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Heterogeneous, precious metal catalysts in electrochemical
devices like methanol or H,/O, fuel cells are typically re-
latively inefficient per metal atom present. In most metallic
Pt catalysts, for example, the majority of atoms lie within
the bulk of the metal and are therefore unable to participate
in the catalysis. A large scale uptake of current fuel cell
technology would, consequently, require an annual produc-
tion of Pt greater than the total mined to date.' Pt replacement
technologies or catalytic structures with greater atom ef-
ficiency are needed.' A possible solution to this problem is
to thinly coat precious metal catalysts onto electrically
conducting supports having high surface areas. Carbon
nanotubes offer important opportunities in this respect. For
example, metal nanoparticles supported on carbon nanotubes
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exhibit substantial enhancements in catalytic activities,?
maximum power densities,™* and excellent selectivity in
commercially important processes, such as the electrooxi-
dation of methanol.” Of particular interest are perpendicularly
aligned carbon nanotubes (ACNTSs).® ACNTs have special
advantages over their randomly aligned counterparts. These
include larger and better-defined surface areas, as well as a
capacity for controlled surface modification using various
transduction materials.”® But how could an array of aligned,
multiwall carbon nanotubes be turned into an electrocatalyst?
Moreover, would such an array survive the often dramatic
physical stresses created by mass transport during catalysis?’
In this work we describe a free-standing, conductive ACNT
array that, when coated with Pt nanoparticles, acts as an
efficient and astonishingly robust electrocatalyst.

In previous work we described a technique for depositing
an extended array of perpendicularly aligned carbon nano-
tubes on a flexible PVDF membrane.'® The process involved
growing a “forest” of aligned, multiwall carbon nanotubes
on a quartz plate by pyrolysis of iron(Il) phthalocyanine using
thermal chemical vapor deposition (Scheme 1a).® A coating
of poly(vinylidene fluoride) (PVDF) was then cast on the
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top of the nanotubes. When this layer was subsequently
peeled off the quartz, it retained the ACNTS, yielding a
flexible PVDF membrane with an ACNT array surface.'”
The resulting membrane was, however, poorly conductive
(1-10 k€2/00); this severely limited its electrochemical utility.
To overcome this constraint, we varied the technique to
include, after the CVD process, a step in which a thin layer
of Pt was sputter-coated onto the upper surface of the ACNT
array (step (1) in Scheme 1). This coating, which was <100
nm thick, provided an electrical connection between the
nanotubes. A PVDF layer was then cast onto the sputter-
coated Pt layer (step (2) in Scheme 1). Peeling off the PVDF
layer produced a highly conductive, flexible, free-standing
ACNT array electrode with low resistance <30 /O (Scheme
1b). The composite ACNT/Pt/PVDF electrode was remark-
ably robust; it could be rolled up without excessive damage
(Scheme 1b). We were, consequently, interested to see if
this electrode could be used as an electrocatalyst or if the
physical delicacy of the ACNT array was such that it would
rapidly degrade during catalysis.

To this end, Pt nanoparticles were electrodeposited on the
ACNT array by cyclic voltammetry from 0.01 M H,PtCly/
0.5 M NaNO3/H,0, undertaken between 0.0 and +0.6 V (vs
Ag/AgCl) at a scan rate of 0.05 V s~ '. The SEM image in
Scheme 1c shows that Pt nanoparticles were deposited along
the outside wall of the individual nanotubes. No Pt film was
formed on the top of ACNT array. EDX analysis (Scheme
1d) indicated that the ACNT array contained 95.2% Pt and
4.8% Fe (from the catalysts used for CNT growth), confirm-
ing the electrodeposition of Pt.

The resulting nano-Pt-ACNT/Pt/PVDF electrode was
characterized in a standard three-electrode cell with a Ag/
AgCl reference electrode and a RVC auxiliary electrode.
Solutions were deoxygenated with N, for 15 min prior to
the experiments and then maintained under inert atmosphere.
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Figure 1. Chronoamperogram of methanol oxidation at (a) nano-Pt loaded
ACNT/Pt/PVDF and (b) ACNT/Pt/PVDF at a potential of +0.67 V.

The electrochemically active specific surface area (EAS-
SA) of the Pt in the resulting electrode was determined by
calculating the charge transfer involved in H, adsorption and
desorption during cycling (Figure S1, Supporting Informa-
tion).'! Before electrodeposition of the Pt nanoparticles, the
ACNT/Pt/PVDF electrode exhibited an EASSA of 9 m* g~!
Pt (due to the sputter-coated Pt layer). This is lower than Pt
black (20—26 m? g~ ') and platinized Pt films (2—30 m?
g ").!? Following electrodeposition, the EASSA of the
electrodeposited Pt nanoparticles on the PVDF/ACNT array
was found to be 143 % 14.3 m? g~ '. This is more than the
typical nanostructured Pt film (38 m? g~ '),'* mesoporous
Pt powders (60 m* g "),'* and Pt/C (14—87 m? g~ ")."* Tt is
also more than typical electrodes comprising nonaligned,
multiwalled carbon nanotubes (e.g., 101 m* g~ ' in ref 2).
To place these quantities in context, carbon-based support
materials having EASSAs of up to 800 m? g~ ' C are
known.'?

Cyclic voltammetry in 1 M CH3;OH/1 M H,SO.H,O
solution indicated that the nano-Pt-ACNT/Pt/PVDF electrode
displayed dramatically enhanced performance and a more
negative starting potential for methanol oxidation than an
ITO electrode that had been sputter-coated with Pt (Figure
S2, Supporting Information).

Potentiostatic investigations (4+0.67 V) further compared
the current due to methanol oxidation catalysis (producing
CO,) at the ACNT/Pt/PVDF electrode with and without
nano-Pt modification. As shown in Figure 1a, after an initial
decline, the current density at the nano-Pt-ACNT/Pt/PVDF
leveled off, yielding a current density after 24 h of 73
mA-mg ' of total Pt present. By contrast, the unmodified
ACNT/Pt/PVDF electrode displayed a current density of 29
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mA-mg ' after 24 h (Figure 1b). Thus, the Pt nanoparticles
on the ACNT array initially contributed 181 mA+mg~" for
catalytic methanol oxidation; after 24 h this had fallen by
35% to 117 mA+-mg~'. This is 4-fold larger than the
equivalent thin-film Pt catalysts deposited via sputter-coating
comparable to, or larger than, the mass activity of electrodes
fabricated from nonaligned, multiwalled carbon nanotubes.
Systems such as that in ref 2 generate a maximum initial
current of 170 mA+-mg~ ' during cyclic voltammetry; how-
ever, potentiostatic data over 24 h have generally not been
provided in such studies. The sustained high current of the
nano-Pt-ACNT/Pt/PVDF electrode indicates that poisoning
by intermediates, such as CO and formaldehydic polymers,
is not a significant problem.

The relative efficiency of this catalysis is illustrated by
the fact that a standard commercial catalyst for methanol
oxidation (E-Tek 20% Ru—Pt (1:1 atomic ratio) on Vulcan
XC72R) is reported to achieve an initial current density of
307 mA-mg ' at the more positive potential of 0.75 V (1
M CH;0OH/1 M HZSO4/H20).16 Poisoning effects typically
cause methanol oxidation currents to fall substantially from
the initial (sometimes by several orders of magnitude).""”
Thus, the ACNT-supported Pt nanoparticles achieved ef-
ficiencies that were similar to those of commercial catalysts
without exhaustive optimization. Moreover, they were highly
resistant to deactivation over 24 h. This is despite their
inopportune pure-Pt composition relative to the Ru—Pt alloys
that are best suited to methanol oxidation catalysis."'’

The atom efficiency and robustness of the nano-Pt-ACNT/
Pt/PVDF arrays were confirmed in potentiostatic studies of
hydrogen reduction catalysis (2H" — H,). For comparative
purposes, this work was carried out in 1 M H,SO4/H,O at
—0.44 V as previously described.'® At this potential, bubbles
of H, gas are rapidly and vigorously generated on Pt
catalysts. Smooth-surface Pt electrocatalysts typically display
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Figure 2. Chronoamperogram of hydrogen generation at (a) nano-Pt loaded
ACNT/PY/PVDF and (b) ACNT/PUPVDF at —0.44 V.

declines of approximately 1 magnitude in the rate of H,
generation during the first 30 min.'®

Figure 2a shows, however, that the nano-Pt- ACNT/Pt/
PVDF electrode generated an invariant current density of
47 mA+mg ™" as a result of H, generation over the first 30
min. The unmodified ACNT/Pt/PVDF electrode displayed
an approximately 40% decline in activity to 26 mA+-mg '
after 30 min (Figure 2b). Thus, the ACNT-supported nano-
Pt is more active per unit EASSA than the sputter-coated
Pt. Moreover, the CNT array was clearly not physically
degraded by the vigorous bubble formation. Quite the
contrary, the array appears to have assisted the catalysis by
inhibiting deactivation of the Pt.'"® The systematic fluctuations
in the current in Figure 2a—b suggest that the CNT array
may have regulated the formation and release of the gas
bubbles.

These results indicate that arrays of aligned, multiwalled
carbon nanotubes are substantially stronger and more sturdy
than has hitherto been anticipated. Their morphology, more-
over, appears to open new opportunities in the realm of
catalysis.

Supporting Information Available: Experimental details, cyclic
voltammetry, and Raman spectra (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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