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In proton exchange membrane fuel cells (PEMFCs), pure Pt
anode electrocatalysts are severely poisoned by trace amounts of
CO that are ubiquitous in H, fuels derived from reformed
hydrocarbons.! To circumvent this problem, bimetallic Pt—M
electrocatalysts have been employed due to their higher CO
tolerance compared to monometallic Pt nanoparticles (NPs).”
Pioneering studies by Ross and Mukerjee have shown that PtMo
alloys have exceptional low-temperature CO tolerance in both bulk
electrodes and carbon-supported PtMo NP anodes.** However,
solution-based syntheses of PtMo alloy NPs are particularly
challenging due to the large negative redox potential of the Mo"*/
Mo couple and the low miscibility of Pt and Mo. We have been
developing solution-based routes to various bimetallic architectures
(i.e., core—shell, alloy, aggregates) to compare their catalytic and
electrocatalytic activities.”> We describe here the solution-based
synthesis and characterization of MoO,@Pt core—shell and
Pty Moy, alloy* NPs and their surprising CO-tolerant electrocata-
lytic activity.

PtysMoy, alloy NPs were prepared by the coreduction of MoCls
and Pt(acac), in phenyl ether. Sodium triethylborohydride and oleic
acid were employed as the reducing agent and capping agent,
respectively. Figure 1a shows the transmission electron microscopy
(TEM) image of 3.0 nm as-prepared PtysMoy, alloy NPs, which
have a relatively narrow size distribution (Figure S1). The X-ray
diffraction (XRD) profiles of the PtysMoy, alloy (Figure S2) show
the expected*® face-centered cubic (FCC) lattice with a = 3.91 +
0.01 A. The similarity to the 3.92 A FCC cell of Pt is due to the
nearly identical metallic radii of the two metals. Single-particle
energy dispersive X-ray analysis (EDX) of PtysMog, alloy NPs
shows both Pt and Mo with an average atomic composition of 80%
Pt and 20% Mo (Figure S3). In addition, the morphology and
dispersity of the alloy particles are much different from those of
monometallic FCC-Pt and body-centered cubic (BCC)-Mo NPs
prepared under identical experimental conditions (Figure S4). To
our knowledge, this is also the first solution-based synthesis of
crystalline BCC-Mo NPs.

The oleic acid stabilized Mo NPs contain BCC-Mo (XRD) in
the metallic state (X-ray photoelectron Spectrocopy (XPS)),
however, the tightly bound oleic acid groups precluded the
deposition of a Pt shell. As an alternative, a NaBH, reduction of
MoCl; in ethylene glycol (EG) was employed in conjunction with
the weakly coordinating polyvinylpyrrolidone (PVP) stabilizer. The
“as-prepared” NPs are relatively monodispersed (~3.5 nm) but are
amorphous and oxidized (Figures S5, S6). XPS and X-ray Absorp-
tion Near Edge Structure (XANES) measurements are indicative
of MoO, NPs with mixed Mo(IV) and Mo(VI) oxidation states
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Figure 1. TEM image of (a) as-prepared PtMo alloy NPs and (b) MoO,
@Pt core—shell NPs. The insert is the HRTEM images of one particle.
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Figure 2. FT magnitudes of Pt Li-edge data and fit for (a) MoO,@Pt
core—shell (k range from 2 to 19.8 A) and (b) PtMo alloy (k range from
3.51t0 17.5 A).

(Figure S7). However, the MoO, NPs react directly with PtCl, in
EG to give MoO,@Pt core—shell NPs containing ca. 1—2 layers
of Pt shells over MoO, cores. The TEM image of the MoO,@Pt
core—shell NPs (Figure 1b) shows the ~3.5 nm particles with a
relatively narrow size distribution. The lack of a significant change
in particle size and size distribution after the Pt deposition suggests
a redox deposition process in which the outer layer of MoO, NPs
is replaced by 1—2 layers of Pt. The single-particle EDX analysis
of 100 particles shows the MoO,@Pt NPs have an average
composition of 40% Pt and 60% Mo (Figure S8). The XRD profiles
of the MoO,@Pt NPs are dominated by diffraction of the Pt shells,
which is also observed on related monolayer coated M @Pt systems
with poorly crystalline cores.™*

Quantitative structural details of alloy and core—shell architec-
tures were determined from extended X-ray absorption fine structure
(EXAFS) studies. Visual examination of the raw Pt L;-edge data
(Figure 2) demonstrates dramatic differences between the two
samples, in support of local structural rearrangements. Theoretical
analysis was done by simultaneous Pt L;- and Mo K-edge fits for
the alloy (Mo K-edge data and fit are shown in Figure S10) and by
a Pt L;-edge fit for the core—shell sample (the Mo edge data for
that sample could not be refined by the fitting analysis, possibly
due to the highly disordered MoO, core). The resultant Pt—Pt and
Pt—Mo coordination numbers (5.1 4+ 0.4 and 0.8 £+ 0.4) in the
PtMo alloy NPs correspond to the short-range order parameter of
ca. 6 £ 3, i.e., consistent with the 80:20 Pt/Mo ratio and thus
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Figure 3. (a) CVs of the MoO,@Pt core—shell and PtysMoy alloy catalysts
in 0.5 M H,SO, at 298 K, scan rate 100 mV/s. (b) Polarization curves for
oxidation of Hj in the presence of 1000 ppm of CO on different catalysts
(30% loading) at 298 K. Rotation rate: 1600 rpm. Scan rate: 1 mV/s. Before
the potential scan, electrolytes were purged with the CO/H, mixture for
2 h at —0.20 V electrode potential. All the potential values given in the
text are referred to the saturated calomel electrode (SCE).

indicative of a quasi-random alloy. In contrast, the MoO,@Pt
core—shell NPs show negligible Mo—Pt interactions (that were not
required in EXAFS fits), a very disordered MoO, core, and smaller
bond length disorder than those in the PtysMoy, alloy. These data
are indicative of a nonepitaxial, phase segregated Pt shell on an
amorphous MoO, core and are consistent with the TEM, XRD,
XPS, and EDX data.

To prepare carbon-supported electrocatalysts (30 wt. % metal
loading), the PtysMoy, alloy particles were loaded on VULCAN
XC72 carbon by physical deposition from the colloidal suspension
followed by heat treatment in Ar/H, (5% of H,) atmosphere at 500
°C to remove the oleic acid. The NPs did not agglomerate or
coalesce after high-temperature treatment (Figure S11), presumably
due to the strong particle-support interactions. Carbon-supported
MoO,@Pt electrocatalysts were prepared similarly; however,
thermal treatments were not required to activate the catalysts since
PVP is only weakly bound to the particle surface (Figure S12).
Room temperature cyclic voltammograms (CVs) in 0.5 M H,SO4
(Figure 3a) show distinct underpotential hydrogen adsorption/
desorption (H,,,) peaks for the MoO,@Pt catalysts that are
characteristic of pure Pt surfaces.® However, the H,pq peaks are
noticeably absent in the PtysMog, alloy CV due to the alloyed
surface.

The elecrocatalytic activity and CO tolerance of the NPs were
evaluated using rotating disk electrode (RDE) experiments. As
expected, both the PtysMoy, alloy and MoO,@Pt core—shell
electrocatalysts showed negligible overpotential for H, oxidation
due to the presence of Pt on the NP surfaces (Figure S13). However,
the polarization curves for oxidation of H, containing 1000 ppm
of CO on MoO,@Pt core—shell and PtysMog, alloy NP electro-
catalysts (Figure 3b) show markedly different behavior compared
to commercial E-TEK Pt and PtRu alloy electrocatalysts at the same
loadings. Interestingly, the MoO,@Pt core—shell nanocatalysts
show the lowest onset H, oxidation potential (—0.14 V), which is
within the anode operation potential of PEMFCs. In addition, it
reaches the diffusion-limited current at 0.1 V, which is far below
that of Pt and PtRu. After potential cycling between —0.25 and
0.5 V for several hours in HSO,, the H, oxidation onset potential
rises and stabilizes at —0.10 V but is always superior to the
PtypsMoy, alloy and the PtRu catalysts. However, after heat treatment
at 550 °C in Ar/H, atmospheres, the MoO,@Pt catalyst phase
segregates to MoO, and pure Pt (Figure S14). The resulting CO

tolerance is significantly diminished (Figure S15) and is comparable
to that of the known Pt/MoO, aggregate catalysts.” The H, oxidation
onset for the PtysMog, alloy starts at a higher potential than the
MoO, @Pt catalysts but still shows superior CO tolerance compared
to both Pt and PtRu alloy catalysts.

It is generally accepted that the CO oxidation processes on Pt—M
alloys occur by way of the “bifunctional mechanism” in which OH
species adsorbed on the highly oxophilic Mo (or Ru) sites facilitate
the oxidation of CO adsorbed on the Pt sites.® In contrast, the
pure Pt surface of the MoO,@Pt NPs requires a different mechanism
of oxidation. It is likely that the electronic effect of the MoO, core
on Pt shell weakens the Pt—CO bond, which may dramatically
reduce the oxidation overpotential >>#><'°

In conclusion, new synthetic strategies for PtMo alloy and
MoO,@Pt core—shell NPs were successfully designed and imple-
mented. RDE results demonstrated that the MoO,@Pt core—shell
and PtogMoy, alloy NPs have substantially higher CO tolerance
than both PtRu alloy and Pt catalysts. In addition, we have shown
that PVP-capped NP colloids can be used directly in supported
electrocatalyst assemblies without thermal pretreatment.
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