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Manganese (ll,1ll) oxide-activated carbon black supported PtRu
nanoparticles for methanol electrooxidation in acid medium

Vanina Comignanil®, Juan Manuel Sieben*®, Maximiliano E. Brigante®!, Marta M.E. Duartel

Abstract: In this work, PtRu nanoparticles supported on hybrid
manganese(ll,lll)-carbon composites were prepared by microwave-
assisted polyol process with ethylene glycol. The obtained PtRu/(100-
x)C.xMn30, catalysts were characterized by XRD diffraction, TEM,
SEM-EDX analysis, ICP-AES and electrochemical techniques. Small
and well-distributed nanoparticles of about 2.6 nm were obtained over
the hybrid support. The as-prepared catalysts presented similar Pt:Ru
atomic ratio (ca. 3.4:1), indicating that the composition of the
bimetallic system is unaffected by the oxide content in the hybrid
support. However, the noble metal loading increased with the
increase in the oxide content due to the formation of more nucleation
sites during microwave heating. The electrochemical experiments
showed that the best performance and the lowest poisoning rate are
obtained with PtRu/90C.10Mn;0, followed by PtRu/70C.30Mnz0;.
The bimetallic catalyst supported over 90C.10Mn3;O, exhibited a
steady current density of 215 mA mgewr,” at 0.5 V, which is 40 %
higher than that of PtRu/C. This behavior is mainly associated with
the ability of Mn3O4 to provide a large extra amount of hydroxyl groups
and promote the dehydrogenation of methanol.

Introduction

Increasing awareness of energy consumption, particularly from
fossil fuels, and global warming has prompted researchers to
investigate alternative power sources to generate electricity in a
much more efficient, cost-effective and environmentally friendly
way. Over the last years, focus has been placed on the
development of direct methanol (DMFCs) and ethanol fuel cells
(DEFCs) technology due to their high energy density. Also these
fuels can be obtained from renewable sources. Moreover, they
can be easily stored and distributed through the existing fossil fuel
infrastructure.]
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To obtain the maximum benefit from alcohol fuels many
options have been explored, such as different catalytic structures,
combination of metals, substrates and modifications of the fuel
cell stack hardware. In general, the different proposals aim to
improve the reaction kinetics and achieve a greater
electrochemical area to carry out the oxidation of the alcohols at
a lower cost.

Among the pure metals, platinum is the best electrocatalyst
for the oxidation of many alcohols in low-temperature fuel cells.
However, Pt is very expensive, scarce in nature and easily
poisoned due to the presence of CO and other intermediate
species strongly adsorbed on its surface. Specifically, in methanol
electrooxidation, active sites are occupied with intermediate
species, such as CO, and stop the long-term activity of the
catalyst.”! Besides, when CO molecules are strongly adsorbed on
the platinum surface, the anodic potential rises more than the
thermodynamic value needed to obtain reasonable reaction
rate.># Several investigation groups have explored different ways
to combine Pt with other metals in order to facilitate the energy
generation. A good choice is to alloy Pt with more oxophilic
elements such as Ru, Sn, Mo, Co, Ni, etc. 58 A facile and rapid
method to synthetize Pt-based nanoparticles is the microwave-
assisted technique. This technique is an effective way to obtain
nanosized catalysts.”® The radiation provides a faster and
homogenous heating of the reaction medium than other synthesis
methods.!®! Moreover, it is known that the active nucleation sites
are generated when some substrates are irradiated by
microwaves because of the temperature difference between
medium and substrate surface. [

Another approach to enhance the electrocatalytic activity of
Pt-based catalysts towards methanol oxidation consists in adding
metal oxides, nitrides and carbides to the carbonaceous material
(i.e., to form a hybrid support).l'":' The incorporation of another
oxophilic compound in the substrate cannot only maximize the
performance of the electrode but also improves the economic
efficiency of DMFCs. Furthermore, the hybrid support can help to
reduce considerably the noble metal loading and promote the
oxidation of the poisoning intermediates at the platinum sites.
Specifically, metal oxides are capable of improving the Pt particle
dispersion, as well as modifying their electronic structure!'®'4 In
addition, the metal oxides can enhance the dissociative
adsorption of water at lower potentials than Pt surface alone. That
is, the OH species generated onto them are capable of facilitating
the oxidation of adsorbed CO to CO2.I"" In this regard, recent
investigations have shown that mixed oxides of manganese are
promising candidates for use in hybrid catalyst supports because
they have enough electrochemical surface reactivity to increase
the population of surface species such as Has atoms and OHad
groups.[6-18]
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The aim of this work is to synthetize PtRu nanoparticles on
hybrid supports conformed by manganese(ll,lll) oxide and carbon
black with different compositions. The bimetallic PtRu
nanoparticles were synthesized by the microwave-assisted polyol
process and the as-prepared PtRu/(100-x)C.xMn3O4 catalysts
were characterized by X-ray diffraction, energy dispersive X-ray
spectroscopy, transmission electron microscopy and inductively
coupled plasma atomic emission spectroscopy. The
electrocatalytic performance of the as-prepared samples for
methanol oxidation in acid medium was investigated by
conventional electrochemical techniques. The influence of Mn3O4
nanoparticles on the electrocatalytic activity of the bimetallic
system is discussed in detail.

Results and Discussion

The XRD patterns of the different catalysts are displayed in Fig.
1. All samples show major diffraction peaks at 26 values of about
40 and 47 ° associated with the (111) and (200) planes, which
belong to the family of crystal planes of the platinum face centered
cubic structure (fcc). In addition, M10, M30 and M50 catalysts also
present peaks corresponding to the tetragonal structure of
manganese (I1,111) oxide located at Bragg angles of 32.3, 36.1 and
59.9 ° which correspond to the (103), (211) and (224) planes,
respectively. Regarding the diffraction peaks associated with Pt
(Table 1), a slight shift to higher 26 values was observed
indicating that the particles are composed of a PtRu alloy. The
latter can justify the absence of Ru diffraction peaks. Moreover,
no appreciable changes were observed in the diffraction peaks of
Mn(Il,111) oxide after synthesis process.
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Figure 1. XRD patterns of the as-prepared catalysts.

TEM image of manganese oxide is shown in Fig. 2 revealing
predominant octahedral morphology. The particle size of the
composite ranged between 20 and 40 nm, which was very similar
to the carbon support. Fig. 3 shows the TEM micrographs of the
bimetallic nanoparticles supported on the hybrid materials and
their respective histograms of particle size distribution. The PtRu
nanoparticles presented spherical morphology with diameters of
less than 3 nm. It was found that the particle distribution depends
on the oxide content in the support, although no clear dependence
was seen between the particle size and the oxide content. The
biggest mean particle size was obtained on the carbon support
(2.94 nm for M0), while the smallest mean size was achieved on
the 50C.50Mn304 (2.55 nm for M50) (Table 1). Regarding particle
distribution, agglomerates were observed in MO sample. As
shown by TEM images and the corresponding size distributions,
the particle distribution becomes more uniform with the addition
of Mn3Os. Thus uniformly distributed PtRu nanoparticles were
obtained over the entire surface when a hybrid support was used,
possibly due to the oxophilic nature of Mn3O4 and the increment
in the number of nucleation centers for formation of nanoparticles,
as has been proposed by Nouralishahi et al. for PUMWCNT
electrocatalysts.['” However, the presence of the metal oxide is
not the only cause for improving particle dispersion. The synthesis
method also plays an important role to achieve those
characteristics, since microwave radiation allows a fast and
uniform heating of the reaction medium. According to Anumol et
al. complementary studies demonstrated that microwave
radiation results in enhanced reaction kinetics and leads to the
formation of products with uniform size and shape.®

Figure 2. TEM image of Mn3O4 oxide nanoparticles.
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Figure 3. TEM images and histograms of particle size distributions of M0, M10, M30 and M50 catalysts.

Catalysts compositions were determined by EDX and ICP- Table 1. Characteristic parameters of the as-prepared PtRu/(100-

AES analysis and the results are summarized in Table 2. The X)C.xMn304 catalysts.

different catalysts have similar Pt:Ru atomic ratio, around 3.4:1.

This indicates that the composition of the bimetallic system is Catalyst  (111) peak a/’f d» (TEM) FWHM
unaffected by the oxide content in the hybrid support. Moreover, 2 nm

the ICP-AES studies revealed that the increase in MnsO4 content MO 39.91 3.897 29+0.3  3.363+0.128
leads to a higher loading of the noble metals nanoparticles. This

increment in catalyst loading can be attributed to the formation of 2.5M10 39.74 3.915 2802  2.981£0.047

more nucleation sites where Pt and Ru ions can be reduced

during the microwave heating. The latter results are in agreement

with those obtained by Anumol et. Al [9], who also examined the M50 39.79 3.934 2.6+0.6 2.909 +0.077
relationship between the nature of support and the number of
nucleation sites.

M30 39.80 3.910 27+0.5 1.947 £ 0.085

The catalysts were cycled in 0.5 M H2SO4 solution from -0.25
to 1.2 V at a scan rate of 50 mV s' to examine their
electrochemical surface properties. Fig. 4a displays the cyclic
voltammetry response of the as-prepared catalysts. The CV
curves show the characteristic polycrystalline Pt features: H
proton adsorption/desorption pattern (-0.25 to 0.1 V), double layer
charge (0.1 to 0.25 V) and formation/reduction of surface platinum
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oxide or Pt-OHaa (0.25 to 1.2 V). The magnitude of the double
layer is the main difference between the different systems. The
background currents of M10, M30 and M50 are larger than that of
MO, probably due to the presence of a higher amount of
oxygenated species or a larger surface area related to better
particles dispersion and smaller particle size.['%?] Table 2

confirms that the Pt loading increases as Mn3Os content increases.

Furthermore, it must be noted that the incorporation of
manganese oxide affects the electrochemical performance of the
M10, M30 and M50 catalysts. The oxophilic nature of Mn(ll,IIl)
oxide facilitates the formation of -OHag,'" i.e. behaves like
ruthenium,?" via the following reactions:

MnxOx+1 + H2O — MnxOx+1-OHag + H* + & (1)
Ru + H20 — Ru-OHag + H* + & 2)
Thus, the increase of the double layer charge can be attributed
essentially to the formation of hydroxylated species generated

from water discharge that contribute to the pseudocapacitance of
the system.
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Figure 4. Stabilized cyclic voltammograms of the different electrodes in 0.5 M
H2S04 at a sweep rate of 50 mV s'. The inset shows the magnification of the
peak related to the oxides reduction.

Analogously, the participation of Mn3O4 not only results in
increased background currents but also in significantly increased
oxophilicity. During the cathodic sweep, the surface oxides
formed during anodic polarization are reduced, restoring the clean
metal surface (M). When the interaction M-OHad is stronger, the
applied potential must be lower to restore the metal surface. In
the cathodic sweep (Fig. 4b) the peak related to oxide reduction
(ca. 0.45 V) shifts towards more negative potentials as the content
of Mn3O4 increases. This shift can be associated with an increase
in the surface oxophilicity and in the population of M-OHad sites.
122)

On the other hand, a rise in oxophilicity may be also explained by
the use of Pt nanoparticles. According to Mayrhofer et al. and
Arenz et al. the oxophilicity of platinum particles increases by
decreasing the particle size.?>2 However, in this case, it is more
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probable that the variation in Mn(ll,Ill) oxide loading rather than
the particle size effect is responsible for the change in
oxophilicity.?%

Table 2. Composition of the as-synthesized electrocatalysts.

Catalyst Composition®  Ratio®  MnsOson  Ptloading ECSAU
Pt Ru Pt:Ru carbon ©! on GCM
at. % wt. % pg cm? m2 g’
MO 82.1 17.9 4.6 0 87.7 54.8
M10 771 22.9 3.4 15.1 118.6 69.5
M30 771 22.9 3.4 31.7 181.0 70.1
M50 75.8 24.2 3.2 53.8 189.9 73.0

[a] Atomic composition determined by EDX. [b] Mass composition
determined by ICP-AES. [c] Platinum loading per unit of GC geometric area.
Data from ICP-AES analysis. [d] Electrochemical active surface area per unit
mass of Pt and Ru.

Finally, a small anodic peak in the anodic sweep appears at a
potential of ca. 0.4 V. It can be seen that the peak intensity
increases with the increase in the oxide content. This anodic peak
can be ascribed to a faradaic process that involves the
intercalation/de-intercalation of H atoms into Mn3O4 lattice. The
redox reaction that takes place in the oxide can be represented
as follows:

MnxOx+1 + H* + &= 2 MnxOx+1H (3)

Similar behavior was observed in other platinum based catalysts
supported over different metal oxides, such as WO3, V205, Nb2Os
and MoO3.[12:2627]

The electrochemical active surface area per unit mass of PtRu
(ECSA) of the as-prepared electrocatalysts can help us to find the
key relationship between the structure/composition of the catalyst
and their electroactivity in order to develop highly efficient anode
materials for direct methanol fuel cells (DMFCs). In general, the
ECSA values calculated by hydrogen adsorption works well for
some metal electrodes. However, there are undefined
pseudofaradic contributions in the hydrogen
adsorption/desorption region of the as-synthetized catalysts that
cannot be eliminated during the cyclic voltammetry experiments.
For that reason, the H adsorption region can be distorted and the
calculation of the electroactive surface area by this method turns
out to be inaccurate. Thus, CO stripping was the method chosen
to determinate the active surface area following the steps
described in the Experimental Section. The CO stripping
voltammograms recorded at a scan rate of 10 mV s™' and room
temperature are shown in Fig. 5. The ECSA values were
calculated according to Equation (4) and compiled in Table 2.

ECSA = Qco/ (420 X Werry) @)
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Where Qco (MC) represents the integrated area under the
oxidation peak of the monolayer of adsorbed CO, wer, is the Pt
and Ru loading (g) of the electrode and 420 uC cm2 represents
the charge required to desorb a monolayer of carbon monoxide
adsorbed on Pt and Ru.
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Figure 5. Comparative CO stripping current response of MO, M10, M30 and
M50 electrodes.

The ECSA value of the Mn3Os-free sample is 54.8 m? gewru".
Although the (100-x)C.xMn3O4 supported catalysts have larger
ECSA values than MO sample, not significant differences were
observed between them. The ECSA values for M10, M30 and
M50 samples were calculated to be 69.5, 70.1 and 73.0 m? gpru™
1, respectively. In principle, these results indicate that Mn(ll,1l1)
oxide containing samples have higher number of Pt electroactive
sites on the surface of the support to catalyze the electrooxidation
of methanol in acid medium. From Fig. 5, it can be noted that the
onset potential for CO oxidation on (100-x)C.xMn30a4 supported
catalysts is slightly lower than that on Mn3sOs-free sample. This
means that the incorporation of Mn(ll,ll1) oxide improves the ability
of the bimetallic system for CO oxidation. 2829

In several studies where the effect of adding different metal
oxides to carbon substrates was tested, activity enhancement
was also found. Some proofs were made with CeO2,3% W 104,26
TiO2,3" Nb2Os,['2 Zr0,,32 NiO,®3 among others. The ECSA
results presented in the current work are comparable to those
obtained by Tan et al. for Pt-CeO2/C and Pt/CeO2-NiO/C catalysts
(66.95 m? g and 69.06 m? g, respectively).B% In comparison,
the electroactive surface areas of PtRu/(100-x)C.xMn30s were
calculated to be up to 1.93 times larger than those of the
Pt/W1gOa9 catalyst.l2!
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The electrocatalytic performance of the as-prepared catalysts
was evaluated by cyclic voltammetry from -0.2 to 0.9 V at a sweep
rate of 50 mV s in 1 M CH3OH + 0.5 M H2SOs (Fig. 6). The
current densities were normalized per milligram of PtRu. The
oxidation of adsorbed methanol molecules on the catalyst surface
is displayed as an anodic peak centered at ca. 0.7 V in the forward
scan, whereas the peak that appears in the reverse scan is
associated with the oxidation of intermediate carbonaceous
species strongly adsorbed on Pt surface and methanol molecules
on reactivated sites.?4
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Figure 6. Comparative cyclic voltammograms (thirtieth cycle) of all electrodes
in 1 M CH3OH/0.5 M H2SO4 at v = 50 mV s™'. The current response was
normalized per milligram of PtRu. The insets show the potential region extended
between 0.10 V and 0.50 V.

Both the forward peak current density and the onset potential
follow the trend: M10 > M30 > MO > M50. M10 and M30 electrodes
show better catalytic activity than that of MO sample. In the
forward scan, the peak current densities are 437.4 and 380.3 mA
mgrwru' for M10 and M30 catalysts, respectively; meanwhile it is
341.5 mA mgpry' for MO. The electrochemical experiments
indicated that the catalytic activity for methanol oxidation is
improved with respect to the PtRu bimetallic system by addition
of Mn3O4 up to 30 % content. The strong loss of activity observed
for M50 and the general trend of decreasing activity M10 > M30 >
M50 is attributed to a diminution of the electric conductivity of the
hybrid supports by the increasing oxide content. A similar
observation was reported elsewhere.[3%

The activity enhancement of samples M10 and M30 can be
probably explained in terms of the formation of an additional
amount of hydroxyl species onto the surface of Mn3Os
nanoparticles as well as onto Ru atoms through the reactions
represented by Equations (1) and (2). This specie facilitates the
oxidation of reaction intermediates adsorbed on Pt atoms. The
equations below summarize the reactions that may take place on
the catalysts:

Pt-CH3OHag — - — Pt-COaq + 4 H* + 4 & (5)

This article is protected by copyright. All rights reserved.
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RU-OHaq + Pt-COa — RU + Pt + COz + H' + & ®)
MnxOx+1-OHag + Pt-COaq — MnxOx+1 + Pt + CO2 + H* + e- (7)

Despite this hydroxyl specie plays an important role in the
bifunctional mechanism, the increase in oxophilicity with the
decrease in particle size could lead to a reduction in specific
activity, because —OHaq can effectively block the active Pt sites
required for the adsorption of methanol molecules.?3

Another phenomenon that could contribute to the
improvement of the catalytic activity involves the previously
mentioned hydrogen intercalation/de-intercalation process into
Mn3O4 lattice. Hence, the methanol dehydrogenation process is
catalyzed by Mn?*/Mn3* redox couple via the evolution of protons
and electrons.®8371 Therefore, the utilization of such hybrid
support could lead to increase the reaction rate.!

Furthermore, the more homogeneous spatial distribution of
nanoparticles with the rise in oxide content also contributes to the
enhancement of methanol electrooxidation. As commented
earlier, the particle distribution is more uniform when the oxide
content is higher. The latter is in good agreement with the
relationship found between size/distribution and calculated ECSA
values (Table 2).

Finally, the incorporated oxide can indirectly improve the
methanol oxidation. The previous results of CO stripping
demonstrated an increase in the electroactive area available for
the reaction. The results also showed that the COaq molecules are
oxidized at lower potentials on catalysts M10, M30 and M50 (Fig.
5). The latter is further evidenced when the onset potentials for
methanol oxidation are compared in (Fig. 6). Therefore, the
platinum sites for the adsorption of methanol molecules on M10,
M30 and M50 samples can be released at lower overpotentials
than at MO catalyst.

Furthermore, potentiostatic experiments at 0.4 V and 0.5 V
were carried out. The results displayed in Fig. 7 show that the
steady state mass current densities of M10 and M30 catalysts are
higher than that of MO electrode.

The electrocatalytic performance of the as-prepared catalysts

is acceptable compared with other results found in the literature.
For instance, Liu et al. evaluated the catalytic activity of Pt
nanoparticles supported on CNT-rGO (nanotubes-reduced
graphene oxide). This material reached an activity of 120 mA
mget! at 0.6 V (vs. Ag/AgCI).®¥ Vu et al. obtained activities in the
range of 25-100 mA mget" with Pt-AIOOH-SiO2/graphene hybrid
nanomaterials of different composition.®® A catalyst that
consisted of Pt nanoparticles supported on titanium nitride was
investigated by Xiao et al.ll They reported an activity of 64.92
mA mget”" for Pt/TiNi catalyst at 0.6 V (vs. Ag/AgCI). This catalyst
exhibited improved activity and stability compared with a
commercial Pt/C catalyst.
To complete the information on the effect of Mn3Os in the
bimetallic PtRu system, we have determined the poisoning rate
(8, % s™) of the as-synthesized catalysts in the electrooxidation of
methanol by the following equation (8) proposed by Jiang and
Kucernak.#1l
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& = (100/1p) x (dlldt)>500 s (8)

Where (dl/dt)-500s represents the slope of the linear portion of the
current decay (A s™), and /o is the current at the start of
polarization back extrapolated from the linear current decay (A).
The poisoning rate (6) at 0.4 V resulted to be 0.015, 0.013, 0.021
and 0.044 % s for MO, M10, M30 and M50, respectively. Once
again, the sample M10 showed the best catalytic behavior
because it presents the lowest poisoning rate. That is, M10 has
the best ability to oxidize poisoning species thereby releasing Pt
active sites of CO molecules and other intermediates species that
are generated during methanol electrooxidation. As there are
other poisoning species besides CO, it was found that the
tendency of 6 values differs from that observed in Fig. 5.
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Figure 7. Chronoamperometric response of the catalysts in 1 M CH3OH/0.5 M
H2S04 at (a) 0.4 V and (b) 0.5 V. Long-term CA curves of MO and M10
electrodes at 0.5 V (c).

Overall, the utilization of metal oxides offers a variety of
oxidation states, the potential for mixed electronic/ionic
conduction and the ability to provide a large amount of hydroxyl
groups.!" On the other hand, the generated electron and proton
mobility affect overall reactivity. Furthermore, in one way the
metal oxides slow down the process of formation of catalytically
inactive platinum surface oxides.*?

Conclusions

In this research, the influence of Mn3O4 nanoparticles on the
electrocatalytic activity of bimetallic PtRu nanoparticles for
methanol oxidation was investigated. The bimetallic PtRu
nanoparticles supported over the hybrid carbon-manganese(ll,1il)
supports were successfully synthesized via the microwave-
assisted polyol process with ethylene glycol. It was observed that
the incorporation of manganese(ll,Ill) oxide nanoparticles onto
the carbon support leads to a better particle dispersion, small
particle size and absence of agglomerates. The as-prepared
catalysts presented similar atomic Pt:Ru ratio, indicating that the
composition of the bimetallic system is unaffected by the oxide
content in the hybrid support. However, the increase in MnsOa4
content leaded to a higher loading of the noble metals over the
hybrid support due to the formation of more nucleation sites
during the microwave heating.

Cyclic voltammetry and chronoamperometric experiments
revealed that among the different studied electrocatalysts the best
performance and the lowest poisoning rate were obtained with
sample M10 (PtRu/90C.10Mn3O4), followed by  M30
(PtRu/70C.30Mn304). This is due to the large electroactive
surface area of the nanoparticles deposited over the hybrid
supports. On the other hand, the ability of Mn304 to provide a large
extra amount of hydroxyl groups and facilitate the methanol
dehydrogenation steps improves the reaction rate of methanol
oxidation on the bimetallic PtRu nanoparticles.

In contrast, the electrochemical tests indicated that the activity
decreases markedly as the Mn3O4 content increases up to 50
wt. % in the hybrid support. This result can be correlated with a
strong diminution in the electronic conductivity of the substrate.

Experimental Section

Oxidized carbon black Vulcan XC-72R from Cabot was utilized as support.
The pretreatment of the carbonaceous material was carried out with 3.0 M
HNO3 solution at 60 °C for 3 h. The slurry was then cooled and its pH value
was adjusted to 7.0 with 1.0 M KOH solution. The carbon powder was then
filtered, washed with bidistilled water and ethanol, and dried in an oven at
80 °C overnight. Manganese (lIl) sulfate monohydrate, NaOH and ethylene
glycol (EG, >99 %) were provided by Anedra. Hexachloroplatinic (IV) acid
hexahydrate (H2PtCls-6H20, 40 wt. % Pt), potassium hydroxide (KOH, =
85.0 %), sodium borohydride (NaBH4, >94%) tetraethyl orthosilicate
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(TEOS) and the surfactants cetyltrimethylammonium tosylate (CTAT) and
Pluronic F68 were purchased from Sigma-Aldrich. Ruthenium (l1l) chloride
hydrate (RuClsxH20, 41 wt. % Ru) was obtained from Merck. Sulfuric acid
(96 wt. %) and hydrochloric acid (37 wt. %) were obtained from Carlo Erba.
Methanol (CH3OH, 99.9%) and isopropyl alcohol (>99.5%) were provided
by J.T. Baker®. In addition, Nafion® 117 solution (5 wt. % in a mixture of
lower aliphatic alcohols and water) was supplied by Sigma-Aldrich. All
solutions were prepared with tridistilled water.

Mn3O4 nanoparticles were synthesized in alkaline medium as follows:
40 mL of Pluronic F68-CTAT mixed solution was prepared with a 1:3 molar
ratio by adding the desired amount of surfactants to water. This mixture
was stirred in a conical flask at 35 °C to form a transparent template
solution and then it was left at room temperature. At the same time, 11.6
mL of a 1.185 M MnSOz solution were prepared by adding the desired
amount of the hydrated salt to water. To obtain the material 20 mL of 1.375
M NaOH were added drop by drop 15 min after the addition of the MnSO4
solution to the surfactant solution. The final pH of the mixture was around
9.8. The resulting product, light brown in coloration and with a
MnSQO4:NaOH:CTAT:Pluronic F68:H20 mole composition of
1:2:0.0417:0.0014:289, was stirred for 10 min and then left for 48 h in an
autoclave at 100 °C. Then, the solid was filtered and washed with distilled
water and left to dry at room temperature. Finally, it was calcined in an air
flux by increasing the temperature from room temperature to 400 °C with
a heating rate of 2 °C min™', and holding for 5 h at 400 °C.

A polyol thermal assisted method (microwave irradiation) was used to
synthesize PtRu nanoparticles on a hybrid support composed of carbon
black and different amounts of manganese(ll,lll) oxide ((100-x)C.xMn30s4,
0 < x <50 wt. %). For the preparation, 100 mg of pretreated Vulcan X-72R
carbon black and suitable amount of Mn3O4 were dispersed in ethylene
glycol by magnetic stirring during about 24 h. The dispersion pH was
adjusted to ~10 by dropwise addition of 0.5 M KOH-EG solution. Then 38.6
mM H2PtCle and 20 mM RuCl; aqueous solutions were added in the
mixture under continuous stirring. The deposition of the nanoparticles was
achieved by heating the slurry in a microwave oven (2450 MHz, 700 W)
under the pulse mode condition of 30 s on/30 s off for four pulses. After
that, the mixture was filtered, thoroughly washed and dried overnight at
60 °C. The as-synthesized electrocatalysts were called in the following
way: PtRu/100C (MO), PtRu/90C.10Mn3O4 (M10), PtRu/70C.30Mn3O4
(M30) PtRu/50C.50Mn304 (M50). To make electrodes, the different
supported catalysts were suspended in an ink prepared by ultrasonically
blending 20 mg of powder catalysts samples, 7.96 mL of tridistilled water,
2 mL isopropyl alcohol and 20 yL Nafion ionomer solution for 30 min.

X-ray diffraction (XRD, Rigaku Dmax Ill) with monochromated Cu—Ka
radiation source (A = 0.15418 nm) operated at 40 keV and 30 mA at a scan
rate of 0.05 ° s™! with 28 angles in the range of 20-80 ° was employed to
characterize the crystalline structure of the as-prepared PtRu/(100-
x)C.xMn304 catalysts. The peak profiles in XRD patterns of the supported
catalysts were fitted with the pseudo-Voigt function, using non-linear least-
squares refinement procedures based on a finite difference Marquardt
algorithm. The lattice parameters were calculated using Bragg’s law and
the crystallite sizes estimated using Scherrer’s equation. The morphology,
distribution and size of the nanoparticles were studied by transmission
electron microscopy (TEM, JEOL 100CX Il). The particle size (dp)
distribution was determined by measuring the diameter of about 150
particles (only “well defined”, not aggregated nanoparticles were taken into
account) using the ImageJ image processing and analysis software.[**1 The
bulk composition was determined by X-ray energy dispersive analysis
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(EDX, LEO 1450VP EDAX). Moreover, the quantitative chemical analysis
of the as-prepared catalysts was done using inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Shimadzu 1000 model IlI). For
this purpose, 10.0 mg of each sample were digested in aqua regia (3:1
mixture of hydrochloric acid and nitric acid, respectively) for at least 10 h
and filtered off to separate the carbonaceous material from the solution
containing the metal ions.

The electrochemical experiments were run in conventional three-
compartment glass cells with a PAR 273 potentiostat/galvanostat
controlled by software ECHEM-M270 at room temperature. The working
electrodes were prepared by dispersing 20 pL of the different catalyst inks
over glassy carbon electrodes (3 mm diameter) and dried under infrared
lamp for 15 min to form a thin film. The reference electrode was a saturated
calomel electrode (SCE, +0.241 vs. RHE) located in a Luggin capillary and
a platinum wire was used as the counter electrode. All solutions were
deaerated by bubbling N2 for 30 min and then the inert atmosphere was
maintained over the solution during the tests.

Cyclic voltammetry (CV) and chronoamperometry (CA) techniques
were used to evaluate the electrochemical response of the as-prepared
catalysts. The CV experiments were carried out first in 0.5 M H2SO4
electrolyte solution and then in 1 M CHsOH + 0.5 M H2SO4 solution at a
sweep rate of 50 mV s for 30 cycles. The potentiostatic experiments (at
0.4 V and 0.5 V) were performed in 1 M CH3OH + 0.5 M H2SO4 solution
applying pulses from an initial potential of 0 V for 15 an 120 min. The
catalytic activity of the electrodes was normalized in terms of current per
unit of active surface area and per mg of PtRu.

CO stripping measurements were done in 0.1 M H2SO4 solution. Pure
CO was first bubbled into the electrolyte for CO adsorption onto the
electrode at-0.091 V and then the excess CO was purged by N2 bubbling.
Next three voltammetry cycles from -0.25 V to 0.8 V at 10 mV s*' were
recorded. The initial anodic sweep corresponds to the electrooxidation of
CO molecules irreversibly adsorbed onto the electrode surface and it is
used to calculate the specific electrochemical active surface area per unit
mass of PtRu (ECSA). A detailed description of the protocol used in ECSA
determination is given elsewhere.*4]
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