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a b s t r a c t

Solution phase deposition of aligned arrays of carbon nanotubes (CNTs) in a platinum (Pt) matrix com-
posite is demonstrated. The catalyst material is electrodeposited in an oriented manner on the nanoscale
using anodised aluminium oxide (AAO) templates. The catalyst performance of the composite for the oxi-
dation of methanol is shown. The carbon monoxide (CO) tolerance is increased and the catalyst function is
improved by minimising the influence of adsorbed CO on the kinetics of the methanol oxidation reaction.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are being investigated world-wide as a power source
or portable electronic applications [1]. The fabrication of micro-
uel cells where the active electrode size is limited to the order of
m2 would benefit from microfabrication compatibility for integra-
ion with the microelectronic devices to be powered. Micro-fuel
ells may be used to power autonomous microsystems and dis-
ributed elements in wireless sensor networks. Several research
roups have proposed microfabrication processes for fuel cells
sing methanol [2,3] and H2 gas [4–6] as fuel. In these cases the
atalyst was not textured or specifically optimised for the micro-
abricated cell. Indeed for the standard dispersed Pt-based catalysts
n high surface area carbon support materials it is not possible to
icropattern the catalyst materials for improvements in electrode

r full cell layout. The cells are therefore limited by the electrocata-
yst material and fabrication route employed. The microfabrication
oute demonstrated in this work enables a patterned high surface
atalyst deposition for the specific case of a direct methanol fuel

ell (DMFC). For portable applications the DMFC has the advan-
age of direct fuel feed to the cell under atmospheric pressure and

oderate operating temperatures thereby obviating the need for
eformers to convert the fuel to hydrogen before introduction to the

∗ Corresponding author. Tel.: +353 214904224; fax: +353 214270271.
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ctive cell compartment. The catalysts of choice for the DMFC are
t alloys [7] usually with Ru for the methanol oxidation anode and
ure Pt for the oxygen reduction cathode. A significant technical
urdle to be addressed is in developing a CO tolerant electrocat-
lyst for DMFCs. The Ru alloy of Pt has been shown to improve
he catalytic reaction by introducing a lower potential for the OH
dsorption reaction on the catalyst material which may then react
t a higher rate with the adsorbed CO by-product from methanol
xidation to produce CO2 and an active catalyst for continuous
ethanol oxidation.
A recent development in the optimisation of precious metal

atalyst and high surface area support materials has been the inves-
igation of CNTs [8–10] to replace traditional carbon powders. To
mprove the utilisation efficiency of Pt catalyst requires finding the
ptimum material configuration while minimising Pt loading and
nsuring electrical continuity. CNTs are believed to be superior to
onventional carbon black as a support in that they aid the disper-
ion of Pt thereby maximising the surface area available for reaction
nd minimising grain growth. These factors significantly enhance
lectrocatalytic activity [11]. Pt nanoparticle–CNT composite elec-
rodes are usually prepared by decorating Pt nanoparticles at the
urface of CNTs and configuring the composite into a functional

lectrode. However, it is difficult to attach Pt nanoparticles to
he CNT surface through impregnation or deposition owing to
he inertness of the CNT walls. To date, the most established
oute for immobilisation and dispersion of metal particles on CNTs
equires generation of functional groups on the external walls by

http://www.sciencedirect.com/science/journal/03787753
mailto:james.rohan@tyndall.ie
dx.doi.org/10.1016/j.jpowsour.2008.06.067
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arsh oxidative treatment, followed by chemical or electrochemical
eposition of metal on the activated CNT walls. Despite chem-

cal modification it is still difficult to control particle size and
eposition of Pt nanoparticles on CNTs. This process frequently
esults in aggregated Pt particles which in turn lowers the avail-
ble surface area, decreases the mass activity of the catalyst and
ay degrade the mechanical and electrochemical electrode perfor-
ance. Pt catalysts prepared using the chemical reduction method
ay be compromised by impurities from the bath solutions which

an deteriorate catalyst activity. Anchoring Pt nanoparticle–CNT
omposites on a conducting surface is a crucial step in constructing
robust electrode assembly with low resistivity. This involves cast-

ng the treated CNTs onto an electrode surface or dispersing CNTs
n a binder (such as N,N-dimethylformamide or teflon) to form a
NT electrode. However, binders can cause an increase in resistiv-

ty. The preparation of such CNT-based electrodes is complicated
nd may degrade the mechanical and electrochemical performance
f the CNT electrode. In that particular electrode assembly type
high contact resistance between Pt nanoparticle–CNT compos-

tes and current collectors (graphite foil or metallic substrates) is
ntroduced and an electronic pathway may not be guaranteed. The
o-electrodeposition of CNTs and Pt described in this work rein-
orces CNTs in Pt ensuring an electronic pathway.

A second approach is to use chemical vapour deposition (CVD)
o grow an aligned array of CNTs directly on a conducting substrate,
he CNTs are then decorated with Pt nanoparticles. The decoration
f aligned CNTs grown in anodised aluminium oxide (AAO) tem-
lates has been demonstrated [12]. This serves to lower the contact
esistance between the Pt–CNT composite thus obtained and the
ubstrate. An aligned array of CNTs decorated with Pt nanoparti-
les offers much improved electrocatalytic performance over that
f randomly dispersed Pt–CNTs. The electrical conductivity of CNTs
s higher along rather than across the tubes. Tang et al. [13] demon-
trated the electrodeposition of Pt nanoparticles on (i) tangled CNTs
rown on graphite and (ii) aligned CNTs grown on Ti. Their elec-
rocatalytic activities were compared and the latter was superior
or methanol oxidation. However, this approach also suffers from a
umber of limitations. Electrochemical deposition of nanoparticles
n an aligned array of CNTs can result in CNTs moving in the wet
rocessing environment and agglomerating. This misaligns the CNT
rray and lowers the available surface area of CNTs for subsequent
anoparticle decoration. There is a decrease in available catalytic
urface area with time as Pt nanoparticles agglomerate which in
urn lowers the mass activity of the catalyst. It is difficult to prepare
t nanoparticles with a uniform small diameter (<5 nm) at high Pt
oading—both critical features of a high-performance catalyst. The
dhesion at the CNT–metal nanoparticle interface is not optimal. It
an also be difficult to grow aligned CNTs on carbon paper by CVD
ue to its rough nature.

A number of researchers have presented analysis of CNT com-
osite catalysts with enhanced activity for methanol oxidation.
ne group reported a tenfold catalytic activity enhancement for
ethanol oxidation by doping Pt-carbon black catalyst ink with

ingle-walled carbon nanotubes (SWNTs) [14]. They attributed
his to the increase of catalyst utilisation by improving intercon-
ectivity among carbon black particles. He and co-workers [15]
ynthesised ordered mesoporous carbon nanofibers (MCNFs) and
rdered mesoporous carbons (OMCs) as supports for loading Pt
anoparticles The electrochemical properties of the two catalysts
nd the commercial catalyst Pt/C(E-TEK), which is used for compar-

son, were studied by cyclic voltammetry. The results reveal that
he catalyst using MCNFs as support has excellent electrochem-
cal performance for hydrogen and methanol electro-oxidation.
he electrochemical active surface of Pt particles for the Pt/MCNFs
n sulphuric acid solution reaches a value about four times that

h
a
a
t
b
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f Pt/OMCs and twice that of Pt/C(E-TEK). The Pt/MCNFs catalyst
as higher CO tolerance in the methanol solution and exhibits
igher activity for methanol electro-oxidation than the other two
atalysts. Liang et al. [16] studied the oxidation of methanol at
t electrocatalysts supported on multi-walled carbon nanotubes
MWNTs) with various diameters and lengths. By comparison with
ong MWNTs, the short MWNTs had more open ends, resulting in
igh Pt dispersion and electrocatalytic activity towards methanol
xidation. Pt nanoparticles supported on short MWNTs with a
iameter of 30–50 nm exhibited the best Pt dispersion and high-
st methanol oxidation activity among the catalysts studied. The
ncreased activities of the catalysts based on short MWNTs were
ttributed to both the intrinsic high activity of the ends of MWNTs
nd a good Pt distribution. Yang et al. [17] demonstrated high elec-
rocatalytic activity for 3D Pt nanoparticle clusters with a fractal
tructure obtained by potential step electrodeposition on MWNTs
or methanol oxidation. The electrocatalytic activity and stability
or methanol oxidation surpassed that at a 2D uniform Pt nanopar-
icle dispersion on MWNTs obtained by cyclic voltammetry. The
nhanced behaviour was assigned to the unique 3D ‘flower-like’
tructure of the Pt nanoparticle clusters on MWNTs with signifi-
antly increased electrochemically active surface areas. A further
ethod for CNT and subsequent Pt catalyst deposition has been

eported where an electrophoretic deposition technique (40 V for
–5 min) was utilised [18] to deposit CNTs on a positive electrode
rom a non-aqueous solvent (Tetrahydrofuran) with the Pt catalyst
ubsequently deposited on the high surface area substrate. In addi-
ion to nanoparticle catalyst deposition on CNT support structures
escribed above, researchers have also loaded the catalyst within
he CNT support [19].

To further the case for the incorporation of CNTs as the support
aterial a recent paper has described the use of MWNTs as a sensor

or gaseous CO and demonstrated that the overpotential for CO oxi-
ation is lowered by a decrease in the CO adsorption energy on this
pecific carbon substrate and the oxidation current increased [20].
n alternative application areas researchers have shown the possi-
ility of incorporating CNTs with electrodeposits as a composite for

mproved wear, hardness, thermal conductivity and field emission
haracteristics [21–24].

The co-electrodeposition of Pt and CNT described in this work
ims at minimising the disadvantages of the composites described
bove while achieving increased performance for methanol oxi-
ation based on the advantages of this composite material which
hese researchers have highlighted. This was investigated through
he combined use of electrodeposited composite materials and
orous templates to confine the deposit and increase the sur-

ace area. CNTs may be reversibly solubilised in aqueous solutions
hrough the use of polymers which have been shown to wrap the
anotube [25]. The polymer wrapping of the CNTs leads to individ-
al nanotubes rather than the agglomerates that typically occur in
olvents for the unmodified or pristine hydrophobic CNTs by dis-
uption of the strong van der Waals interaction along the length of
he nanotubes. It has been suggested that it is this destabilisation of
he solid that shifts the equilibrium towards the dissolved phase.
olyacrylic acid has been utilised to assist the dispersion of nan-
tubes for electrochemical composite deposition. In the case of Cu
omposites this polymer did not yield smooth, void free compos-
tes [26]. The commercial polymer Nafion has also been proposed
s a solubilising agent [27]. These researchers indicated that the
olymer-wrapped CNTs retained their electrocatalytic activity for

ydrogen peroxide in addition to being an effective solubilising
gent. Nafion can be considered as a polyelectrolyte when used in
queous environment and has the ability to introduce a charge at
he surface of CNTs that will prevent aggregation after dispersion
y repulsive electrostatic forces, similar to the case of nanoparti-
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le dispersions [28]. Another feature of the CNT/Nafion system that
ay be of benefit in the solubilisation of the CNTs is their possi-

le protonation by interaction with the acidic functionalities of the
afion leading to local charge transfer interactions with the nan-
tube to assist the dispersion and solubilisation of the CNTs in the
queous solvent [29,30].

In this work MWNTs were utilised rather than SWNTs as a sup-
ort for the Pt catalyst because of the relatively high electrical
onductivity which has been attributed to the larger outer shells
31]. MWNTs have multiple 1D conducting shells and their con-
uctance will thus be higher depending on the number of shells.

n this work we demonstrate a method to achieve selective Pt–CNT
omposite catalyst deposition on Si substrates. The introduction of
NT codeposits with the Pt results in improved functionality of the
atalyst material deposited. We have utilised commercial What-
an Anodisc® and in-house porous AAO templates to facilitate high

urface area catalyst deposition. The in-house AAO may be pat-
erned on Si substrates [32–35] to facilitate the subsequent catalyst
atterning for microfabricated fuel cells enabling their integration
ith active devices. The use of Nafion benefits the deposition pro-

ess by solubilising the nanotubes and as a common constituent of
uel cells it is compatible with further utilisation of the composite
n full cell operation.

. Experimental methods

.1. Materials
Multi-walled carbon nanotubes (Nanocyl®-3150) approxi-
ately 10 nm in diameter and 700 nm in length were supplied

y NanocylTM (www.nanocyl.com). A Pt bath (Pt-DNS bath) based
n 10 g Pt/litre was supplied by MetakemTM (www.metakem.com).
afion perfluorinated ion-exchange resin (5 wt.%), sulphuric acid

a
s
i
i
i

ig. 1. Cross-sectional schematic showing the process for anodisation of alumina and Pt–CN
n standard p-type Si substrate (525 �m). (b) Porous anodised aluminium oxide (pore dim
eed layer for Pt–CNT composite deposition. This structure is similar to that used for comm
d) Pt–CNT composite electrodeposition in the porous template. (e) Pt–CNT deposition com
nd Ti adhesion layer etch revealing Pt–CNT nanowires.
r Sources 185 (2008) 411–418 413

nd methanol were supplied by Sigma–Aldrich. AAO circular mem-
ranes (Anodisc® 25) 2.5 cm in diameter, 60 �m thick, 200 nm pore
ize and 109 pore openings per cm2 of membrane were supplied by

hatmanTM. p-Type Si wafers were supplied by MEMC Electronic
aterials, Inc. Pt microdisc electrodes 10 �m diameter were sup-

lied by Princeton Applied Research. The Pt counter electrode (2 cm
n length, 1 mm diameter) and Ag/AgCl reference electrodes were
upplied by IJ Cambria Scientific, Ltd.

.2. In-house AAO formation

In-house AAO templates were fabricated on Si substrates to
chieve smaller pore openings than those available with the com-
ercial AAO templates using a method similar to those described

n the literature [32–35]. Such AAO formation would enable the
ntegration of the catalyst material for applications such as micro-
uel cell system on Si. The aluminium may also be prepatterned
rior to anodisation or the blanket AAO may be patterned after
rocessing to yield patterned templates for the catalyst deposi-
ion. In this work aluminium (1 �m) was sputter deposited on Pt
afer substrates fabricated as described earlier. Controlled anodi-

ation created porous AAO templates presenting a honeycomb
tructure. During anodisation the Ti layer is also oxidised to titania,
iO2. By controlling the voltage, acid concentration and temper-
ture the pore diameter and percentage porosity of the resulting
AO could be tuned. Anodising at 2 ◦C at 40 V in 0.4 M oxalic acid
enerates 65 nm pores. Anodising at 2 ◦C at 20 V in 0.2 M H2SO4
enerates 20 nm pores. Following anodisation, removal of titania

nd AAO barrier layers was effected by etching in 1% H3PO4—this
erves to expose Pt at the base of the pores and leads to widen-
ng of the pore diameter. A general schematic of the process steps
n the anodising of aluminium and Pt–CNT deposition is shown
n Fig. 1.

T composite deposition therein. (a) Metal stack Al/Ti/Pt/Ti/in nm (1000/20/100/20)
ension 20–65 nm formed) as described in the text. (c) TiO2 layer etch to expose Pt
ercial AAO membranes onto which Ti adhesion and Pt seed layers were sputtered.

plete, in this case representing 1 �m long wires deposition in AAO. (f) AAO removed

http://www.nanocyl.com/
http://www.metakem.com/
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nanowire array composites were deposited in 200 nm Anodisc
AAO to afford nanowires 1 �m in length in 40 min.

Electron microscopy was utilised to analyse the composite
deposit. The composite was deposited in 200 nm pore size Anodisc®

AAO template to afford the Pt–CNT nanowire array shown in Fig. 2
14 L.C. Nagle, J.F. Rohan / Journal o

.3. Electrochemical deposition of Pt–CNT composite

The MWNTs were dispersed in the Pt bath with the aid of
afion. A dispersion of Pt–CNT/Nafion comprising 10 �g of CNT
nd 0.25 wt.% Nafion per ml. of Pt bath was prepared and soni-
ated for 10 min to afford a cloudy suspension. Sonication leads to
hortening of the carbon nanotubes. Pt–CNT composite deposition
as effected in a two-electrode cell with a target substrate desig-
ated as cathode and a Pt wire as anode under constant current
onditions using a CH Instruments 660B electrochemical analyser.
he bath was operated at 50 ◦C and 0.01 A cm−2 with an approxi-
ate deposition rate of 25 nm min−1. For planar target substrates,
in.2 sections of either Au or Pt wafers fabricated in-house were
sed. Au wafer substrates (100 nm Au layer deposited over 20 nm
r adhesion layer) were fabricated using e-beam evaporation on p-
ype Si wafers (4 in. in diameter) and Pt wafer substrates (100 nm
t layer deposited over 10 nm Ti adhesion layer) were fabricated
sing magnetron sputtering using a Nordiko 4000 series sputtering
ystem on p-type Si wafers (4 in. in diameter). The Pt–CNT compos-
tes deposited thereon were 2D films, the thickness of which was
etermined by profilometry. In order to induce Pt–CNT composite
eposition in the pores of Anodisc® 25 alumina membrane as target
ubstrate the membrane was firstly made conducting by deposit-
ng 100 nm Pt with an underlying 10 nm Ti adhesion layer using
-beam evaporation. In order to ensure that composite deposition
s restricted to the inside of the pores of the template, the coated Pt
ide is masked from the bath. For this a holder setup was employed.
he alumina template was inserted between two 1 cm thick PTFE
quare plates of 4 cm side length, the lower plate was solid while
he upper plate had a circular opening of 2.5 cm diameter which
erved to expose the template pores to the plating bath solution.

conducting Cu plate was sandwiched between the lower PTFE
late and the template. The template was inserted so that the Pt
oated side is face down on the Cu plate thereby protecting it from
he solution. An O-ring was positioned on the other side of the
lumina template for added support before the two plates were
ecured together with four 0.5 cm diameter screws. The Pt–CNT
omposites deposited therein were 3D wires, the length of which
as controlled by the deposition time and was measured using SEM

nd TEM.

.4. Characterisation

SEM images of the composite array were recorded using a
itachi S4000TM SEM at an acceleration voltage of 20 kV. Having
eposited the composite in the pores, the alumina template was
ttached to a SEM conducting stub with an adhesive carbon sticker.
he Pt backed side of the template was adhered to the adhesive car-
on sticker. A few drops of 1 M sodium hydroxide were applied to
he template for 40 min to allow for dissolution of the alumina.
he solution was then removed and a few drops of water were
pplied to clean any residue from the template. As a final step
he template was dried under a stream of nitrogen for 1 min. SEM
mages were recorded at 20 kV using Hitachi S4000TM. To obtain
EM images of the Pt–CNT composite the alumina membrane with
lectrodeposited Pt–CNT composite nanowires was immersed in
M sodium hydroxide and sonicated for 5 min to release the com-
osite from the template. The resulting residue was allowed to
emain for 1 h in the 1 M sodium hydroxide solution to dissolve
he porous alumina network. The residual nanowires are sepa-

ated from the 1 M sodium hydroxide solution by centrifuging at
3,500 rpm for 10 min. The supernatant sodium hydroxide solution
as removed and the nanowires were re-dispersed in deionised
ater to clean them. The aqueous dispersion was gently agitated
efore separating the nanowires by centrifuging at 13,500 rpm for

F
A

r Sources 185 (2008) 411–418

0 min. This cleaning step was repeated three times in total. Finally,
he nanowires were dispersed in ethanol. A drop of the ethanolic
olution was dropped on a carbon-coated Cu mesh TEM grid. The
anowires were imaged using JEOL 2000FX operating at accelerat-

ng voltage of 80 kV.

.5. Electrochemical analysis

Cyclic voltammograms were recorded using a CH Instruments
60B electrochemical analyser. A three-electrode cell was used, the
orking electrode was a 10-�m Pt microdisc or Pt–CNT compos-

te, the counter electrode was Pt and the reference electrode was
g/AgCl. Cyclic voltammograms for 1 M methanol in 1 M sulphuric
cid (−1.2 to 0.9 V vs. Ag/AgCl) were recorded at a scan rate of
0 mV s−1.

. Results and discussion

.1. Microscopic analysis of deposit

The dispersion of MWNTs (10 nm diameter, ca. 700 nm long) in
commercial Pt plating bath was aided by the addition of Nafion.
his solubilising agent afforded composite deposition with good
dhesion to the Au substrates. Addition of pristine CNTs with-
ut any solubilising agent to a commercial Pt electroplating bath
ave Pt–CNT deposits with poor adhesion to the Au substrate and
howed impaired catalytic activity for methanol oxidation; the
xidation current at such composites was reduced to approxi-
ately 10% of that recorded at bare Pt electrodeposits without CNT

einforcement. The particular advantages of Nafion are the stable
eflon-type backbone which we expect to wrap the hydrophobic
NTs and the hydrophilic sulphonic acid end groups which facilitate
he solubilisation in the aqueous solution. Pt–CNT composites were
eposited at a current density of 0.01 A cm−2, the resulting deposi-
ion rate is 25 nm min−1 and the typical voltage during deposition
s −0.15 V. The optimum Pt–CNT-Nafion ratio in the plating bath for
lectrocatalytic activity towards methanol oxidation and minimum
O poisoning was determined to be 10 �g CNT/ml plating bath
ontaining 0.25% (w/v) of Nafion. Planar Pt–CNT composites were
eposited on a Au-wafer to a thickness of 560 nm in 22 min. Pt–CNT

®

ig. 2. SEM image of Pt–CNT nanowire composite array following dissolution of
nodisc® AAO template in which it was electrodeposited.
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ig. 3. (a) SEM image of AAO grown in oxalic acid on Si/Ti/Pt/Ti/Al wafer and (b) illu
t host material.

ollowing dissolution of the template. The composite was deposited
n AAO templates such as that shown in Fig. 3a where 1 �m thick
puttered aluminium on Si was oxidised in 0.4 M oxalic acid to
rovide regular pores of approximately 65 nm in diameter. The
chematic representation in Fig. 3b is based on the TEM image
hown in Fig. 4 of an individual nanowire following dissolution of
he AAO template membrane. This image clearly shows the 10 nm
iameter MWNTs protruding from the end of the Pt host matrix.

nterestingly these images indicate that the carbon nanotubes are
ligned during deposition along the length of the Pt nanowire
ost.

It may be expected that the CNT wrapped in Nafion would align
arallel to the sidewall of the AAO template during incorpora-
ion when the CNT and the pore size are of similar dimensions.
his appears to be the case represented by the deposit in Fig. 4.
oreover, when CNTs are directionally aligned in a composite then

he structure and properties of the composite are expected to be
nisotropic, these include electrical conductivity, thermal conduc-
ivity, mechanical strength and coefficient of thermal expansion.
t was shown that the electrical conductivity is anisotropic in
ligned CNT-polymer composites [36] and aligned CNT-carbon

omposites [37] while anisotropic electrical and thermal trans-
ort properties were measured in magnetic field-aligned SWNTs
38].

ig. 4. TEM of individual Pt nanowire following dissolution of alumina membrane
ith CNT protrusions evident at both ends.
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n of the AAO pore filling with Pt–CNT composite where the CNTs are aligned in the

.2. Methanol oxidation

The overall oxidation of methanol can be summarised as:

H3OH + H2O ⇒ CO2 + 6H+ + 6e− (1)

It has been shown [39] that the initial reactions on a pure Pt elec-
rode in acid involve the dissociative chemisorption of methanol to
ive Pt3COH adsorbed species in a three-step process at E < 0.5 V vs.
HE:

H3OH + 2Pt ⇒ PtCH2OH + PtH (2a)

tCHO2H + 2Pt ⇒ Pt2CHOH + PtH (2b)

t2CHOH + 2Pt ⇒ Pt3COH + PtH (2c)

The product of each step of Eq. (2) may react with OHads to yield
ifferent oxidation products, according to:

tCH2OH + OHads ⇒ Pt + H2O + CH2O (3)

t2CHOH + 2OHads ⇒ 2Pt + H2O + HCOOH (4)

t3COH + 3OHads ⇒ 3Pt + 2H2O + CO2 (5)

The formation of small amounts of formaldehyde and formic
cid has been confirmed by some workers [40,41]. Over the poten-
ial range 0.5–1.1 V vs. NHE the following reaction occurs.

t3COH ⇒ Pt2CO + Pt + e− (6)

This may be followed by further oxidation according to the fol-
owing equation:

t2CO + OHads ⇒ PtCO2H + Pt (7a)

tCO2H + OHads ⇒ CO2 + Pt + H2O (7b)

However, unreacted Pt2CO can also rearrange (Eq. (8)) to give
inearly bonded PtCO which acts as a poison:

t2CO ⇔ PtCO + Pt (8)

Reduction of PtOHads according to Eq. (9) will uncover Pt surface
toms which can react with neighbouring PtCO according to the

ollowing equations:

tOHads + H+ + e− ⇔ Pt + H2O (9)

tCO + Pt ⇔ Pt2CO (10)
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The poisoning carbonaceous species can be removed according
o:

t2CO + 2OH ⇒ 2Pt + H2O + CO2 (11)

The total reaction involves a Langmuir–Hinshelwood type of
eaction as summarised in the following equation:

tCO + PtOHads ⇔ 2Pt + CO2 + H+ + e− (12)

The standard equilibrium potential for methanol oxidation
ccording to Eq. (1) is 0.03 V vs. NHE, however, a significant reaction
ate is not achieved until much higher potentials due to the diffi-
ulty in oxidation of intermediates which adsorb strongly on the Pt
urface over a wide range of potentials, resulting in a poor activity
owards methanol oxidation. This results in high oxidation overpo-
entials, usually far from the thermodynamic limit. Therefore, for
ommercial applications it is important to develop electrocatalysts
olerant to intermediate species. Good performance results have
een obtained by combining Pt with oxophilic elements like Ru, Sn,
o because in the latter, dissociation of water that produces OH

urface groups, occurs at lower potentials than on Pt alone.
Methanol oxidation was found to be a surface structure-

ensitive reaction and the activity of various monocrystalline Pt
lectrodes such as low-index basal planes and stepped surfaces as
ell as nanoparticles have been examined. The level of reactiv-

ty towards methanol decomposition of the three basal Pt planes
ncreases in the order Pt(1 1 1) < Pt(1 0 0) < Pt(1 1 0) and the rate of

ethanol oxidation increases with the step density of Pt(1 1 1).
he effect of steps on the product distribution during methanol
xidation was studied using differential electrochemical mass
pectrometry (DEMS) at Pt(1 1 1) and Pt(3 2 2) [42]. It was shown
hat Pt (1 1 1) has a lower coverage of strongly adsorbed CO relative
o smooth polycrystalline Pt and Pt(3 2 2). Savinova et al. examined
he activity of electrodeposited Pt in the oxidation of methanol
nd COads and found it to greatly exceed that for Pt(1 1 1), poly-
rystalline Pt or single-grained Pt particles [43]. They found that
O oxidation kinetics increases in the order Pt(1 1 1) < Pt(1 1 0) ≤ Pt
electrodeposited).

The oxidation response of 1 M methanol in 1 M H2SO4 at a 10-

m Pt microdisc (where the current is multiplied by 10) and at a
t–CNT composite are shown in Fig. 5. The potential was scanned
etween −1.2 and 0.9 V vs. Ag/AgCl at a sweep rate of 20 mV s−1 at
5 ◦C. The onset of methanol oxidation is close to the onset of OH
dsorption and the maximum oxidation rate corresponds to the

ig. 5. Cyclic voltammograms (−1.2 to 0.9 V vs. Ag/AgCl) for 1 M methanol in 1 M sul-
huric acid were recorded at a scan rate of 20 mV s−1 at (a) a Pt microdisc (– –) where
he current is multiplied by 10 and (b) planar Pt–CNT composite (—) electrodeposited
n a Au substrate.
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ransition from reversible to irreversible OH adsorption. The oxi-
ation peak in the forward scan at a potential Efwd corresponds to
ethanol oxidation while the oxidation peak in the reverse sweep

t a potential Erev is due to the removal of incompletely oxidised
arbonaceous species formed in the forward sweep. The peak cur-
ent on the forward sweep at the Pt microdisc shown in Fig. 5a is
.5 mA cm−2 which is comparable to literature values, the current
ecorded for oxidation of 0.5 M methanol was 2.04 mA cm−2 at a
0-�m diameter Pt microdisc [44] and 1.47 mA cm−2 at polycrys-
alline Pt [45]. The more negative onset potential seen for methanol
xidation at the Pt–CNT composite, Fig. 5b, indicates a lower activa-
ion overpotential for methanol oxidation. The methanol oxidation
urrent is 60 mA cm−2. The oxidation peak for methanol, Efwd,
s observed at 0.56 and 0.63 V for the Pt–CNT composite and Pt

icrodisc, respectively. The more negative oxidation peak at the
t–CNT composite suggests that methanol oxidation is energeti-
ally more favourable. The oxidation peak in the reverse scan Erev

s observed at a lower potential at the Pt–CNT composite (0.40 V)
han at the Pt microdisc (0.56 V). The negative shift in potential indi-
ates CO oxidation is energetically more favourable at the Pt–CNT
omposite than at Pt only.

The beneficial characteristics of the Pt–CNT composite were fur-
her enhanced when structured in a 200-nm pore size Anodisc®

AO template. The methanol oxidation current at the resulting
t–CNT nanowire array composite was 73 mA cm−2. The surface
rea and catalyst mass of the Pt–CNT nanowire array composite
as estimated as follows. For a Pt–CNT deposit which is assumed

o be cylindrical in shape with a height of 1 �m and radius of
00 nm, the corresponding volume is 3.142 × 10−14 cm3 and Pt mass
s 6.739 × 10−13 g (based on the density of Pt 21.45 g cm−3). There
re 109 pore openings per cm2 of membrane and assuming 100%
fficient Pt deposition the loading is 0.674 mg cm−2, or 6.74 g m−2

hich is an order of magnitude lower than recommended by com-
ercial suppliers such as E-Tek USA. They recommend 50–80 wt.%

t catalysts on high surface area carbon support Vulcan XC-72
250 m2 g−1) for a DMFC where the Pt loading is 57–86 g m−2. In
stimating the active geometrical surface area for the composite
ormed in AAO it was assumed that only the outer disc-like faces
f the nanowire array housed in the AAO template make contact
ith the solution. To compare with commercial Pt catalysts the

urrent for 1 M methanol oxidation at 25 ◦C on 20 wt.% Pt on high
urface area carbon support (Vulcan XC72R) reached 83 mA cm−2

t 73 mA mg−1 Pt mass activity [46]. Herein the current for 1 M
ethanol oxidation at a 1-�m Pt–CNT composite in 200 nm alu-
ina pores at 25 ◦C and sweep rate of 20 mV s−1 reached a limiting

urrent of 73 mA cm−2, based on the Pt loading of 0.674 mg cm−2

he corresponding Pt mass activity is 108 mA mg−1.

.3. CO poisoning

It is generally accepted that CO species formed during methanol
xidation are the main reason for the slow kinetics of oxida-
ion. Since CO species are the main poisoning intermediate a
ood catalyst for methanol oxidation should possess excellent CO
lectro-oxidising ability. Adsorbed CO poisons Pt and impedes fur-
her oxidation of methanol. The rate-determining step for COads
xidation on Pt is an electrochemical or chemical reaction between
Oads and OH according to Eq. (12). In the oxidation of methanol
hown in Fig. 5 the ratio of the forward anodic peak current den-
ity (Ifwd) to the reverse anodic peak current density (Irev), given

y Ifwd/Irev, provides a measure of the catalyst tolerance to car-
onaceous species accumulation, in particular CO. A low Ifwd/Irev

atio indicates poor oxidation of methanol to CO2 during the anodic
can and excessive accumulation of carbonaceous residues on Pt. A
igh Ifwd/Irev ratio represents the reverse case as more intermedi-
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te carbonaceous species are oxidised to CO2 in the forward scan
hus decreasing the extent of CO poisoning on Pt sites. The Ifwd/Irev

atio increased from 1.14 for the Pt microdisc to 1.85 for the Pt–CNT
omposite indicating higher tolerance of the composite towards
O poisoning, as shown in Fig. 5. These results show that the elec-
rodeposited Pt–CNT composite is viable for methanol oxidation.
he reported Ifwd/Irev ratio for the commercial E-TEK catalyst is 1.0
46]. The ratio observed for nanoparticles of Pt on bundled CNTs is
.4 [17]. Yang et al. demonstrated that the CO tolerance is higher
or 3D Pt nanoparticle clusters with a fractal structure obtained by
otential step electrodeposition on MWNTs than for 2D uniform Pt
anoparticle dispersion of MWNTs obtained by cyclic voltammetry
17]. The unique 3D ‘flower like’ structure of the Pt nanoparticle
lusters on MWNTs has a higher electrochemically active surface
rea. The Ifwd/Irev ratio was 2.0 for the 3D catalyst and 1.14 for the
D catalyst. It was proposed that the peculiar shape of the nanopar-
icles in the 3D structure alters the types and number of facets, the
umber of atoms at corners or edges, the total number of atoms
xposed on the surface and their coordination numbers.

CO oxidation is energetically more favourable at the Pt–CNT
omposite than at clean Pt as indicated by the negative shift in
he oxidation potential. The negative potential shift could result
rom a lower density of adsorbed CO at the Pt–CNT composite. It
as shown that adsorbed CO inhibits OHads generation and thus

hifts CO oxidation to higher potentials [47]. It was demonstrated by
oper et al. [48] that the overpotential for CO oxidation is lowered
t surfaces with a higher step density and is attributed to the pref-
rential formation of oxygen-containing species at the step sites
ompared to terrace sites, the peak potential at Pt (5 3 3) was 0.17 V
ower than that at Pt( 1 1 1). Essentially, the activity towards CO oxi-
ation is higher at surfaces with increased defect density. It was
ound by in situ infrared reflection–absorption spectroscopy that
O adsorbed on terraces is more reactive that CO adsorbed on steps.

nitially OHads reacts with CO adsorbed in terraces, this is followed
y the conversion of CO adsorbed on steps into ‘terrace’ CO and
ubsequent fast diffusion to the step sites. The negative shift in the
otential for CO oxidation seen for the Pt–CNT composite may be
urther rationalised by comparison with the findings of Friedrich et
l. [49] from their study of the dependence of CO stripping potential
n Pt particle size. They showed that a negative shift in CO strip-
ing potential (as seen at smaller particle sizes) is associated with
ither (a) a weaker CO bond, (b) increased CO diffusion or (c) faster
eneration of OH groups at the Pt surface.

Adsorbed H2O or small amounts of adsorbed OH at lower poten-
ial are also widely considered to be necessary to remove CO
ntermediates. It was suggested by Arenz et.al [50,51] that CO-
tripping at Pt particles is predominantly influenced by the ability
f the surface to dissociate water and form OHads at defects or
rregularities that act as active sites. They found that larger par-
icles contain more irregularities than smaller ones resulting in
reater ease of CO oxidation at the former. Investigation of CO
xidation at stepped Pt single crystal surfaces both in electro-
hemical environment and in UHV has proven that the formation
f OHads species occurs preferentially at low coordinated sites
uch as steps and defects [43]. It is plausible that the incorpo-
ation of CNTs could prove beneficial in adsorbing H2O to some
xtent. Irregularities or defects created in Pt upon introduction
f CNTs can act as active sites for OH adsorption. The sonica-
ion of CNTs which promotes debundling results in shortening
f CNTs and the formation of surface accessible oxidised species

28]. It is possible that carboxylate or carbonyl groups on the
NTs serve as ‘active oxygen’ for formation of CO2 [52]. The CNTs
rotruding from the surface of Pt nanowires have oxide func-
ional groups on their surface. Furthermore, the increased catalytic
eactivity and lower self-poisoning ratios of the Pt–CNT com-
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osite may originate from other causes including more efficient
echanisms for the removal of the adsorbed species; increased

lectrical conductance of the MWNT when compared with the
lassical carbonaceous supports such as carbon black and the
ttainment of a preferred crystallographic orientation of Pt as a
esult of the interaction with the CNT as proposed by Guo et al.
53].

Two types of CO molecules were identified on Pt surfaces by
inge et al. [54] in their study of the dependence of CO oxida-

ion on Pt nanoparticle shape—one which is weakly bonded on
inetically controlled adsorbing sites on Pt(1 1 0) facets while the
ther is strongly bonded on thermodynamically controlled sites
n Pt(1 1 1). It was noted that the electrodesorptive behaviour of
O depends on surface morphology, scan rate, oxygen content,
otential limits and electrolyte composition. If adsorbed species
re mobile on the surface then decreasing the scan rate during
yclic voltammetric experiments offers the system more time to
elax allowing CO molecules move from oxidation sites of higher
o lower energy if the measurement time is long enough to allow
ransfer to occur. A detailed investigation of the influence of scan
ate was not performed in the current work.

.4. CNT interaction

The higher electrocatalytic activities for methanol oxidation
ay be attributed to the unique 3D structure and electronic prop-

rties of Pt–CNT. The remarkable support effect of CNTs in Pt which
nhance methanol oxidation may be related to a number of factors
hich include low charge transfer resistance at the CNT/electrolyte

nterface, presence of oxygen containing functional groups on the
NTs and a strong metal–support interaction in the Pt–CNT catalyst.
oth surface and subsurface CNTs in the composite can promote
nhanced kinetics of methanol oxidation owing to their rapid rate of
lectron transfer. CNTs in the immediate subsurface layer will alter
he electronic environment of Pt atoms. Analysis of the strength of
t–carbon support interactions using XPS [55] revealed that the
inding energy of the Pt 4f doublet associated with metallic Pt

ncreases in the order Pt-XC-72 < Pt-MWNTs < Pt-SWNTs. It was also
hown that the relative amount of oxidised states of Pt increases
n the order Pt-XC-72 < Pt-MWNTs < Pt-SWNTs. According to the
ifunctional mechanism of methanol oxidation, the electrocatalytic
ctivity is enhanced by the presence of PtO and PtO2. A recent pub-
ication [56] has highlighted the benefit for methanol oxidation at
Pt catalyst deposited over a Pb support. They observed enhanced

atalytic activity for methanol oxidation where the enhancement
f the catalytic activity of Pt is attributed to an electronic effect of
he underlayer on the Pt surface layer, affecting the extent of poison
dsorption on the latter.

. Conclusions

An array of Pt nanowires with vertically aligned CNTs embed-
ed therein was fabricated using alumina templates. The described
pproach provides a simpler method for fabricating Pt–CNT com-
osites as micro-fuel cell catalysts than growing CNTs on a metallic
r carbon substrate followed by catalyst deposition. The purity of
he composite electrodes is superior to those prepared by cast-
ng metal nanoparticle–CNT composites onto an electrode surface
sing a polymer binder as these can cause an increase in resis-
ivity. The compromise between catalytic activity for methanol

xidation and CO adlayer oxidation seen for carbon-supported Pt
anoparticles [57] limits their efficiency as catalysts for DMFC
pplications and warrants further studies to explore the potential of
his new catalyst material. The Pt–CNT composite has been shown
o function as an improved methanol oxidation catalyst material
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ith enhanced carbon monoxide by-product tolerance. The rel-
tively low peak potential for oxidation of 1 M methanol at the
t–CNT composite at 0.56 V vs. Ag/AgCl indicates an energetically
ore favourable reaction. The Pt mass activity for the composite is

08 mA/mg and the CO tolerance is high based on the ratio Ifwd/Irev

f 1.85.
This process may allow for aligned CNT deposition in smaller

emplate pores where the template pore and CNT diameter are of
imilar dimension (e.g. 10 nm CNT in 15–20 nm template), thereby
ecreasing the Pt content of the catalyst. The catalyst and patterning
echnique may be extended to oxidation of any carbon containing

aterial such as glucose which demands better reliability, stability
nd high CO tolerance. The technique of co-depositing metal–CNT
omposite in nanoscale templates may be extended to other metals
or applications such as aligned Cu–CNT composite for integrated
ircuit interconnects. The composite catalyst may also be deposited
s nanoscale thin films over a templated electrically conducting
upport material such as Cu [58]. The approach affords a composite
ith directionally aligned CNTs in Pt; the CNTs align vertically along

he axis of the Pt nanowires to give an anisotropic structure. The
rocess can be extended to include the fabrication of a range of
ligned CNT/metal(alloy) composites with anisotropic properties.
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