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Abstract Bimetallic 15 nm Pd-core Rh-shell Rh;_,Pd,
nanoparticle catalysts have been synthesized and studied in
CO oxidation by NO. The catalysts exhibited composition-
dependent activity enhancement (synergy) in CO oxidation
in high NO pressures. The observed synergetic effect is
attributed to the favorable adsorption of CO on Pd in NO-
rich conditions. The Pd-rich bimetallic catalysts deacti-
vated after many hours of oxidation of CO by NO. After
catalyst deactivation, product formation was proportional
to the Rh molar fraction within the bimetallic nanoparti-
cles. The deactivated catalysts were regenerated by heating
the sample in UHV. This regeneration suggests that the
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deactivation was caused by the adsorption of nitrogen
atoms on Pd sites.
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1 Introduction

Since the introduction of the three-way catalytic convertor
in the 1970s for NO, reduction and the oxidation of carbon
monoxide from automobile exhaust, there have been
intensive efforts to understand the fundamental mechanisms
underlying these catalytic systems [1]. Despite these efforts,
however, attempts to find an appropriate catalyst with high
activity for NO, removal have been met with limited suc-
cess because of catalyst poisoning from strongly-bound
oxygen adsorbates left on the surface from NO dissociation
[2]. Rhodium is acknowledged to be the best catalyst for
this reaction, with intense efforts devoted to understanding
its behavior [3—13]. However, in recent years much research
has also been aimed at understanding the role of Pd in the
reaction [1-3, 14-19] because of the relatively high cost of
rhodium catalysts, palladium’s improved resistance to sin-
tering, and because new improvements in gasoline purifi-
cation have helped reduce the significance of previous
problems with Pd site poisoning by sulfur and lead [15]. Pd
has been found to have lower activity than Rh for the
reaction of NO with CO [16] and has also been shown to
suffer from deactivation [14]. The origin of this deactiva-
tion has not been definitively identified.

Current developments in the synthesis of structured
bimetallic nanoparticle systems have also enabled the study
of unique new catalyst systems that were not possible in the
past [20]. These new systems can sometimes improve upon
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the catalytic performance of previous monometallic sys-
tems [21-25]. It has become apparent that these new cata-
lyst systems may provide pathways to increase reactivity
and decrease deactivation under the right conditions. The
use of a combination of Rh and Pd has been studied for the
oxidation of CO by O [22, 1, 25-27], but there has been
limited progress on the study of the oxidation of CO by NO
[28, 29]. Recently, this system was shown to be of particular
interest in ambient pressure X-ray photoelectron spectros-
copy (APXPS) experiments, where the X-ray probe depth
on the sample can be controlled by varying the energy of the
incident X-ray beam from a synchrotron source. With the
APXPS technique, we found that the surface of the as-
synthesized Rhg sPdg 5 is Rh-rich, with the atomic fraction
of Rh comprising 93% of total surface atoms. We also
demonstrated surface-segregation behavior for 15 nm Pd
core-Rh shell nanoparticles of different composition
(Rh()zpd()‘g, Rh()Aspd()_S, and Rho_gpd()_z) in the Catalytic
condition of CO oxidation by NO. We found Pd segregated
to the surface of the RhPd nanoparticles at 300 °C under
100 mTorr NO and 100 mTorr of CO, while Rh segregated
to the surface of the RhPd nanoparticles at the same tem-
perature under 100 mTorr NO [20, 30]. This work estab-
lished the surface state of the system in reaction conditions,
but did not include kinetic studies. In the current report, we
studied the catalytic properties of the same Rh;_,Pd,
nanocrystals studied by APXPS for the oxidation of CO by
NO. We also proposed a model to explain the complex
catalytic behavior of the Rh;_,Pd, nanocrystals. These
kinetic studies are necessary in order to correlate the surface
condition of the core—shell nanoparticle structures with real
catalytic behavior. The understanding of the kinetic
behavior of these core—shell Rh-Pd nanoparticle catalysts in
the oxidation of CO by NO is important for the under-
standing both of the reaction itself, but also of the behavior
of complex core—shell nanoparticle systems in general.

2 Experimental Details

The synthesis and characterization of the Rh;_,Pd, nanopar-
ticles have been reported previously [31]. In brief, to synthe-
size 15 nm Rh;_,Pd, of a given composition, [(1 — x) -
0.1 mmol] rhodium(IIl) acetylacetonate, (x - 0.1 mmol)
palladium(II) acetylacetonate, and 1 mmol poly(vinylpyrr-
olidone) (PVP) (monomer concentration) were added to
20 mL of 1,4 butanediol in a 50 mL three-necked flask.
A magnetic stirring rod continuously stirred the solution
during synthesis. The solution was heated from room tem-
perature to 50 °C and evacuated at 50 °C for 20 min to
remove water and oxygen. The solution was then placed
under Ar and heated to 220 °C at 10 °C min~'. The syn-
thesis was complete after 1.5 h at 220 °C. After cooling to
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room temperature, an excess of acetone was added to the
solution to form a suspension. The suspension was separated
by centrifugation at 4200 rpm for 6 min and the supernatant
was discarded. The remaining product was rinsed with
acetone once and then re-dispersed in ethanol. With the
above method, we synthesized RhPd nanocrystals with three
compositions: Rhgy,Pdyg, RhgsPdys, and RhggPdy, No
specific procedure was taken to control the shape of the
nanoparticle. The as-synthesized RhPd nanocrystals have an
Rh-rich surface measured by APXPS [20, 30].

Monometallic nanoparticles of the same size and shape
were synthesized similarly, except that the Pd monome-
tallic nanoparticles were only kept at 220 °C for 0.5 h and
the Rh monometallic nanoparticles were synthesized using
0.2 mmol of Rh(acac);, evacuated at 140 °C, and reacted at
205 °C for 2 h.

All catalytic samples were prepared using the Lang-
muir—Blodgett (LB) method [31]. Prior to deposition, the
nanoparticles were washed by repeatedly dispersing in
ethanol and precipitating in hexane (early wash cycles) or
dispersing in chloroform and precipitating in hexane (later
wash cycles) to remove impurities and excess PVP. Mon-
olayers of nanoparticles were formed by placing drops of
nanoparticle solution (dispersed in chloroform) onto the
surface of water in a LB trough. The surface was com-
pressed to a surface pressure of 11 mN/m and p-type (100)
Si wafers (1 cm? pieces) were lifted up from below the
surface of the water such that the resulting films had
nanoparticle surface coverage of 15-30%.

The CO oxidation by NO reactions were performed in a
reaction chamber which has also been described previously
[13]. This chamber consisted of a 1 L reaction cell con-
nected to a gas chromatograph (GC) in batch mode with a
mechanical recirculation pump located between the cell
and GC. Temperature was controlled with a ceramic button
heater (Momentiv) and measured with a type-k thermo-
couple placed on the sample surface. The reaction was run
from 220 to 260 °C on the Rh;_,Pd, nanocrystals in batch
mode in 8 Torr CO, 8-120 Torr NO, and 632-744 Torr
He, such that the total pressure was always 760 Torr. This
temperature range was chosen to ensure adequate turnover
for the nanocrystal samples without significant particle
aggregation on the surface of the Si wafer. Turnover fre-
quency was calculated independently for the formation of
each product, CO,, N,, and N,O.

3 Results

CO oxidation by NO was carried out in 8 Torr CO, 8 Torr
NO, and 744 Torr He carrier gas. The nanocrystals
were stable in reaction at 260 °C, as shown by SEM in
Fig. 1, but underwent significant aggregation at 275 °C.
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Consequently, the reaction temperature was kept at 260 °C
and below for all experiments presented here.

Turnover frequencies versus Pd molar fraction at 230,
240, 250, and 260 °C for the formation of CO,, N,, and
N,O have similar trends and the data at 230 and 260 °C are
presented in Fig. 2a—c, respectively. Turnover frequency
decreased with increased Pd molar fraction and increased
with temperature for all products. At high temperature, the
bimetallic nanocrystals underperformed relative to the
theoretical activity of a linear combination of pure Rh and
pure Pd nanocrystals, based on the performance of the Rh
and Pd nanocrystals studied here. Selectivity towards N,O,
defined as S = TOFy,o/(TOFn,0 + TOFy,) x 100%, is
presented in Fig. 2d and is found to decrease with
increased molar fraction of Pd in this temperature range.

Experimentally measured activation energies for the
formation of the CO,, N,O, and N, products in 8 Torr NO,
8 Torr CO, and 744 Torr He are presented in Fig. 3.
Activation energy was found to decrease with increased Pd
molar fraction for all products. No activation energies are
presented for the 100% Pd nanocrystals due to extremely
low turnover frequencies for all products in these reaction
conditions. These results compare relatively well to pre-
vious studies on Rh and Pd nanoparticle catalysts, such as
studies by Granger et al., who found higher turnover rates
and activation energies on Rh/Al,O5 catalysts as compared
to Pd/Al,O5 catalysts [16]. No synergism was observed in
these conditions with the Rh;_,Pd, nanocrystals.

The reaction between NO and CO was also carried out
under excess NO, in 80 Torr NO, 8 Torr CO, and 672 Torr
He and a stepped temperature ramp from 230 to 260 °C in
10 °C increments with 3 h at each step. Figure 4a dem-
onstrates that at 230 °C, prior to deactivation, the Pd-rich
catalysts were more active for CO, production than the Rh-
rich catalysts. Before deactivation, the Rh;_,Pd, nanopar-
ticles also become more active for CO oxidation as the NO
to CO ratio is increased. For example, the Rhy,Pdy g cat-
alysts produced eleven times more CO, in 80 Torr NO than
in 8 Torr NO at 230 °C. Interestingly, N,O and N, pro-
duction were not significantly enhanced.

After 3 h at both 230 and 240 °C, the Pd-rich nanopar-
ticles deactivated. The deactivation was relatively abrupt

Fig. 1 SEM of Rh()_spd()_s.

a Before and b after reaction in (@)
8 Torr NO, 8 Torr CO,

744 Torr He at 260 °C. No

significant morphological

change is observed after

reaction at this temperature

200 nm

and exhibited a strong dependence on the composition of the
bimetallic catalyst. In general, Pd-rich nanoparticles deac-
tivated more than Rh-rich ones. The catalyst activity after
deactivation was typically similar to a linear combination of
Rh and Pd monometallic catalyst for all three products. We
also found that heating the sample to 150 °Cin UHV for 1 h
restores the activity of the catalyst. Decreasing the temper-
ature in reaction, however, did not restore the pre-deacti-
vation activity. A reaction mechanism for the deactivation
and reactivation of the catalysts is proposed in the Sect. 4.
The role of NO pressure in the activity of the Pd-rich
nanocatalysts was further investigated using a stepped
temperature ramp from 220 to 250 °C in 10 °C increments
with 3 h at each step, a fixed CO pressure of 8§ Torr, and
NO pressures ranging from 20 to 120 Torr. The turnover
frequency of CO, is presented in Fig. 4b for each condi-
tion. Interestingly, at 220 °C, prior to deactivation, the
turnover frequency was strongly dependent on Pyo,
whereas the turnover frequency was virtually independent
of Pno at 250 °C, after deactivation. N,O and N, produc-
tion followed similar trends to the 80 Torr NO condition
discussed above. Again, heating the sample to 150 °C in
UHYV for 1 h was found to restore the catalyst activity.

4 Discussion

In their monometallic state, these two metals have very
different catalytic behavior in CO oxidation by NO.
The Rh nanoparticles were very active, had a moderate
decrease in activity at elevated pressures of NO, and did
not undergo significant deactivation. These results are
consistent with previous studies on Rh catalysts in this
reaction, which found that supported Rh nanoparticles
show decreased activity with increased NO pressure at
538 K [32] and that Rh shows very little deactivation for
this reaction [33]. The Pd nanoparticles, however, were
significantly less active in all conditions and deactivated at
elevated pressure of NO. These results, again, are consis-
tent with previous studies on Pd catalysts in this reaction,
which found that the activity of Pd is positive order in NO
[34], and the deactivation of Pd is quite significant [14, 15].

(b)

200 nm
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Fig. 3 Activation energy for formation of CO,, N,O, and N,
products as a function of Pd molar fraction for Rh; _,Pd, nanocrystals
in 8 Torr NO, 8 Torr CO, 744 Torr He from 230 to 260 °C. The low
activity of the pure Pd nanocrystals made determination of an
accurate activation energy difficult for those samples

The behavior of the bimetallic catalysts in the Pyo =
Pco condition is fairly similar to the behavior of a linear
combination of monometallic catalyst. No synergetic effect
is observed and the catalyst activity is slightly worse than
an equivalent linear combination of monometallic catalyst,
perhaps due to Pd-enrichment in the surface layers in this
condition, which is the most reducing condition in this
study. This observation is consistent with APXPS data,
which showed that Pd is slightly enriched on the surface
and Rh is almost completely metallic when Pyo = Pco at
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300 °C [20]. The metallic nature of the Rh surface indi-
cates that NO is not rapidly dissociated by Rh in these
conditions.

In the Pno > Pco condition, however, the bimetal-
lic catalysts showed markedly different behavior. The
observed synergy and subsequent deactivation indicate that
the Rh and Pd components of the catalyst are interacting in
important ways. The model we propose is that prior to
deactivation, isolated Pd atoms serve as preferential
adsorption sites for CO, while high pressure of NO favors
dissociative adsorption of NO on Rh. The CO, formation
step in the reaction occurs when oxygen adsorbates spill-
over from Rh sites to Pd sites and react with CO molecules
adsorbed on Pd. N,O and N, formation were not signifi-
cantly enhanced in this regime, which indicates that the
presence of Pd in these catalysts does not play a significant
role for the formation of those products. Our observations
suggest that, for these bimetallic catalysts, Pd effectively
acts as a promoter, facilitating adsorption of CO while Rh
dissociates NO.

This model is also well-supported by existing literature.
It is known that the efficient dissociative adsorption of NO
on monometallic Rh is self-inhibited at high NO coverages,
which limits the coverage of CO on the surface and thus the
reaction rate [11]. It is also known that NO adsorption is
relatively unfavorable on Pd, which renders the Pd sites
available for the adsorption of CO even in NO-rich
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Fig. 4 a TOF of CO, as a function of Pd molar fraction for Rh;_,Pd,
nanocrystals at 230 °C (before deactivation) and 250 °C (after
deactivation) in 80 Torr NO, 8 Torr CO, and 672 Torr He. b TOF
of CO, as a function of NO pressure for Rhy,Pd, g nanocrystals in
8 Torr CO and a total pressure of 760 Torr equalized with He. A
significant synergetic effect was observed in the catalytic activity of
Pd-rich Rh;_,Pd, bimetallic nanocrystals at elevated NO pressures
prior to deactivation

conditions [35]. Additionally, infrared spectroscopy on
Rh/Al,O5 and Pd/Al,O3 by Granger et al., found that the
reaction rate is highest when the coverage of NO is much
greater than CO but not high enough to be inhibiting, and
that CO adsorbs preferentially on 10 wt% Pd/Al,O5, which
has a crystallite size comparable to the nanoparticle size in
the present study [16]. Our previous APXPS experiments
also showed that Rh atoms segregate to the surface and
oxidize in NO, even after pre-exposure of the bimetallic
nanoparticles to CO [20]. Although it is possible for NO to
adsorb molecularly on Rh, the strong Rh oxidation
observed in APXPS implies that a significant portion of NO
is dissociatively adsorbed. Together, this data supports the
notion that CO adsorption on Pd sites in the bimetallic
catalyst, in combination with oxygen spillover from NO
molecules dissociatively adsorbed on Rh sites in high
pressure of NO, is likely to increase the CO, production of
the catalyst prior to deactivation.

The cause of deactivation on the Pd-rich bimetallic
catalysts is also of considerable interest. In this case, the

most probable explanation is that Pd is eventually poisoned
by spillover of N atoms from Rh. This model is supported
by the work of Vesecky, Rainer, and Goodman, who used
Temperature Programmed Desorption (TPD) to show that
high surface area Pd catalysts and Pd (100) single crystals
are poisoned by stable adsorbed nitrogen atoms, and that
free surface oxygen is removed so quickly by CO to form
CO, that it is unlikely to play a role in the catalyst deac-
tivation [36]. This explanation for deactivation seems more
likely than previously suggested mechanisms, such as
reaction inhibition by carbon deposition on the surface [14]
or self-inhibited NO adsorption on the Rh surface [11]
because deactivation was not observed on the pure-Rh
catalyst despite identical reaction conditions, and because
the sample activity was closely correlated with the Rh
molar fraction after deactivation. The importance of
nitrogen in this deactivation is further supported by the
observation that N,O and N, production were not signifi-
cantly enhanced prior to catalyst deactivation. This indi-
cates that adsorbed nitrogen is not effectively removed
from the catalyst surface.

In this scenario for deactivation, once Pd is poisoned the
catalytic activity is dominated by the availability of Rh
sites on the catalyst surface because Pd can no longer act as
a promoter. Figure 4a supports this notion, as the catalyst
activity increased with Rh molar fraction in a roughly
linear fashion at 250 °C, after deactivation. If this is indeed
the case, the 150 °C UHV heating step may restore activity
by removing adsorbed nitrogen from the catalyst surface.

There are several outstanding considerations which must
be taken into consideration in examining the simple syn-
ergetic and deactivation models suggested here. First,
much of our model is predicated on our previous results in
APXPS, but there is a pressure gap between that study,
which was carried out at tenths of a Torr [20], and this
study, which was carried out in tens of Torr of reaction
gases mixed with He for a total pressure of one atmosphere.
Since the entropic contribution of the Gibbs Free Energy
increases as kT - log P, this pressure gap leads to an
energy difference which ranges from 0.09 eV at 27 °C and
0.18 eV at 300 °C. Although this is a dramatic improve-
ment from the 0.28 and 0.54 eV energy differences at 27
and 300 °C between reaction at atmosphere and analysis at
10~® Torr, as required for traditional XPS or Auger anal-
ysis, further improvement is necessary. We are currently
building a reactor capable of measuring kinetics in condi-
tions identical to those used in APXPS which will enable
even more precise study of the role of surface segregation
and oxidation in catalysis.

In summary, NO reduction by CO is known to be an
exceedingly complex reaction dependent on many subtle
factors, such as stable islands of adsorbed N on Rh [19, 36—
38] and the oxidation state of the metals [3, 39, 40].
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Although the model proposed here is consistent with our
kinetic data, further studies are needed to fully understand
the initial catalyst behavior and subsequent deactivation of
bimetallic Pd-core Rh-shell Rh;_,Pd, nanocrystals.

5 Conclusions

15 nm Rh;_,Pd, Pd-core Rh-shell nanocrystals were syn-
thesized, characterized, and studied in the catalytic oxida-
tion of CO by NO. A model based on available literature
was proposed to help explain the observed catalytic
behavior. Although no synergy was observed in the NO/CO
reaction when Pyo = Pco = 8 Torr, the Pd-rich bimetallic
catalysts were very active at 8 Torr CO and 80 Torr NO
prior to undergoing deactivation. Pd enhances the reaction
by ensuring adequate adsorption of CO in the high NO
coverage regime. Pd is eventually poisoned by adsorbed N
and reactivity is dominated by the availability of Rh sur-
face sites. These results demonstrate unique and desirable
synergetic behavior in bimetallic core—shell catalysts and
will hopefully lead to greater understanding of the many
complex factors governing reactivity in these systems.
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