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Abstract

A mesoporous platinum catalyst @Pt) containing pores of diameter 34 A has been examined as a potential catalytic material for both
the electrochemical reduction of oxygen and the electrochemical oxidation of methanol. The material has been characterized in sulfuric
acid at room temperature by voltammetry and chronoamperometry as an abrasively deposited microelectrode. About one-quarter of the
internal pore surface area appears to be electrochemically accessible.

The material shows good activity towards the reduction of dissolved dioxygen molecules, with an exchange current density and Tafel
slope close to that seen for conventional dispersed platinum catalysts.

The mass activity towards the oxygen reduction in 0.5 mot#li,S0Oy reaction is quite low, at 1.1 Ad, and the specific activity is
also quite low at 7.40A cm~2, both at 900 mV (RHE). Both these low values may be due to the relatively poor surface area to volume
ratio of this particular catalyst formulation.

In comparison, the methanol oxidation activity seems to be significantly improved compared to normal dispersed platinum catalysts in
0.5 mol dnT3 H,SO, and 1 mol dnm® CH3OH with values of 20 Ag?, and 42 mA cmi? at 0.55 V (RHE) and 65C. A discussion of the
unique features of this catalyst and how the structural morphology of the mesoporous phase may affect the electrocatalytic activity of the
catalyst is given.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Cations must flow from the anode to the cathode@H,

as is the case for the PAFC and SPEFC), or from the cath-

Highly dispersed high surface area catalysts are used inode to the anode (OH COz2~, or O?~ for the alkaline,
many heterogeneous catalytic and electrocatalytic processescarbonate and solid oxide fuel cells, respectively). Thus
Such materials are highly important to phosphoric acid and it is necessary to provide a suitable ionically conducting
solid polymer electrolyte fuel cells (PAFC and SPEFC, re- medium between the anode and the cathode. The ionic
spectively). In such fuel cells the catalyst is primarily used conductors used within fuel cells are typically much less
in the form of platinum and platinum alloy colloidal parti- conductive than electronic conductors—for instance, the
cles, which are either supported or unsupported. Fuel cellsconductivity of Nafion, a commonly used proton conduct-
pose a distinct set of challenges over and above those coming material in SPEFCs is 0.083 Scti[1], whereas the
monly seen within normal heterogeneous catalysis. Theseconductivity of carbon is 1375Scm [2]. Thus it is ad-
problems derive from the necessity of providing optimum vantageous to keep the separation between the anode and
ionic and electronic conductivity and reactant/product trans- cathode within the fuel cell as small as possible, as this
port at the catalyst surface. reduces resistive losses, which would tend to occur in the
Electrons produced at the cathode and consumed at themembrane.

anode must be collected and efficiently distributed to the The net result is that for efficient operation of PAFCs
other electrode. This necessitates utilizing a support that isor SPEFCs the catalyst layer is required to be thin and to
electrically conductive, but which at the same time must be be composed of either unsupported or supported catalyst at
resistant towards corrosion in the extreme electrochemical high loading (typically 10-40 wt.% loading). This constraint
environment in the fuel cell. provides an extra challenge to the design of fuel cell elec-

trodes, and drives the need to discover methods of producing
"+ Corresponding author. Tek:44-20-7594-5831; _high Iqading, high_ly dispersed catalysts yvhich can be fash-
fax: +44-20-7594-5804. ioned into very thin catalyst layers—typically of the order
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Fig. 1. (a) Schematic diagram of the geometry of the mesoporgysatnum catalyst; (b) TEM image of one particle of the mesoporouplétinum catalyst.
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As previously mentioned, the catalyst of choice is sup- AnalaR grade reagent. Solutions were deoxygenated with
ported or unsupported precious metal particles of small di- high purity argon. Mesoporous platinum metal was syn-
ameter, typically less than 10 nm, with a lower limit of about thesized by reduction of #PtCk dissolved in the normal
1 nm. If supported, a graphitic carbon is often used, as car-topology hexagonal phase of a non-ionic surfactant a0
bon is one of the few inexpensive electrically conductive [11]. The material is porous with hexagonally spaced paral-
materials that are stable in the electrochemical environmentlel pores 3.4nm in diameter separated by 3.4 nm platinum
of the fuel cell. The intrinsic activity of these catalysts (i.e. walls. The material was found to have a surface area of
the activity per unit area) is found to be quite dependent 47 n?g~1 by N» BET, slightly larger than that calculated
upon particle diameter. from purely geometric arguments. Analysis of similar sam-

As an alternative, several approaches may be used to proples to those used here using both TEM and X-ray diffrac-
duce a high surface area monolithic catalytic layer. For in- tion shows the well-defined mesoporous structure of this
stance, relatively large-scale mesoporous metal films with catalyst[17].
porosity in the range 200—-1000 nm have been produced uti-

lizing silica or polystyrene spheres as templdgs 2.2. Preparation of the electrodes
On a finer scale, there has been considerable research

into the prqduction Qf ordered mesoporous materia]s (ile.  chaet al[18] developed a simple technique for the inves-
materials with pores in the 2-50 nm range) through directed yja4ion of powder electroactive substances and analyzed its
templating technique$4,s]. Initial work concentrated on  y54ic electrochemical behavior. Such an approach has also
the production of metal oxides with well-defined pore sizes \ocanty ysed an electrode prepared by mechanical abrasion
[6,7]. This approach has been significantly broadened by (4 jnyestigate the electrochemistry of insoluble and uncon-

the. introduction'of qugid crystal templating materials, as qtive microcrystal$19]. The abrasively deposited micro-

reviewed by Raimondi and Sedd@]. Such an approach  gjacirode was prepared as follows. A small amount of the

has been used by Attard et §,10] to produce a range of  aq4n0rous platinum powdery was placed on a smooth glass

mesoporous metalhc. systems. . plate. The end of a gold microdisk electrode was heavily
Porous platinum films have been produced through €i- \pheq on the HPt. Successful deposition of the-Rt was

ther chemical or electrochemical reduction of a system com- ijenced by the silver-white color of the microdisk. The

posed of a lyotropic liquid crystal within which dihydrogen 5 asi0n process does not appear to destroy the mesoporous
hexachloroplatinic acid (HCP) is dissolved in the aqueous ¢ cture of the Pt

phase[11,12] Such porous platinum films have roughness
factors of over 20(12], and are composed of film or par-
ticles which typically contain a regular array of cylindrical
pores of 1-10 nm in diameter separated by walls of the same

2.3. Electrochemical measurements

thickness[13] as illustrated in the cartoon iRig. 1a Fur- Voltammetric measurements were performed at room
thermore, it has been suggested that these materials would€mperature (26C) using an Autolab General Purpose
make ideal catalysts for fuel cell systefid]. Electrochemical System (Ecochemie, Netherlands). A three-

In this paper, we present a study of the activity towards compartment cell with Luggin capillary for the reference
the oxygen reduction and methanol oxidation reactions of &M and a glass frit between the counter electrode com-
mesoporous platinum material, 4Rt, produced from the partm_ent and the main cell was used for the majority of
hexagonal phase of the non-ionic surfactant octaethyleneeXpe”mentS- The counter electrode was a Pt flag and the ref-
glycol monohexadecyl ether (§Eg-CHs(CHz)150(CH erence electrode was a saturated calomel glectrode (SCE).
(CH,0H))7CH,CH,OH). A TEM of our catalytic material Potentials were corrected to the RHE potential scale.
is presented irFig. 1h Although such catalysts have been
electrodeposited onto a microelectrode to examine their
activity for oxygen reductioril5], our approach is unique 3. Results
in allowing us to obtain the activity and performance of a
‘real-world’ catalyst, produced through chemical reduction 3.1. Characterization of microelectrodes
means and deposited in a quick and reproducible way on
an electrodg16]. The abrasion process will inevitably produce a deposited

layer of larger surface area than that of the underlying mi-
croelectrodeFig. 2 This layer may be characterized by an

2. Experimental apparent radius;, greater than the radius of the underlying
microelectroder. It is also characterized by film thickness,
2.1. Chemicals X, which ideally is very much smaller than to eliminate

the possibility of concentration polarization within the film.
Sulfuric acid solutions were prepared using deionised wa- Ideally, r’ should be less than 2-3 times greater thaas
ter (18 M2 cm conductance, Millipore MilliQ system), and resistive losses in the film, especially for small valuex of
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Fig. 2. Comparison between a normal microelectrode (a) and an electrode with an abrasively deposited layer on its surface (b). In the case thiethe latter
effective radius of the deposit will be greater or equal to the radius of the underlying microelectrod€he deposit will also have a finite thickness,

may cause distortion in the electrochemical response of thecharge transferred in the hydrogen adsorption/desorption
system. As the amount of material deposited on the elec-and Qg the capacitative charge due to double-layer charg-
trode is not known, it is necessary to experimentally deter- ing, as measured from the current in the double-layer
mine the loading, and the effective radius of the electrode, region.

r’. This is achieved by measurement of both the total sur- The average diameter of the rubbed layer was determined
face area of the electrode (i.e. including the internal surface from the diffusion-limited current due to the reduction
area), and the projected surface area.

Fig. 3shows the voltammogram of g #Pt rubbed micro-
electrode in 0.5moldm? H,SO, solution. Current is ex-
pressed in terms of the projected surface area, as determined
below. The features in the hydrogen adsorption/desorption
region can be rationalized on the basis of hydrogen electro-
chemistry on platinum low-index single-crystal surfaces in
acid solutiond20].

The real surface area of the;4#t may be estimated
from the hydrogen adsorption/desorption chaf@e, in the
potential region between 0 and 0.4V, assuming a mono-
layer of hydrogen corresponds to an adsorption charge of
210uCen? [21]. The hydrogen adsorption charge can
be determined via @4 = (Qtota — Qu), represented Fig. 3. Cyclic voltammogram for a rubbed 4Pt microelectrode in
by the shaded area Iﬁlg 3, where Qtotal is the total 0.5moldnt3 H,SO4 at a scan rate of 0.20 V8.

0 0.3 0.6 0.9 1.2 1.5

Potential / (V vs. RHE)
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solution. Thus we have utilized a sweep rate of 0.5mV s
and a F€CN)g3~ concentration of 0.02 mol dn.

The diffusion coefficient of FEEN)g~ has been deter-
mined as being B3 x 10 %cm?s1 [23], with n = 1
in a solution composed of 0.020 mol dfhK3Fe(CN)g +
1 mol dnm 3 KCI we obtain a value for effective diameter of
the deposited layer of 116m. The mass of deposited ma-
terial was estimated from the electrochemical surface area,
and the known specific surface area measured using the

P T BET method. In separate experiments, production of Nafion
03 04 05 bound electrodes of known loading led to electrochemical

measurement of only 26% of the BET area, and so we cor-

Fig. 4. Cyclic voltammogram for a rubbed#Pt microelectrode in _reCt for th.IS discrepancy. We presume that this discrepancy
0.020mol dnT3 K3Fe(CN)g + 1 moldnT3 KCI as a function of scan is due to incomplete wetting of the porous structure or due
rate: 2mvs?! (—); 5mvVs?! (— —. — ); 10mVs?! (———) and to subtle differences in the two surface measurement pro-
20mvst (). cesses. Nonetheless, during our electrochemical reactions
we saw no variation in the electrochemical surface area, im-
, plying that the surface area and roughness factors which we
of potassium hexacyanoferrate(lll) {Rke(CN)). As the have measured are time-invariant.
reductmg_of F_eCN)Gs_ is kinetically facile, all of the The roughness factaRe, the ratio of the real surface area
FE(CN)s™~ which reaches the surface of the electrode , o geometric surface area, is calculated as 360. This is
will b.e reduced, and none will have a chance to dif- a very high value—much larger than that of a usual planar
fuse into the porous material. Thus the steady-state be'electrode or even electrodeposited electrode. This fact con-

havior of the powder microelectrode is the same as that is the well-developed surface area of this mesoporous
of a planar microdisk electrode with the same diameter material

[18]. The generally accepted equation for the steady-state The mass of Pt on the microelectrode is aboutix

diffusio.n-limited current at a planar microdisk is as 107 g, i.e. a loading of about 2.4 mg ¢ So it is possible
follows: to estimate the film thickness of the rubbed layer

Iq = 4nFDcrg (1) L= m
VH,-pw0Ao

0.2
Potential / (V vs. SCE)

L 1
0 0.1

2
wheren is the number of electrons transferred during the
electrochemical reactiort; the Faraday's constar) and ~ Wherem is the mass of rubbed layeV,-pt the volume
c are, respectively, the diffusion coefficient and concentra- fraction of platinum in the material (0.61p, the platinum
tion of the electroactive species, anglthe radius of the  density (21.4gcm®) andAg the geometric surface area of
disk. the rubbed layer. The film thickness was found to be about
The equation above is only adhered to at steady-state,2 -M, Which implies that our electrodes may be consid-
and there may be deviations from it if the system under- €red as a powder microelectrode with a very thin active
goes some dynamic transient. DisplayedFig. 4 are the layer.
cyclic voltammograms for the reduction of a solution com-
posed of 0.020 mol dr? K3Fe(CN)g + 1 mol dnt 2 KCl as 3.2. Oxygen reduction reaction
a function of scan rate. Two effects are significant in these
voltammograms. The first observation is that at faster scan Fig. 5 shows a steady-state polarization curve for the
rates there is an obvious peak formed during the reductionH;-Pt rubbed microelectrode ins&aturated 0.5 mol dn¥
process before a limiting current is obtained. This peak de- H,SOy. In comparison to the previous experiments involv-
creases in magnitude as the scan rate decreases, and is notg F&(CN)g3~, oxygen is reduced at a much slower rate
present at sufficiently slow scan rates. The second observaand thus it is expected that oxygen will tend to diffuse
tion is that the limiting current at faster scan rates is larger through the entire structure of the porous material, and
than those obtained at slower scan rates. The formation ofnot just be reduced at the external interface of the elec-
peaks in the voltammograms at microelectrodes has beerrode. A well-developed limiting current platedy can
ascribed to the changeover from planar to hemispherical clearly be seen. The concentration and diffusion coeffi-
diffusion geometry, and this process has been modeled bycient of dissolved oxygen in 0.5 mol dr H,SOy solution
Aoki et al.[22]. have been reported as beingld x 10-8molcm™2 and
Thus in order to ensure that only the exposed geometric 1.8 x 10-°cn?s ™1, respectively[24]. Cha et al.[18] in-
surface, and not the internal surface area, is active for thevestigated oxygen reduction on acetylene-black-packed
Fe(CN)e3~ reduction, it is necessary to scan at sufficiently microelectrode in KOH solution and found the same Tafel
slow sweep rates and utilize sufficiently dilute(E&)e3~ slopes on carbon powder microelectrode and planar carbon



86 A. Kucernak, J. Jiang/Chemical Engineering Journal 93 (2003) 81-90

0,058V decade”’

v
o
w0

0.8 =
0.124 V decade™

0.7 1
0.6 1

'otential vs RHE /

-1 mA cm™

P
o
o

0.4

-4 -3.5 3 25 -2
100({lim* 1/ Iy} / A cm™)

0.4 0.6 0.8 1 1.2
Potential / (V vs. RHE)

Fig. 5. Steady-state polarization curve for dissolved oxygen on rubheit Hhicroelectrode in 0.5moldmi H,SQy, saturated with pure oxygen.
v=0.1mVs Inset: Tafel plot for this curve.

electrodes. They concluded that the porous electrocatalystsrable 2
in the powder microelectrode is homogeneously polarized Mass and specific activities of |Hplatinum to the oxygen reduction re-
and the powder microelectrode is equivalent to a planar 2¢ion measured at 0.9V vs. RHE in 0.5 moldirt,SQ,

electrode with an enhanced surface area. If the film thick- Mass activity at Specific activity at
ness of the rubbed microelectrode is limited to some few 900mV (RHE) 900mV (RHE)
(Ag* PY) (nAcm™)

microns it is reasonable to assume that polarization within
the porous electrode is homogeneous. For our experimentH"
on the H-Pt electrode, and utilizindgeq. (1) the electron

number is calculated to be 4.4 per oxygen molecule, a little (RHE). In Table 2we present the mass and specific activi-

larger the theoretical value of 4. . ties for the oxygen reduction reaction at this potential using
Data points from the kinetically controlled regions of the 16 rubbed microelectrode.

steady-state curve were chosen for Tafel analysis. These data

are corrected for mass-transport effects by calculating the 3.3, Methanol oxidation reaction

parameteiqyi/(iq—i), wherei is the current density at a given

potential andq the limiting current density. The Tafel plot Platinum has been long recognized as an effective

of such data is shown in the insetféiy. 5. The plot shows methanol oxidation catalyst, and it shows exceptionally high

two well-defined linear regions extending over three orders initial activity [25,26] Unfortunately, although it shows

of magnitude in current density. These regions have slopeshigh activity for short times, it quickly deactivates due to

of 58 and 124 mV per decade. A value for the exchange the adsorption of carbon monoxide intermediates on its sur-

current densitiesip, may be obtained by extrapolation of face[27,28] Alloying platinum with ruthenium overcomes

the Tafel line to the equilibrium potentiakeg, for the G the poisoning problem to some extent, and leads to catalysts

reduction (1.23V vs. RHE). The exchange current density which show reasonably stable activity. Unfortunately, ac-

for O, reduction on the HPt corresponding to each Tafel tivity is still hindered to a certain extent by the build-up of

slope is shown ifmable 1 CO on the catalyst surfag@9,30]. Although a mesoporous
Typically, performance of oxygen reduction catalysts are PtRu material of the type reported in this paper has been

reported as mass activities or specific activities at 0.9V synthesized, this material has not been tested for methanol

Pt microelectrode 1.1 7.4

Ezfsllope k) and exchange current densiiy)(for oxygen reduction at an jkplatinum in 0.5 mol dm® H,SO,2

Electrode Low current density High current density Reference
b (V per decade) io (Acm™2) b (V per decade) io (Acm™2)

Hi-Pt microelectrode 0.058 @x10°° 0.124 111x 1075 This work

Pt disk microelectrode 0.063 @x 107° 0.119 78 x 1077 [27]

aNafion electrolyte.
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Fig. 6. Cyclic voltammogram at a temperature of°60of a rubbed ) o ) .
H,-Pt microelectrode in 0.5moldm HSOs (a) and 0.5mol dm? Fig. 7. Pseudo steady-state activity of a rubbgePit microelectrode in
H2S0y + 0.5mol dm3 CHzOH (b). For both voltammograms the scan ~ 0-5moldnm® H2S0; +0.5mol dn® CHsOH, at a temperature of 6C.
rate is 50mvst. Left axis shows activity in terms of projected surface area, and right axis

shows activity in terms of real surface area. Inset: chronoamperograms of
the response of the current as a function of applied potential. Electrode
loading of 10 mgcm? Pt.
oxidation activity although it does show good activity for
heterogeneous CO oxidati¢h7]. As no experiments have
been performed on methanol oxidation using this new markedly over the first 100-200s. At the lowest potential
mesoporous material, we have looked at the oxidation of displayed, 0.40V, the current remains stable after this initial
methanol on our HPt microelectrodes. period. At higher potentials, 0.45 and 0.5V, after the initial
Presented iifrig. 6are voltammograms for a;HPt micro- deactivation there follows a period during which the current
electrodes in 0.5 mol dn?® H,SOy in the presence and ab- again increases, partially offsetting the initial drop—this
sence of methanol at a temperature of 60 The current is reactivation of the electrode is not normally seen for the
normalized to the geometrical surface area of the electrode.oxidation of methanol on platinum at either room tempera-
The loading of platinum on the electrode was calculated to ture or at 60C [32]. At still higher potentials, 0.55V, the
be 10 mg cm?, with an average thickness ofuf. Such a current trace appears much more noisy, with sudden jumps
thin layer will be homogeneously polarized under the con- in the current. Over longer periods there is a decrease in the
ditions of study. magnitude of the current. The noise spikes were correlated
It can be seen that the electrode manages to sustain Veryvith bubbles forming at the surface of the microelectrode,
high activities for the methanol oxidation process, especially and it is believed that the decrease in the magnitude of the
at higher potentials. The specific activity (i.e. current di- current is due to the formation of a stationary bubble on
vided by real surface area) of the catalyst is higher than the surface of the electrode which hindered mass transport
those typically seen on either polycrystalline platinum or on of methanol to the electrode surface. There is also some
nanoparticulate systems under similar conditifgt. possibility that the vigorous agitation caused by bubble for-
As discussed previously, one of the principle disadvan- mation lead to loss of some of the catalyst from the surface
tages of platinum as a catalyst for methanol oxidation is of the microelectrode. It is not believed that the long-term
that the activity quickly decays with time. Thus, although loss in current is due to poisoning of the electrode by car-
the voltammogramFig. 6, suggests a highly active cat- bonaceous intermediates, as such effects tend to be much
alyst, the results only prove that the instantaneous ratesless significant at higher potentig2].
of methanol oxidation are high. In order to obtain more
conclusive results of the activity of the #Pt mesoporous
catalysts activity towards methanol oxidation, we have used 4. Discussion
chronoamperometry to look at the time variation of the
oxidation rate of methanol on the catalyst. For very high dispersions, that is for small particle sizes,
Fig. 7 shows the steady-state polarization plot for typical platinum and platinum alloy catalysts exhibit a cu-
the H-Pt microelectrode in 0.5moldm H,SO; + booctahedral geometrj83]. As the degree of dispersion
0.5moldnT3 CH30H at a temperature of 6. The data is increased, the ratio of the different facets available for
were acquired after the electrode had been polarized forthe electrocatalytic reaction to occur on will change, and
1000s. It can be seen that especially at high potentials, thethis may very well be the reason for the well-documented
catalyst is able to sustain high oxidation rates for some catalyst-size effect seen for both the methanol oxidation re-
time. Inset of this figure shows the chronoamperograms action[31,34]and for the oxygen reduction reactif8b,36]
for the electrode at different potentials. At all potentials, = One of the most interesting aspects of theRd meso-
the activity is initially quite high, but it decreases quite porous catalysts is that it has a strong negative surface
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curvature compared to normal nanodispersed platinum cat-using thin film platinum and carbon-supported platinum in
alysts, which have a positive surface curvature. This also different media[42,43] The size of the platinum particle
means that the crystal faces making up the surface of thehas been found to have an obvious effects on the electro-
catalyst will be significantly different from those for normal catalytic oxygen reduction activity. The reported values are
cubooctahedral catalysts, although the actual mix of differ- experimentally dependent. Most investigations have shown
ent crystal faces present in these catalysts have not beerthat platinum with a particle size of 3—-4nm can provide a
measured. Because of the significant differences in activ- peak mass activity ranging from 1.4 to 25 Algand a peak

ity for both oxygen reductiofid7] and methanol oxidation  specific activity ranging from 1 to 7@A cm~2 both mea-
[38] on different crystal faces, and the expected differ- sured at 0.9V vs. RHE9,42,43] The mass and specific
ences of faces present in the-Pt catalyst, we might very  activities for the H-Pt used in our study are presented in
well expect different activities for different electrocatalytic Table 2

reactions. The mass activity of our material at 1-2 Aat 900 mV
(RHE) is towards the low end of the range listed above. This
4.1. Oxygen reduction reaction can be attributed to the relatively low surface area to volume

ratio of this catalyst when compared to optimum-sized plat-

A comparison between the Tafel slopes and calculated inum particles. In fact, for the catalyst used here, the surface
exchange current densities in both the high current and low area to volume ratio is the same as for platinum particles
current regions for the HPt catalyst and for pure E-Tek plat-  with a diameter of about 20 nm, which is large compared to

inum for the Q reduction reaction is displayed ifable 1 the normal size of catalysts utilized for oxygen reduction.
The data for the latter was taken from the work of Perez As mentioned above, it also appears as if we can only ac-
et al.[39]. cess about one-fourth of the surface area of the platinum, as

A Tafel plot showing two linear segments with slopes of judged by H-adsorption/desorption. Were we able to access
aboutRT/F (~60 mV per decade) andI/F (~120 mV per all of the internal pore area, the surface area to volume ratio

decade) have usually been reported for the€luction re- would improve, producing a value equivalent to platinum
action on platinum electrode in acidic medium and at the particles of 8 nm diameter.
platinum/Nafion interfac@40]. These variations in the Tafel Poirier and Stoner found that mass activity and specific

slopes are attributed to the influence of different adsorption activity at 0.9V vs. RHE both decrease with increasing par-
and different rate-determining steps over the potential rangesticle size (and decreasing specific surface area). A TEM in-
investigated40]. As displayed inTable 1, the Tafel slopes  vestigation of our catalysfig. 1, shows a particle size of
and exchange current densities calculated for quPttat- about 20-40 nm, although the material is composed of many
alyst are quite similar to the values determined for a typi- inner pores of about diameter 3.4 nm separated by walls with
cal high surface area dispersed cataly88%. Such values  a thickness of 3.4 nm. The utilization of inner pores dramat-
are quite typical of both supported or unsupported platinum, ically increases the mass and specific activity, although not
suggesting that in the |HPt catalyst there is no significant enough to offer better performance when compared to cur-
effect of the platinum morphology on the mechanism of rent catalysts.
oxygen reduction.

Birkin et al. [15] measured voltammograms for oxy- 4.2. Methanol oxidation reaction
gen reduction on high surface areg-Pt electrodes in
air-saturated pH 7 phosphate buffer. The electrodes were Mass and specific activities of |kFplatinum to the
produced through an electrodeposition process, which al-methanol oxidation reaction compared to values obtained
lowed easy control of the thickness of the deposited layer. in the literature under the same conditions are presented in
Although no analysis of the kinetic parameters for oxygen Table 3 The mass activity for methanol oxidation is quite
reduction on these electrodes are given, the electron numbehigh when compared to other data in the literature, espe-
of the oxygen reduction reaction at high roughness factors cially considering that this data is for supported catalysts,
is seen to be 4.4, the same as the value that we obtainwhich typically show higher activity than unsupported cat-
The determination of electron number made an implicit alysts[31,44,45] In comparison, the specific activity of the
assumption that the solubility and diffusion coefficient of catalyst does not seem to be significantly different from
molecular oxygen within the pores of the mesoporous ma- that obtained on planar platinum electrodes. This apparent
terial was the same as that in the bulk solution. Transport contradiction may be rationalized by the significant effect
in mesoporous and nanoporous media is highly complex, which particle size has on the activity of dispersed catalysts
and diffusion coefficients as well as viscosities within such towards the methanol electrooxidation reaction. Indeed, the
materials are liable to be different from those found in bulk results suggest that were the surface area to volume ratio of
solution, and thus may, in principle, explain the discrepancy the H-platinum catalyst improved (by moving to a system
in the calculated electron numbjgrl]. with smaller pores and smaller pore separation), it may

The mass activity and specific area activity to the reduc- be possible to significantly surpass the methanol oxidation
tion of dissolved oxygen have been extensively investigated activities currently seen for dispersed platinum catalysts.
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Table 3
Mass and specific activities of kplatinum to the methanol oxidation reaction measured at 0.55V vs. RHE in 0.5 mél 8rS0, and 0.5 mol dm3
CH3OH at 60°C

Mass activity at 550 mV Specific activity at 550 mV Reference
(RHE) (Ag™! Pt (RHE) (wAcm—2)
10 mgcnt? H,-Pt microelectrode 20 42 This work
Smooth platinum - 49 [32]
5mgcnT? ~20wt.% Pt/C 15 - [44]
1mgent2 10wt.% Pt/C 10 - [45]
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