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Abstract Mesoporous deposits of platinum catalysts
were electrodeposited over monolith carbon with hierar-
chical porous structure. The liquid crystal used as a tem-
plate allowed the electrodeposition of the catalyst on the
outer region of the carbon with low penetration in the
porous structure. The platinum hexagonal mesostructured
deposits exhibits an excellent stability enhanced by the
roughness of the carbon support. The mass activity for the
electrooxidation of methanol of the mesoporous Pt catalyst
supported on the hierarchical carbon is similar to that
observed on gold and to that reported for commercial Pt
nanoparticulated catalysts, even when this catalyst has a
smaller Pt load than the commercial one. Also, the poi-
soning rate of the mesoporous catalyst is lower than that
observed for the commercial catalyst. The integrated sys-
tem of structured materials could be suitable for the fab-
rication of modified electrodes in small scale applications.
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1 Introduction

Nanostructured materials are good candidates for innova-
tive applications in fuel cells [1], supercapacitors [2],
electrochemical sensors [3], and other electrochemical
devices. In the last two decades several methods of pro-
duction of structured materials were proposed, leading to a
wide range of materials with tailored composition, struc-
ture and properties (selected redox reactions, mass trans-
port management, increased electroactive area), as recently
reviewed [4, 5].

Several devices employed to generate, and store energy
or energy vectors, like hydrogen, are ground on electro-
chemical reactions [2, 3, 6-10]. The efficiency of an
electrochemical process could be strongly affected by the
accessibility of the gaseous or liquid reactants to the cat-
alysts surface, the release of the products of the reaction, or
the blocking of the catalyst electroactive area. Therefore,
their performance could be improved beyond the intrinsic
properties of the used materials by a suitable design and
integration of the different components of the device. In the
case of a fuel cell these components include the gas dif-
fusion layer, the catalyst support and the catalysts itself.

Metals such as nickel, platinum, iridium, rhodium, etc. and
its alloys are capable of catalyst a wide variety of
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electrochemical reactions [6-14], including the electrooxi-
dation of methanol or ethanol in direct alcohol PEM fuel cells
and reforming of small molecules, like methane, to generate
hydrogen employing nickel and rhodium based catalysts.

Recent studies propose the use of mesoporous electro-
catalyst layer formed by electrodeposition [15, 16]. Mes-
oporous platinum deposited on gold has shown better
performance than Pt catalysts supported on commercial
carbon, compared at similar Pt load [16].

In this study, the mesoporous platinum catalyst, elec-
trodeposited over hierarchical carbon and gold from pre-
cursors dissolved in the aqueous domains of a lyotropic
liquid crystalline phase, were analyzed separately. The use
of a viscous lyotropic liquid is expected to assure the
electrodeposition of the catalyst only on the outer region of
the carbon support, allowing the integration of the catalyst
with the structured monolithic carbon, which act as gas
diffusion layer and current collector [17, 18]. This prepa-
ration procedure would improve the electric contact
between the catalysts and the gas diffusion layer, while the
tuneable porosity of the carbon could provide suitable ways
for the outlet of the gaseous carbon dioxide [19] generated
during the methanol electrooxidation.

Here, we report the study of mesoporous platinum elec-
trodeposited directly over a monolithic carbon with hierar-
chical pore distribution, which could have a synergic effect
on the electrooxidation process through a suitable manage-
ment of mass transport from/to the catalyst region [20, 21].
The monolithic carbon used in this study is formed by porous
(nanometer size) spheres, whose packing generates mesop-
ores, and straight capillaries crossing the bulk material.

The mesoporous platinum electrode over a hierarchical
carbon monolith was studied for the electrooxidation of
methanol because it could be a promising electrocatalyst
system in direct methanol PEM fuel cells [22-25].

The studies of binary catalyst electrodeposition, wearing
down and durability of this new type of integrated mate-
rials, as well as their integration and characterization in
fuel cell, and other energy devices will be carried out in a
forthcoming study.

2 Experimental part

2.1 Materials

2.1.1 Hierarchical porous carbon

The Hierarchical Carbon (HC) containing mesopores and
capillaries was obtained using the method described else-
where [26]. Briefly, it uses a polyelectrolyte (poly-

dilayldimethylammonium chloride, PDADMAC, Sigma-
Aldrich) as a structuring agent for mesopores in a resorcinol
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(Sigma-Aldrich) formaldehyde (Cicarelli) polymer precur-
sor of carbon, and a commercial polypropylene fiber, as a
hard template for generation of the capillaries. The resulting
cubic shaped monolithic resorcinol-formaldehyde polymer—
polypropylene composite was dried in air for several days
and carbonized under nitrogen at 800 °C with a heating rate
of 40 K h™". A typical monolithic carbon sample has an area
of 5 cmz, a thickness of 300 pum, and capillaries of diameter
around 15 pm, connecting both sides of the support, as
observed from the Scanning Electron Microscopy (SEM)
image of a transversal cut of the monolithic carbon shown in
Fig. la. As mentioned before, the surface density of capil-
laries can be easily controlled by adjusting the amount of the
polypropylene template. In Fig. 1b, the morphology of the
surface carbon formed by spherical particles of ca. 60 nm
can be observed. According to previous study [27, 28], the
packing of these particles forms the mesoporous structure.
However, the high BET surface area of this material

>

Fig. 1 SEM image of hierarchical carbon: (a) transversal cut; (b)
surface top view
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(749 m* g_l) could not be accounted by the surface of the
60 nm globular particles, which only contributes with about
70 m? g~ '. It was estimated by molecular simulation [27]
that the globular forms observed in Fig. 1b are clusters of
small carbon nanoparticles (5-15 nm). The Barret, Joyner
and Halenda (BJH) model of pore size distribution analysis
[29] shows a peak around 40 nm and it is coherent with a
carbon porous structure having mesopores.

A high surface roughness of the carbon is observed,
which is essential for anchoring the catalyst layer during
the electrodeposition, as we will discuss below.

2.1.2 Mesoporous platinum

Silica chips, covered with a thin film of gold (EMF, Evapo-
rated Metal Film Corporation), and hierarchical carbon were
used as supports for the electrodeposition. The mesoporous
catalyst (MC) was obtained by electrochemical reduction of a
mixture of a 8 wt% aqueous solution of hexachloroplatinic
acid (Aldrich) and a 50 wt% aqueous solution of octaethyl-
eneglycol monohexadecyl ether (C¢EQOg) (Brij 56, Aldrich),
following the method proposed by Planes et al. [16]. This
method of electrochemical reduction of metallic salts dis-
solved in the aqueous domains of a liquid crystal solution was
a modification of the procedure by Attard et al. [30]. In this
case, a lower initial concentration of precursor was used [16].

The mass of Pt electrodeposited by unit area, estimated
by assuming a faradic efficiency of 75% for Pt™ reduction
[31], corresponds to 0.093 mg Pt cm 2 on gold and
0.168 mg Pt cm™2 on carbon, respectively. However, it
should be noted that this calculation overestimates the mass
deposited on carbon because the double layer current is
significantly major than in the case of gold.

The thickness of the mesoporous platinum layer would
be about 35 nm on gold and 63 nm on carbon if it would be
deposited as a uniform layer on the surface, but these fig-
ures should be taken just as a rough estimation because the
layer is certainly uneven.

Residual compounds after the electrodeposition were
removed from the Hierarchical Carbon—-Mesoporous Catalyst
(HCMC) system by successive washes with water during 72 h.

2.2 Characterization
2.2.1 Morphology and structure

Scanning electron microscope images were taken with a
Quanta 200 (FEI Company).

The AFM (Nanoscope IIla, Veeco) images of the carbon
were acquired using the contact mode. A commercial Si tip
having an anisotropic shape was used, with the nominal
radius <10 nm, and a nominal spring constant of 40 N m ™"
(36.50 N m~! measured) (MPP-11200, Veeco Probes).

The samples roughness were characterized through the
Root Mean Square (RMS), that is, the standard deviation of
the coordinate Z, perpendicular to the surface plane, over a
given area, defined by the equation:

N 1/2
RMS — (Zi—l (Zlif— Zav)z) (1)

where Z,, is the average value, Z; is the current position of
the piezo when the tip contact the sample, and N is the
number of points within the analysed area.

Glancing incidence small angle X-ray scattering (GI-
SAXS) is a technique widely used to determine the struc-
ture of ordered porous materials. It was carried out in the
SAXSI1 line of the National Synchrotron Light Laboratory
(LNLS, Campinas—Brazil) using an incident angle of 1.5°.

2.2.2 Electrochemical

The electrochemical performance of the materials was
analyzed with a thermostatized cell of three electrodes
configuration. A platinum electrode and a Reversible
Hydrogen Electrode (RHE) were used as counter and ref-
erence electrode. Cyclic voltammetry and chronoampe-
rometry techniques were performed with a potentiostat
(TEQ_02) with a microcontroller, connected via an RS232
interface, was used for the electrochemical characterization.

3 Results and discussion
3.1 Hierarchical carbon

As discussed in Sect. 2.1 and shown in Fig. la, b, the
monolithic carbon has a hierarchical pore structure com-
posed by nanopores and capillaries, which would improve
the mass transport from or to the catalytic region when the
catalysts are deposited on it. For instance, in the case of a
direct methanol fuel cell the monolithic carbon can act as
gas diffusion layer and catalyst support, while the capil-
laries would facilitate the outlet of carbon dioxide pro-
duced in the anode.

The electrochemical characterization of the hierarchical
carbon was realized in 1 M H,SO,. The current response,
shown in Fig. 2, was expressed as specific capacitance. The
capacitance of the material, 200 F g~!, was obtained by
integrating the stored charge stored over all the potential
range. The high capacitance obtained in the acid medium is
due to the contribution of the double layer and electroactive
groups (pseudocapacitance). The broad band observed
around 650 mV is assigned to redox reaction of the super-
ficial quinone groups. These oxygenated groups (acidic,
basic, and neutrals) affect the capacitance, because some of
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Fig. 2 Voltamperogramm of hierarchical carbon in 1 M H,SO,. Scan
rate: 1 mV seg’1

them are electroactive to faradaic charge (quinone groups)
and, at the same time, all of them improve the wettability of
the material [32]. For carbon materials obtained with sim-
ilar procedures, the contribution of this pseudocapacitance
to the total capacitance were reported to be ca. 50 % [33,
34]. Furthermore, it is possible to assess the accessible area
of the material by assuming a double layer capacitance of
0.20 Fm™2, typical of carbon materials [35]. Thus, a dou-
ble layer contribution of 100 F g~ in our hierarchical
carbon represents an electroactive surface area of
500 m* g~'. In comparison with the 749 m*> g~ obtained
by N, isotherms adsorption, it would indicate good acces-
sibility to almost all surface area of the material [36].

3.2 Mesoporous catalyst characterization

The structure of the mesoporous platinum electrodeposited
over gold [37, 38], (as determined through the GISAXS
pattern shown in Fig. 3), is compatible with a 2D hexag-
onal (p6mm) mesostructure, oriented with a [01] plane
parallel to the surface with a typical interpore distance of
6 nm, that is, the expected behavior considering the liquid
crystal structure and the phase diagram of Brij 56 [39-41]
under the conditions of temperature and concentration
employed in the catalyst deposition.

The chronoamperometry response of the mesoporous
platinum film on gold, shown in Fig. 4b was measured at
25 °C in 1 M CH3;0H/0.5 M H,SO, solution, with a step
from 450 mV (open circuit potential) to 800 mV vs. RHE
and a duration of 20 min, as normally used in poisoning
rate tests [42, 43]. The rapid current decrease at short times
could be attributed to blocking of the catalyst surface [31].
The rate of current decay becomes exponential at longer
time and a limit current density of 1.9 mA cm 2 is
reached, considering the geometrical area of the electrode.
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Fig. 3 GISAXS patterns of the deposited platinum thin films
templated with Brij 56® and schematic draw of poémm mesostructure

3.3 HCMC characterization

The electrochemical response of the integrated HCMC sys-
tem was analyzed in 1 M H,SO,4 and 1 M CH;0H/1 M
H,SO, solutions. A cyclic voltammetry was performed on
the HCMC in 1 M H,SO, to remove the secondary reaction
products and adsorbed template. Then, a cyclic voltammetry
in 1 M CH;OH/1 M H,SO, solution allowed us to obtain the
range of oxidation potentials for methanol (Fig. 4a). In
Fig. 4b the chronoamperometry responses with a potential
step from 400 to 800 mV (the onset potential for methanol
oxidation) vs. RHE in both electrolytic media are shown. The
high RC (time response) characteristic of this kind of carbon
could cause the shift [44] in the potential onset of methanol
oxidation, commonly located close to 550 mV vs. RHE [45].

Different processes, such as catalyst oxidation, oxidation
of superficial groups, and double layer charge, are involved
in the relatively long time of current decay to zero observed
in Fig. 4b in 1 M H,SO,. In the case of 1 M CH;0H/1 M
H,SO, electrolytic solution, it can be seen that at short time,
there is a reduction of current peak. It could be attributed to
oxidation products which partially cover the catalytic layer
[31]. At long time, the methanol oxidation produces a quasi-
stationary current density of ca. 2.5 mA cm™ 2.

The corresponding mass activity, that is, the current per
gram of Pt, are 20 and 15 A g~ on gold and hierarchical
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Fig. 4 a Voltamperogramm of hierarchical carbon—catalyst in 1 M
H,SO, (open circle) and 1 M CH30H/1 M H,SOy (filled square). b
Chronoamperometry profiles of: HCMC in 1 M H,SOy, (open circle),
and in 1 M CH;0H/1 M H,SO, (open square), and of a thin film of
MP Pt (over gold) in 1 M CH30H/0.5 M H,SO, (open triangle). Scan
rate: 1 mV seg™'

carbon, respectively, for times of the order of several
minutes. It is observed in Fig. 4b that at short times the
current decay of the catalysts supported on gold is larger
than that on hierarchical carbon, but both current density
profiles decay linearly at longer times. Thus, the long-term
poisoning rate, J, for the mesoporous catalyst can be cal-
culated, using the following equation [42, 46]:

100 /di
o0=—|— 2
io (dt) ( )
where i, is the current extrapolated at the start of polari-
zation, and the slope, di/dt, is evaluated from the linear
decay at r > 10 min. The result, 6 = 0.004 s_l, obtained

for the mesoporous catalyst on carbon (HCMC) is similar
to that observed on gold, but it is lower than that reported

Fig. 5 a Image of platinum (white area) electrodeposited over
carbon (black area). b Image of a carbon open capillary. ¢ EDX
mapping a surface area of 500 x 450 um
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Fig. 6 Scheme of the
nanoporous structure of the
monolithic carbon showing the
mesoporous Pt catalyst
anchored in the mesoporous,
and the roughness sensed by the
AFM tip. Zoom: clusters of
carbon nanoparticles forming
larger particles (=60 nm)

for the commercial Pt catalyst (E-TEK) by Teng et al. [47]
(6 = 0.0067 s7H.

The morphology of the HCMC was analyzed after the
electrochemical characterization. The SEM images
(Fig. 5a) show the surface of carbon coated with the
electrodeposited platinum. The white regions, due to the
high conductivity of platinum to the electrons, indicate the
presence of the catalyst, while the dark regions correspond
to both, the open capillaries and the small areas where the
catalyst is absent. On the other hand, the SEM image
shown in Fig. 5b confirms that the capillaries remain open,
although we can not assure that the catalyst has not been
deposited inside the walls of the capillaries.

It seems that the high viscosity of the precursor solution,
containing Brij 56%, prevents the penetration of the catalyst
precursor inside of capillaries [48].

Figure 5c shows the Energy Dispersive X-ray (EDX)
mapping of platinum atoms over a surface area of
500 x 450 pum, where a homogeneously distribution of
catalyst, without capping of capillaries can be observed.

Similar conditions of electrodeposition were employed
over compact glassy carbon. In this case, the mesoporous
Pt layer came off from the carbon support when it was
electrochemically analyzed. The poor adherence of films
and nanoparticles on carbon surfaces has been already
reported in the literature [49, 50]. It is obvious that the
generation of surface groups on carbon plays an important
role in enhancing the stability of the HCMC system,
although it is not clear the mechanism of these groups as
anchoring sites for supported catalysts and whether this is
the only factor which determines its excellent stability [51].
Additionally, the roughness caused by the mesoporosity of
the surface, provides good physical anchoring sites for the
electrodeposited catalyst layer [52].

AFM images, not shown here, were taken in order to
analyze changes in the roughness due to the electrodeposit-
ion of mesoporous platinum. The RMS values obtained from
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these images are 202 and 204 nm for hierarchical carbon
(before the catalyst electrodeposition) and HCMC, respec-
tively. The results could be explained having into account the
size of the porous carbon spheres [28] (around 60 nm) and
the curvature radius of the AFM tip (~ 10 nm), as sche-
matically shown in the Fig. 6. The roughness of the support
material is due to clustering of these porous carbon spheres
(see Fig. 1b), which provide anchoring sites for the elec-
trodeposited platinum. Therefore, the AFM tip senses the
carbon surface roughness which is only slightly influenced
by the platinum. The nanoporous structure of the monolithic
carbon, making the major contribution to the high surface
surface, is also shown in Fig. 6 where we emphasize that the
deposited mesoporous Pt does not penetrate the micropores,
which remain available for mass transport.

4 Conclusions

Mesoporous Pt catalysts layers were prepared on gold and
hierarchical porous carbon using a surfactant (Brij 56%)
template. The mesoporous structure of the carbon support
provides anchoring sites to the mesostructured Pt catalyst,
leading to an excellent stability. The Pt mesostructure is 2D
hexagonal with an interpore distance of 6 nm. The Pt
loading used in this work (ca. 0.10 mg Pt cm™?) is much
lower than that employed in catalysts for direct methanol
fuel cells that, usually, is between 2 and 4 mg Pt cm 2 [53-
56], although loading as low as 0.4 mg Pt cm™ > have bee
reported for optimized catalysts [57, 58]. These results
demonstrate that the integrated systems maximize the uti-
lization of the catalysts.

The mass activity for the methanol oxidation determined
at 25 °C, is of the order of 15-20 A g~ ', slightly lower
than that previously determined for mesoporous Pt catalyst
on gold prepared by the same method [10] and for a
commercial catalyst of Pt nanoparticles supported on
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carbon, although the poisoning rate of the last is much
higher than that observed for the mesostructured Pt
catalysts.

As expected, the RMS of hierarchical carbon and HCMC
show similar values, indicating that the catalyst layer does
not modify the roughness of the carbon support, while the
deposition of Pt on the micron-sized capillaries is negligible.

In summary, we probed that is possible to deposit
mesoporous Pt on a monolithic carbon whose porosity can
be tuned. This HCMC system is a promising gas diffusion
layer/catalyst support integrated device which could con-
tribute to the miniaturization of direct methanol mini fuel
cell for portable applications.
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