composite materials based onsol  geometrical surface area was 0.0227.0fll electrochemical
gels have been employed in electrochemical sensing de-measurements were made using 50 mM phosphate buffer
vices???The driving force for these efforts is that s@el  (pH 7.4), a silver/silver chloride reference electrode (in 3M
chemistry provides a relatively simple way to incorporate NaCl), and a platinum counter electrode. A representative
recognition species in a stable host environment. The sgMm picture of the surface of the carbon nanotube (44%
composite materials reported in the literature have been basegy;y MWNT) sol—gel (MTMOS-derived) composite is
mainly on the incorporation of carbon powéef® or golc*=* presented in Figure 1. It can be seen that the material exhibits
particles into the sotgel. o - porous structure with clearly visible nanotube fibers, imply-
An advantage of seigel chemistry is the ability to use  jng that the electroactive surface area of the electrodes will
different silane precursors to modify the properties of the pe |arger than the macroscopic geometrical area. The slopes
gel in a controlled fashion. In our studies, three different o the Cottrell plots obtained from chronoamperometric data
silane precursors were used for the preparation of the (using K:Fe(CN)) were used to calculate the surface area.
The calculated surface area (varying between 0.035 and 0.058
* To whom correspondence should be addressed. Telephone: 859 257- . .
6350. Fax: 859 323-1069. E-mail: bachas@uky.edu. cn?) was 1.5-2.5-fold higher than the geometrical area,
T Center for Applied Energy Research, University of Kentucky, Lex- varying with the nature and the amount of the gel. It should
ington, KY 40511-8410. ¢ be mentioned that the calculation of the surface area with
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attributed to the presence of “slow” and “fast” charging
mechanisms. Reducing the carbon nanotube content of the
composite from 61% to 34% w/w caused a dramatic
reduction in the observed double-layer capacitance, regardless
of the nature of the gel in terms of methyl-, ethyl-, or propyl-
derived silane precursor. Additionally, the capacitance is
further reduced when larger organic groups are incorporated
into the gel network. Overall, the double-layer capacitance
of the electrodes decreases when a higher percentage of sol
gel with larger organic groups is used. This behavior can be
attributed to the increased hydrophobicity of the electrode
surface, and it is in accordance with previous studies for sol
gel-derived carbon powder composite electrodeSonse-
qguently, increasing the amount of the gel yields a smaller
fraction of exposed carbon nanotubes on the electrode
surface, resulting in lower background currents. The wide

Figure 1. Typical SEM image of the surface of sajel (MTMOS- < - _ g
derived) carbon nanotube composite (44% wi/w carbon nanotube).range of capacitance attainable by these composites is

The bar corresponds to 500 nm. advantageous because it enables the selection of optimal
material compositions given a desired application. For

Table 1. Dependence of Electrochemical Properties on example, higher capacitance is required in the development

Composition of energy storage devices, whereas electrochemical sensors
silane % wiw Cobe AEp2 o2 require lower capacitance materials.

precursor MWNTs mF/cm? mv UA The electron-transfer properties of the materials were
MTMOS 61 91.6 74 55.2 evaluated by performing cyclic voltammetry with the model
MTMOS 44 57.4 105 61.5 redox couple Fe(CNJ/Fe(CN)®~. The symmetrical shape
MTMOS 34 14.5 136 4.05 of the peaks obtained and the linear dependence of the current
ETMOS 61 21.0 66 54.0 to the square root of the scan rate indicate linear diffusion
ETMOS 44 3.85 7 28.5 conditions. The separation of the peakeEf) for the 61%
ETMOS 34 2.67 119 18.4 (w/w) carbon nanotube and PTMOS silane composite was
PTMOS 61 3.67 %8 336 58 + 2 mV at scan rates of 5 and 10 mV/s, revealing fast
PTMOS 44 217 84 17.2 - )
PTMOS 34 026 106 20.0 electron transfer. Similar results were recently reported using

MWNT microbundle electrod€$.The observed fast electron-
transfer kinetics has been attributed to the high local density
of electronic states.

Thus, the presence of nanotubes having vertical placement AS can be seen in Table 1, the electron transfer properties
with respect to the surface geometry (for example, in the Of the composite electrodes were greatly influenced by the
lower left corner of Figure 1), would not contribute to the composition. Decreasing the amount of the carbon nanotubes

calculated surface area regardless of their electrochemicaresulted in a drastic increase of the peak separation, regard-
activity. less of the nature (propyl-, ethyl-, or methylsilane) of the
The voltammetric behavior of the different composites 9€l- Thus, it can be inferred that when the amount of the gel
prepared was studied using cyclic voltammetry over the is increased, a barrier is formed on the carbon nanotube
potential range-1.0 to +1.5 V (vs Ag/AgCl). The com-  surface that hinders the electron transfer. T, values
posites, regardless of composition, exhibited a relatively wide for the composites prepared using the PTMOS precursor were
working potential window (from+1.0 to—0.4 V), charac-  Significantly smaller than theAE, for the corresponding
teristic of carbon-based electrod@sThe nature of the gel ~ composites based on the MTMOS precursor. This effect of
and the carbon nanotube content influence the observedthe gel nature was rather surprising. Similar studies for
background current. Thus, the effect of the gel nature and carbon paste electrodes demonstrated that the use of heavier

nanotube amount on the background current was furtherhydrocarbons as part of the paste resulted in a decrease of
examined. thek®spsover 1 order of magnitude, which was attributed to

The double-layer capacitance (proportional to the back- the stronger adsorption of the liquid on the carbon and the
ground current) of the electrodes was calculated from the decreasing active aréaln the present study, the influence
charging current (at-300 mV) at different scan rates (20 of the nature of the gel was noticeably smaller. The smaller
100 mV/s)?:3 The results are presented in Table 1. The extent and the reverse order of the effect indicate that the
charging current was linearly increased with increasing scaninfluence of the gel nature may arise primarily from the
rate up to 50 mV/s, while at higher scan rates the measuredporosity of the matrix, and to a lesser degree from its
capacitance was decreased. This behavior has been observetydrophobicity.

a Calculated at 10 mV/s scan rate. The solution was 10 mMe{CN).
iox is the current of the oxidation peak.

previously for carbon nanotube based electrédas,well
as for other carbon type electroddsand it has been

720

The composition of the material can also be used to tune
the observed electrochemistry of electroactive species. In
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