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Proton-exchange membrane (PEM) fuel cells are receiving
increasing attention as high-efficiency energy conversion devices
for transportation and mobile applications.1,2 Platinum (Pt) and Pt-
based catalysts are the most popular and effective electrocatalysts
for both the anode and the cathode of PEM fuel cells,1,2 however,
slow kinetics at the cathode,2 high cost,2 and poor stability remain
obstacles to wider adoption.2,3 Recent efforts to improve the
performance of Pt-based catalysts have focused on controlling the
composition,2,4–14 size,2,15 and shape16–20 of the materials.

Manganese oxides are widely used as oxygen reduction reaction
(ORR) catalysts in alkaline environments, but the acidic environment
in PEM fuel cells limits the application of manganese oxides.2 Alloying
Mn and Pt may provide a less expensive, more active catalyst in acidic
media. For instance, it has been reported that PtMn/C had better ORR
activity than Pt/C.4 Recent reports have also suggested that the
nanocrystal (NC) shape has a dramatic catalytic effect.16,18,21,22

Markovic et al.23 reported that the ORR activity of Pt is higher on the
(100) faces than on the (111) faces in H2SO4. Moreover, a cubic shape
exposing (100) surfaces was found to benefit a number of catalytic
systems.16,18 Here we describe the low-temperature solution-phase
synthesis of cubic Mn-Pt NCs and studies of their ORR and small-
organic-molecule oxidation activities.

The synthesis of Mn-Pt NCs using platinum acetylacetonate
[Pt(acac)2] and either manganese acetylacetonate [Mn(acac)2] or
dimanganese decacarbonyl [Mn2(CO)10] as precursor has been reported
previously.24,25 To synthesize cubic Mn-Pt NCs, we dissolved
Pt(acac)2 in benzyl ether or phenyl ether in the presence of oleic acid
and oleylamine and then injected a Mn2(CO)10 stock solution at
160 °C; this was followed by rapid heating of the solution to 200-
205 °C, where the solution was kept for 30 min. Transmission electron
microscopy (TEM) images of the as-synthesized nanocubes are shown
in Figure 1A and Figure S1 in the Supporting Information; images of
self-assembled nanocubes are shown in Figure 1B-D. The average
edge length of the Mn-Pt nanocubes was 7.7 nm (σ ) 6.0%). The
combination of oleic acid and oleylamine was essential to obtain
particles of uniform size and shape (Figures S5 and S6). The
as-synthesized nanocubes were chemically disordered, with Mn and
Pt in an fcc unit cell of the A1 phase. After the nanocubes were
annealed at 600 °C for 30 min, the nanocube structure was converted
from the A1 phase to the ordered L12 phase (AuCu3 structure; Figure
1F). The annealed nanocubes were identified as MnPt3 (JCPDS 65-
3260) by powder X-ray diffraction (XRD). Manganese carbide was
identified as an impurity in the annealed sample; it was presumably
formed from carbonized ligands and traces of excess manganese. The
impurity peaks could be removed by UV-ozone treatment (Figure
S12). In the XRD patterns, the enhanced (200) peak intensities came
from the (100) textured assembly as a result of the preferred orientation

of the cubic NCs. The Mn/Pt ratio, which was close to 1:3, was
confirmed by both energy-dispersive X-ray (EDX) spectroscopy (Mn/
Pt ) 22:78; Figure S2) and inductively coupled plasma-optical
emission spectrometry (ICP-OES) (Mn/Pt ) 27:73). Interestingly,
the Mn:Pt ratio remained at 1:3 or less, regardless of whether excess
Mn precursor was added. This 1:3 Mn/Pt ratio is consistent with the
published result of Lee et al.25 Spherical Mn-Pt NCs (Figure S4),
which are actually polyhedra enclosed by (100) and (111) facets, could
also be synthesized by including Mn2(CO)10 as a starting material
instead of utilizing hot injection at 160 °C. This synthesis of spherical
Mn-Pt NCs is similar to those reported by Lee25 and Ono.24

Figure 2A shows the ORR polarization curves for as-synthesized
cubic Mn-Pt NCs, commercial ETEK Pt catalysts, and Pt black.
In the kinetically controlled region, the current density on cubic
Mn-Pt NCs is higher than those on both the Pt black and ETEK
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Figure 1. (A-D) TEM images of (A) as-synthesized Mn-Pt nanocubes,
(B) a large area of self-assembly, and (C, D) self-assembled Mn-Pt
nanocubes. (E, F) XRD patterns of UV-ozone-treated Mn-Pt nanocubes
(E) before and (F) after annealing at 600 °C. The inset shows the MnPt3
unit cell. (G) High-resolution TEM image of Mn-Pt nanocubes. (H) Model
representing as-synthesized Mn-Pt nanocubes with a disordered structure.
Scale bars: 20 nm for (A, C, D); 50 nm for (B); 5 nm for (G). Purple and
blue balls represent Mn and Pt atoms, respectively. The annealed sample
in (F) confirmed the general stoichiometry of Mn/Pt ) 1:3.
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Pt catalysts. Figure 2B shows the kinetic current densities (at 0.8
V) normalized to the effective mass of Pt, which indicate that cubic
Mn-Pt NCs are much more active for ORR than the Pt black and
ETEK Pt catalysts. The Pt-mass-normalized activity of cubic
Mn-Pt NCs is over 3 times greater than that of the commercial
catalyst. The ORR activity of Mn-Pt is also shape-dependent
(structure-sensitive). The ORR activities of cubic and spherical
Mn-Pt NCs in H2SO4 and HClO4 are shown in Figure 2C,D,
respectively. Interestingly, cubic Mn-Pt NCs show higher ORR
activity than spherical Mn-Pt NCs in H2SO4, while the spherical
NCs are more active in HClO4. This implies that the ORR activity
of Mn-Pt NCs is higher on (111) than on (100) in HClO4, whereas
the ORR activity is higher on (100) than on (111) in H2SO4 because
of sulfate anion adsorption.23 This shape-dependent property of
Mn-Pt is very similar to that reported for Pt.23

Electrocatalytic properties of cubic and spherical Mn-Pt NCs
for formic acid and methanol oxidation were also tested. The
polarization curves representing the oxidation activities were
normalized to surface areas, which were calculated by measuring
the charge of hydrogen adsorption-desorption. To demonstrate that
this method is reliable, we used one solution of cubic Mn-Pt NCs
to prepare two electrodes with different loadings. The CV curves
clearly showed the difference in loading (Figure S10A). After
normalization, the formic acid polarization curves for the two
electrodes were nearly identical, indicating the constant catalytic
activities per unit surface area (Figure S10B). The activities of cubic
and spherical Mn-Pt NCs for formic acid and methanol oxidation
were compared to those for the ETEK Pt catalyst. For formic acid
oxidation, both cubic and spherical Mn-Pt NCs are less active than
ETEK Pt, with the cubic Mn-Pt NCs having higher activity than
the spherical NCs. However, for methanol oxidation, the cubic

Mn-Pt NCs show better activity than ETEK Pt, while spherical
Mn-Pt NCs are comparable in activity to ETEK Pt for methanol
oxidation. These results suggest that the (100) surface of Mn-Pt
is more active for formic acid and methanol oxidation than the (111)
surface of Mn-Pt.

In conclusion, we have described the synthesis and characteriza-
tion of uniform cubic Mn-Pt NCs (nanocubes). The Mn-Pt
nanocubes show higher ORR activity than the commercial catalyst.
The Mn-Pt nanocubes are also active for small-organic-molecule
oxidation and are particularly promising for methanol oxidation.
Mn-Pt nanocubes are a potential candidate for both cathode and
anode catalysts in fuel cells. In addition, the Mn-Pt NCs show
shape-dependent catalytic properties.
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Figure 2. (A) ORR polarization curves for Mn-Pt nanocubes, ETEK Pt,
and Pt black normalized to geometric area. (B) Mass activity (as kinetic
current densities at 0.8 V) for the three catalysts. (C, D) ORR polarization
curves for cubic and spherical Mn-Pt nanocrystals in (C) 0.1 M H2SO4

and (D) 0.1 M HClO4. (E) Formic acid and (F) methanol oxidation
polarization curves for cubic Mn-Pt nanocrystals, spherical Mn-Pt
nanocrystals, and ETEK Pt.
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