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Metallic nanoparticles of the noble metals find wide applica-
tions in heterogeneous gas-phase and solution-phase catalytic
processes."™ Small particle sizes optimize the dispersion of
precious metals, such as platinum and palladium, and can also
show anomalous reactivities not observed for the bulk metals.
Bimetallic nanoparticles have been studied because of
modified (enhanced) activities of noble metals and their
abilities to catalyze multistep processes in which each metal
participates in a different elementary step.””! Toshima and
Wang!® first reported the synthesis of colloidal PtCu particles
and showed their utility in the catalytic hydrogenation in
solution. Recent studies™!”! have suggested that supported
PtCu bimetallic catalysts may be effective in NO, reduction,
but coprecipitation/impregnation methods typically used in
these studies make it difficult to identify and evaluate the
actual catalytic species. While some catalysts have been
reported to have high activity for NO, reduction,™'?! the best
activity and selectivity for N, formation (a desirable feature)
is typically found with monometallic platinum catalysts.!'**!
To fully understand the catalytic activity of PtCu bimetallic
catalysts and compare the activities with the monometallic
materials, a detailed understanding of the composition, phase
behavior, activation processes, and stabilities of the catalytic
components is essential. To this end, we have embarked on a
systematic investigation of the synthesis and study of bimet-
allic PtCu nanoparticles to evaluate their heterogeneous
catalytic activities for reduction of gas phase NO with H, as
the reducing agent.
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In addition to monometallic and alloy particles, various
core-shell architectures have recently been reported, such as
the gold nucleated seeded growth structures.'>”! These
nanoparticles are of interest for catalytic, optical, and
magnetic applications, but their synthesis and characteriza-
tion are often difficult and less studied. In particular, the
synthetic routes to many target structures are challenging and
the exact composition and/or phase of the resulting core and
shell components are often not well understood. Systematic,
detailed investigations of core—shell structures are also
needed to gain a full understanding of bimetallic systems.

We report herein the synthesis and characterization of the
new reciprocal core—shell structures, Pt@Cu and Cu@Pt, as
well as their compositional makeup and unusual thermal
stabilities. In addition, we describe a modified synthesis of
PtCu alloy nanoparticles from a polyol co-reduction process
and compare the thermal stability and catalytic properties
with those of the core-shell structures and pure metal
particles. Preliminary evaluation of y-Al,O; supported nano-
particles for catalytic NO reduction shows that the Cu@Pt
nanoparticles have high activity equal to that of pure
platinum nanoparticles but with significantly greater selec-
tivity for N, formation.

Platinum and copper monometallic nanoparticles, PtCu
alloy nanoparticles, and the Pt@Cu and Cu@Pt core-shell
structures were all prepared by polyol reductions with either
PVPssy, polymer (polyvinylpyrrolidone M, =55000) or
oleylamine/oleic acid stabilizers to control particle sizes.
While the individual synthetic methods are quite reproducible
in producing particles of a specific size, each type of particle
has a different mean particle size. Monometallic platinum and
copper nanoparticles were prepared by polyol reduction of
[Pt(acac),] and [Cu(acac),] (acac = acetylacetonate), respec-
tively, in glycol at reflux in the presence of PVP. The mean
diameters of the platinum and copper monometallic nano-
particles thus formed are 15 nm and 4 nm, respectively. An
alternative method using oleylamine/oleic acid stabilizers
gave much smaller platinum particles (3-7-nm particles;
mean diameter 4.5 nm). Transmission electron microscopy
(TEM) and X-ray diffraction (XRD) data for these materials
can be found in the Supporting Information. The PtCu alloy
nanoparticles were prepared by a modified version of that of
Toshima and Wang!™ in which [Pt(acac),] and Cu(SO,)-5H,0
(1:1 mole ratio) were heated at reflux in glycol with PVP to
give 2-5-nm spherical particles (mean diameter 3.3 nm).
Monometallic nanoparticle impurities or sulfur contamina-
tion were not detected in the PtCu samples according to
TEM, XRD, EDX (energy-dispersive X-ray spectroscopy)
and UV/Vis analysis. The TEM image of a representative
sample is shown in Figure 1a. The Cu@Pt nanoparticles were
prepared by sequential deposition involving the reduction of
[Cu(acac),] with glycol at reflux in the presence of PVP and
subsequent addition and reduction of [Pt(acac),]. TEM
images showed predominately 9-10-nm hexagonal particles
(mean diameter 8.8 nm) with some smaller particles of 5 nm
diameter. Field emission scanning TEM (FE-STEM) phase
maps qualitatively show that all particles contain platinum
and copper in approximately equal quantities (Figure 1b-d).
The Pt@Cu nanoparticles were prepared in a similar fashion
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Figure 1. a) Bright-field TEM image (100 kV) of PtCu alloy nanoparti-
cles. b—d) FE-STEM images (200 kV) of Cu@Pt nanoparticles showing
b) Cu spectral map, c) Pt spectral map, and d) bright-field image.

with the initial glycol reduction of [Pt(acac),] in the presence
of PVP followed by a deposition of copper from Cu-
(80,)-5H,0. FE-STEM analysis showed a broad distribution
of particle sizes in the 8-20-nm size range with a mean
diameter of 18.3 nm. However, all the particles again had
approximately equal quantities of platinum and copper (FE-
STEM phase map). A single particle EDX line scan for Cu@
Pt is given in the Supporting Information. The presence of
both platinum and copper in the core—shell structures is
consistent with either PtCu alloys or the formation of the
proposed core-shell particles. However, XRD and activity
studies (see below) clearly show that the particles are not
alloys. As expected, the mean diameters of each core—shell
structure is larger than the diameters of the monometallic
core particles.

No single analytical technique is sufficient to characterize
the complex nanostructure of the core—shell particles. Com-
parison of several techniques is required to determine the
general nature of the structure. The proposed structural
models for the nanoparticle architectures described above are
based on the evaluation of the combined TEM, EDX, XPS
(X-ray photoelectron spectroscopy), XRD, and UV/Vis
analyses. The XRD patterns of “as-prepared” PtCu alloy
show the expected face-centered cubic (FCC) structure type
with broad diffraction peak widths owing to the small particle
sizes (mean diameter 3.3 nm, see above). After annealing the
sample at 300°C for 2 h, the peaks sharpen slightly and show
26 peak positions®!! consistent with the target 1:1 (Pt/Cu)
stoichiometry of the reaction mixture. This annealing process
seems to have a dramatic effect on the catalytic activity of the
particles as discussed below.

To evaluate the importance of the alloy structure in
catalytic NO, reductions, we prepared the core—shell nano-
particles Pt@Cu and Cu@Pt for comparison. The XRD data
of the Pt@Cu and Cu@Pt particles are consistent with both
the proposed core-shell structures and phase-separated
monometallic particles. However, the FE-STEM studies
described above and the activity studies (see below) are
inconsistent with monometallic particles and allow us to
exclude the phase-separated species from consideration. The
XRD study (see Figure 2a) shows that the as-prepared Pt@
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Figure 2. XRD profiles and JCPDS data (compound and file number)®"
for a) Pt@Cu (Pt, 04-0802; the asterisks indicate reflections from the
Pty ,Cuqg alloy), b) Pt@Cu after annealing (PtCu, 42-1326), c) Cu@Pt
(Pt, 04-0802 solid vertical line; Cu, 04-0836 dashed vertical line)

d) Cu@Pt after annealing (Pt, 01-1194).

Cu nanoparticles have a Pt FCC core with a Pt,_.Cu, alloy
shell (x ~ 0.8). Annealing the sample at 370°C for 5 h converts
the sample into PtCu (Figure 2b) as expected on the basis of
the Pt—Cu phase diagram. In contrast, the as-prepared Cu@Pt
nanoparticles have an FCC Cu core with an FCC Pt shell
(Figure 2c¢). Surprisingly, annealing the samples at 370°C for
5 h does not give the PtCu alloy but instead gives a Cu-rich
Pt,_,Cu, core and essentially a pure Pt shell (Figure 2d).

We attribute this anomalous stability to Kirkendall mass-
transport phenomena® in which the relative rates of migra-
tion of one metal into the other kinetically stabilize the Cu@
Pt nanoparticles. Because the diffusion of Pt into Cu is fast
(approximately 6x107" cm*h™' at 960°C) relative to Cu
diffusion into Pt (approximately 8x10%cm’h™ at
1041°C),™ the net migration at a Pt-Cu interface strongly
favors Pt diffusion into the vacancies of the Cu bulk (i.e. the
Kirkendall effect). In the Cu@Pt core-shell structure, the
confined Cu core has a small, finite number of vacancies,
which impedes net diffusion and thereby retards the alloying
process. In contrast, the Cu-rich shell in the Pt@Cu nano-
particle system can maintain a high vacancy population and
unhindered Pt-to-Cu diffusion. Therefore, alloying in the Pt@
Cu is unimpeded but should result in a hollow PtCu alloy
structure. While we know that the PtCu alloy is formed
(Figure 2b), we do not yet know if the particles are hollow.

We are confident that the Pt@Cu and Cu@Pt nano-
particles are core—shell particles and not physical mixtures of
monometallic components on the basis of the following
experiments. 1) Annealing intimately mixed physical mix-
tures of Cu and Pt nanoparticles under the conditions
described above does not result in alloy formation. The
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XRD profiles of the annealed physical mixture show clean
peaks for FCC Cu and Pt after 5h at 370°C, which is in
contrast to annealing behavior of both types of core—shell
particles. 2) XPS spectra of the core-shell particles (Figure 3)
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Figure 3. XPS data for a) Cu@Pt and b) Pt@Cu nanoparticles showing
Pt (a) and Cu (m) atomic percentages. Sequential Ar plasma etch
sequences are shown as a function of etch time.

show atomic compositions that are highly enriched in the
respective shell elements. For example, the Cu@Pt sample
shows a Pt/Cu ratio of 88:12 that is indicative of a Pt-rich
surface (Figure 3a). A series of 5-minute Ar plasma etches
show that the composition becomes more Cu-rich as more of
the particle core is exposed (or alloying takes place). After
nine etches, the particles reach a 50:50 atomic ratio, which is
the stoichiometric composition of the particles. The reciprocal
particle, Pt@Cu, does not show the same initial large differ-
ence in surface elemental composition but achieves approx-
imately 50:50 ratio after etching in a similar manner
(Figure 3b). This behavior is consistent with the formation
of the Pt_;,Cu. ¢ alloy shell in contrast to a pure Cu shell and
is consistent with the XRD experiments. 3) The STEM
images show compositional maps that qualitatively indicate
equal concentrations of each element and no monometallic
particles (see Figure 1). 4) UV/Vis data show that Cu nano-
particles are not present in the colloid (no surface plasmon
resonance band at around 590 nm)."! 5) The catalytic activ-
ities of the core—shell particles are quite different to those of
the monometallic particles, their alloys, and physical mixtures.

As an initial screening of the catalytic activity for NO
reduction, we prepared samples of the different PtCu nano-
particles on y-ALO; (1.06% total Pt loading) by direct
deposition from colloidal suspensions. The NO conversions
were evaluated by monitoring the formation of N,, NH;, NO,,
N,O, and H,O from an NO feed and H, reductant (0.75%
NO, 3% H, diluted in Ar). The feed gas was passed across the
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catalyst (total loading, 105 mg of supported catalyst, pre-
reduced in H,) in a fixed bed reactor with a constant residence
time. The reactants and products were measured (mass
spectrometry) as a function of temperature. Figure 4 shows
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Figure 4. Temperature-programmed reactor studies of Pt—Cu bimetallic
nanoparticle structures on NO reduction by H,: a) pure Pt nanoparti-
cles, b) PtCu alloy nanoparticles, c) Cu@Pt core—shell particles with a
4:1 ratio of H,/NO, and d) Cu@Pt core—shell particles with a 1:1 ratio
of H,/NO. N, selectivity is calculated by dividing the yield of N, by the
percentage conversion of NO.

the reactivities of a) 4.5-nm Pt, b) PtCu alloy, and c¢) Cu@Pt
catalysts with a 4:1 ratio of H, to NO. The net Pt loading is the
same in each. The Pt nanoparticles show a very high activity
(low light off) with essentially complete NO conversion at
78°C. However, the optimal selectivity for N, formation (vs.
NH;, N,O, and NO,) is quite low (26 % at 160°C, Figure 4 a).
In contrast, the PtCu alloy shows significantly better N,
selectivity (~50% at 270°C) but has significantly poorer
activity (Figure 4b). Interestingly, the Cu@Pt core-shell
nanoparticles show the high reactivity of the Pt nanoparticles
and the high selectivity of the PtCu alloy (Figure 4c). For
comparison, a physical mixture of Pt and PtCu alloy nano-
particles shows decreased activity and selectivity relative to
the Cu@Pt core-shell system. Moreover, Pt@Cu nanoparti-
cles show very little NO conversion under the same con-
ditions, which is consistent with the Cu-rich shell structure
(see Supporting Information).

Varying the H,-to-NO ratio shows that the Cu@Pt core—
shell catalyst can provide N, selectivities as high as 93 % (at
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0.75% NO/0.75 % H,/98.5% Ar) over temperatures ranging
from 275°C to 400°C as shown in Figure 4d. These remark-
ably high selectivities coincide with high NO conversion and
are significantly better than the monometallic Pt systems. For
example, we find 80% selectivity for the 15-nm Pt/Al,O;
catalyst at 400°C under identical conditions and Pt loading
(see Supporting Information). These results are in good
agreement with those of Burch and Coleman who reported
approximately 80 % selectivity for a Pt/SiO, catalyst (5% Pt
loading) under similar conditions.” The 4.5-nm Pt particles
show even better performance (88% selectivity at 400°C;
data not shown) but are still not as selective as the Cu@Pt
particles under 1:1 or 4:1 H,/NO reaction conditions.
Further evidence of the kinetic stabilization of the Cu@Pt
particles can be found in the stability tests shown in Figure 5.
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Figure 5. Stability tests for PtCu, Pt@Cu, and Cu@Pt nanocatalysts in
the reduction of NO with H,. The profiles for a 4:1 H,/NO mixture
(reaction time up to 5.8 h) are shown on the left. The subsequent reac-
tion profiles for a 1:1 H,/NO mixture are shown on the right.

In these experiments, NO conversion was monitored for 5.8 h
at 360°C with the three different bimetallic catalysts (Cu@Pt,
Pt@Cu, and PtCu) using a 4:1 H,/NO feed. To highlight the
differences in the three systems and test the thermal stability
of the Cu@Pt particles under the most severe conditions, we
conducted the experiments at 360°C even though the
selectivity for N, is not optimal at these temperatures in the
hydrogen-rich feed. After the 5.8-h runs, the catalysts were
evaluated for NO conversion using 1:1 H,/NO feeds for an
additional 0.7 h at 360°C (Figure 5, right). For Cu@Pt, the
conversion and selectivity in each feed are stable and the
conversion is significantly higher than the other bimetallic
systems. Post-reaction XRD analysis shows no sign of PtCu
alloy formation (see Supporting Information) indicating that
the particles are stable under these conditions. In contrast, the
PtCu alloy catalyst rapidly loses activity (% NO conversion)
but increases in N, selectivity during the first three hours of
reaction. This change in performance is accompanied by an
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increase in crystallinity of the particles that may signify
changes in surface structure. Interestingly, the selectivity of
the Pt@Cu catalyst decreases during the first three hours and
becomes equivalent to that of the PtCu alloy. This finding is
consistent with the post-reaction XRD analysis that shows
complete alloying of the Pt@Cu particles (see Supporting
Information). The final % NO conversion of the alloyed Pt@
Cu particle (17 %) is lower than that of the PtCu alloy (27 %),
which is consistent with the significantly larger mean particle
size of the Pt@Cu catalysts. Importantly, the stability and
activity of the Cu@Pt nanocatalysts are markedly better than
the other two bimetallic systems.

The origin of the enhanced performance of the Cu@Pt
and related core-shell systems is not completely clear at
present but may be related to near surface alloy (NSA) effects
described by Greeley and Mavrikakis.™ In their models,
subsurface metal and alloy layers affect the binding of
adsorbates (e.g. NO and H) to the particle surface. Changes
in binding enthalpies can, in theory, enhance rates and
selectivities in catalytic processes. Further studies designed to
test these theories are in progress.

Experimental Section

The PtCu nanoparticles were prepared from [Pt(acac),]
(0.109 mmol), Cu(SO,)-5H,0 (0.109 mmol) in glycol (5mL) with
PVPss5y (3 mg). The solution was heated under reflux for 2 h to give a
stable black colloidal suspension of PtCu nanoparticles. The Cu@Pt
nanoparticles were prepared by sequential deposition involving the
reduction of [Cu(acac),] (0.156 mmol) with glycol (32mL) and
PVPss500 (116 mg) at reflux (20 min) to give a reddish colloidal
solution. After cooling to 80°C, [Pt(acac),] (0.156 mmol) was added
and the mixture was slowly heated back to reflux (1 h) to give a black
colloidal solution. The Pt@Cu nanoparticles were prepared in a
similar fashion with the initial reduction of [Pt(acac),] (0.315 mmol)
in glycol (7.7mL) at reflux for 2 h in the presence of PVPss
(18.8 mg) followed by a deposition of Cu from Cu(SO,)-5H,0
(0.315 mmol) at reflux for 2 h. The 15-nm Pt particles and 4-nm Cu
particles were prepared as described above but without the addition
of the second metal. Smaller Pt particles (mean diameter 4.5 nm)
were prepared as follows: A solution of [Pt(acac),] (41 mg), oleic acid
(133 uL; >99%), and oleylamine (133 pL; 70 %, technical grade) in
decahydronaphthalene (4.2 mL) was injected into decahydronaph-
thalene (8.3 mL) containing 1,2-hexadecanediol (83 mg; 90 %, tech-
nical grade) at reflux. After 3 h under reflux, the solution was cooled
to room temperature to give a black colloidal suspension of Pt
nanoparticles.

Compositional phase maps were acquired using the Hitachi HD-
2300 200 kV dedicated FE-STEM with an EDX detector with high
sensitivity. Owing to the unique large solid angle, 2-nm spatial
resolution is attainable in a relatively short time. NO reduction
activity was measured by placing the supported catalyst in a packed
bed arrangement in a 6.4-mm internal diameter (ID) quartz tube
centered in a vertical programmable tube furnace. The catalyst charge
was 5.5 mm in height. The packed bed consisted of 105 mg of catalyst
(including support) intermixed with 135 mg of 1-um quartz particles
to provide adequate flow through the bed. The bed was held in place
by quartz wool above and beneath, which assisted in preheating the
gases to the prescribed furnace temperature. Computer-controlled
electronic mass-flow controllers were used to vary flow rates and to
fix reactor residence times and the reactor gas velocity (0.16 ms™).
Product gases were measured continuously with a carefully calibrated
magnetic sector mass spectrometer (VG PrimadB). Product compo-
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sitions were determined from the calibrated sensitivities and ion-
cracking patterns for the analyzed gases.
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