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We use density functional theory calculations of Pt@Cu core@shell nanoparticles (NPs) to design bifunc-
tional poison-free CO oxidation catalysts. By calculating the adsorption chemistry under CO oxidation
conditions, we find that the Pt@Cu NPs will be active for CO oxidation with resistance to CO-poisoning.
The CO oxidation pathway at the Pt—Cu interface is determined on the Pt NP covered with a full- and
partial-shell of Cu. The exposed portion of the Pt core preferentially binds CO and the Cu shell binds O,
supplying oxygen for the reaction. The Pt—Cu interface provides CO-oxidation sites that are not poisoned
by either CO or O,. Additional computational screening shows that this separation of reactant binding
sites is possible for several other core@shell NPs. Our results indicate that the metal-metal interface
within a single NP can be optimized for design of bifunctional catalytic systems with improved

rsc.li/nanoscale performance.

Introduction

Pt is an important catalytic material for energy production and
conversion." Pt can activate and dissociate molecular oxygen
and it has excellent catalytic properties for a number of cata-
lytic reactions including the oxygen reduction reaction
(ORR).>* Although the chemical nature of the reactive sites of
Pt catalysts is still in many cases debated, the catalytic activity
of Pt-based catalysts continues to be a reference point for
designing new catalysts.”

In many cases, nanoparticle (NP) catalysts are superior to
their bulk counterparts. The superior activity of Au NPs for
several oxidation reactions clearly shows the potentially unique
properties of NP catalysts.®*° On the other hand, the low-
dimensionality does not always assure the catalytic superiority
in Pt catalysts."*** Unlike Au NPs, where the low-dimensional
sites are required for facile catalytic reactions,®>**™"” the low-
dimensional sites of Pt NPs are regarded less catalytically
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active due to over-binding of reaction intermediates.">'® The
well-known ORR activity loss in small Pt NPs has been recog-
nized as a result of the high surface fraction of edge and
corner atoms, where the reaction intermediates are over-
bound.'»'**'®*° A similar issue has been raised for CO oxi-
dation where Pt strongly binds CO and thus, easily poisoned.>®

For catalytic reactions involving CO, such as the CO oxi-
dation reaction (2CO + O, — 2CO,) and the water-gas shift
reaction (H,O + CO — CO, + H,), the strong CO-philic nature
of Pt plays an important role in the performance of Pt-based
catalysts, where CO easily poisons Pt catalysts, blocking the
reaction sites and impeding subsequent reaction steps.*’™>?
Such CO-poisoning becomes critical when the reaction gas
contains both CO and other reactants that interact more
weakly with Pt. Even in the case of CeO, supported Au NPs, we
have reported that CO-poisoning prevents facile CO oxi-
dation.' In general, CO-poisoning has been regarded as an
unavoidable limitation of Pt NPs (and other metal NPs) for
CO-involved catalytic processes.">*

A lot of studies have attempted to overcome the CO-poison-
ing issue of Pt NPs.>® The Neurock and Iglesia groups con-
sidered the effect of pre-covered CO in the mechanistic study
of CO oxidation by studying the CO oxidation pathways avail-
able to the CO covered Pt NPs.?>° Multi-component NPs that are
relatively free from CO poisoning were suggested by alloying Pt
with other metals or forming core@shell NPs.*>*® Another
example is our previous report on the dynamic interface for-
mation strategy which demonstrates the creation of a preferred
binding site of O, at Au NPs supported on CeO,.””
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A stream of studies for designing Pt-based CO-tolerant CO
oxidation catalysts proposed alloys or intermetallic NPs of Pt
and early-transition metal elements.”®** In these cases, the
alloying elements generally provide separate preferential
binding sites for 0,.>**%%! A set of surface science studies has
shown that Cu deposited on Pt films or single crystalline sur-
faces improves CO-tolerance of Pt.*®*3 vyeates and
Somorjai** and Paffett®® and coworkers found that Cu sub-
monolayers deposited on Pt substrates geometrically block the
CO adsorption sites on Pt** or weaken the Pt-CO binding
through an electronic interaction.*® Surface deposited Cu gen-
erally promotes CO oxidation at the Pt-Cu interface by prefer-
entially interacting with O, rather than CO.”®*° Colen and co-
workers found that the Cu sub-monolayer islands formed on
Pt(111) were covered with oxygen under CO oxidation con-
ditions while exposed Pt(111) was covered with CO.*® They
suggested that the bifunctional CO oxidation occurs at the Pt-
Cu interface.”®

Moreover, Pt-Cu alloys or intermetallic NPs supported on
oxides have been reported as a potential catalyst for CO oxi-
dation or preferential oxidation (PROX) of CO in hydro-
gen.”>*>% In the case of Pt-Cu intermetallic catalysts, Cu was
identified as an oxygen supply point> consistent with surface
science studies. Komatsu and coworkers studied the CO oxi-
dation by PtCu intermetallic NPs supported on Al,O; and SiO,
and consistently found that Cu has a clear influence on the CO
adsorption chemistry of NPs.>**° For PtCu NPs supported on
Al,O3, the Cu sites bind CO more weakly than Pt whereas Cu
decorated Pt sites bind CO more strongly than pure Pt.>° As a
result, they suggested the bifunctional CO oxidation reaction
at the Pt-Cu interface whose activity can be maximized in regu-
larly ordered PtCu intermetallic NPs.?®

The observed catalytic performance of bimetallic catalysts
is an average function of geometric and electronic effects
between comprising elements,*®*” which are also strongly cor-
related with synthesis methods. Therefore, it is not easy to
extract a specific reactive species which attributes to the
improved catalytic performance of bimetallic surfaces or NPs.
However, combining two or more elements that independently
activate the different reaction stages of the catalytic pathway in
a single catalyst system is a highly efficient strategy for design-
ing more consistent catalysts.>”*****” Bringing a bifunctional
nature in catalytic reactions with several consecutive reaction
steps has usually improved the selectivity or activity of the
reaction.?”?%387%

Here, considering the previous findings of the effectiveness
of a bifunctional pathway for the overall performance of
heterogeneous catalysts, for example, the activity of Pt or Au
NPs supported on CeO,-TiO, mixed oxides,*®*® facile CO oxi-
dation catalyzed by isolated Cu" ions within a framework of
TiO,,""**** coking resistant CH, reforming activated by the
Pd/MgO interface,"" and of course, the above-mentioned pre-
vious reports of Pt-Cu surfaces and NPs,”*?%*?>73 we suggest a
systematic design strategy for CO-poisoning free Pt-based NPs.
Using density functional theory (DFT), we first study the CO-
coverage dependent CO and O, binding to Pt NPs. Later, we
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turn to the well-known Pt@Cu NPs to separate the binding
sites of CO and O, and to target CO oxidation catalysts which
are not poisoned by CO. The structure of the Pt@Cu core@
shell NPs, which have been synthesized using under potential
deposition (UPD)*® is adopted to study molecular binding at
the Pt-Cu interface. A bifunctional CO oxidation pathway at
the Pt-Cu interface is found on the Pt NPs covered with a full-
or a partial-shell of Cu. Based on the findings of the key
factors that initiate the separated binding of CO and O, on Pt
and Cu, from catalyst design perspectives, we then suggest
several other core@shell NPs which can potentially catalyze
bifunctional CO oxidation at the interface between two
elements and also resist CO-poisoning.

Our results present that atomic-sized metal-metal inter-
faces within a single NP can be utilized for rational design of
advanced catalytic materials with high activity and stability.
This is a typical example of a computational catalyst design uti-
lizing a highly reactive and reliable atomically-controlled reac-
tion center.

Computational details

Our Pt NP model consists of 147 Pt atoms in a cuboctahedral
structure. Pty,;, as the core of the Pt@Cu NPs, has 8 (111)
facets and 6 (100) facets. Cu atoms were selectively deposited
on the Pt(100) and Pt(111) facets. The full Cu shell covered
Pt@Cu model, Pt@Cug, contains 102 Cu atoms, 6 and 9 on
each of the Pt(111) and Pt(100) facets, respectively.”® We have
reported that the UPD of Cu on the Pt NPs proceeds in two
sequential steps: Cu deposition on Pt(100) and subsequent Cu
deposition on Pt(111).>° Both the partial (half) shell model
with Cu atoms on the Pt(100) facets and the open Pt(111)
facets, Pt@Cup, were considered for these catalytic studies.

In our screening for candidate bifunctional CO oxidation
catalysts, various Xcore@Yshen pairs (X, Y = Ag, Au, Cu, Ir, Pd,
Pt, Rh, and Ru) were considered. For these calculations, we
used a cuboctahedral Ptss NP with a half shell model (to
reduce the computational cost). We show in the ESI} (dis-
cussed below) that these core@shell particles all prefer to have
their shell on the (100) facets.

We performed spin-polarized DFT calculations using a
plane-wave basis with the Vienna ab initio simulation
package.’*> Electronic exchange and correlation were
modeled using the PW91 functional.”® The interaction
between the ionic core and the valence electrons was described
by the projector augmented wave method.>* Valence electron
wave functions were expanded in a plane-wave basis up to an
energy cutoff of 290 eV. The NPs were isolated in a 28 A cubic
cell. The Brillouin zone was sampled at the I-point. The con-
vergence criteria for the electronic structure and the atomic
geometry were 10~ eV and 0.03 eV A™", respectively. We used a
Gaussian smearing function with a finite temperature width of
0.1 eV in order to improve convergence of states near the
Fermi level. Even though the PW91 functional overestimates
the Pt-CO binding,”>™’ the magnitude of systematic errors
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caused by the functional is not expected to affect our con-
clusions. The calculation parameters are similar to our pre-
vious report,®® which successfully reproduced experimental
catalytic trends.’>*® The location and energy of transition
states (TSs) were calculated with the climbing-image nudged
elastic band method.*®*°

The thermal stability of Pt@Cu NPs at elevated temp-
eratures was evaluated by running constant temperature
NVT conventional molecular dynamics (MD) simulations at
300-600 K using the LAMMPS code®! with the embedded atom
method many-body potential. All MD simulations were per-
formed with a time-step of 1 fs, for a total simulation time

Nanoscale

Results and discussion
CO and O, adsorption on Pt,,, NPs

To understand CO and O, adsorption on the Pt;,; NP refer-
ence, we calculate the binding energy, Ening, of individual CO
and O, molecules on each irreducible binding site. Fig. 1a—f
show the four binding sites on Pty,,: edge, vertex, Pt(100)
surface, and the Pt(111) surface, as well as the strongest
adsorption geometry of CO and O, on each site. CO and O,
compete for adsorption at all binding sites, but CO binding is
always preferred to O,. Oxygen binds to the Pt(100) surface in
two ways: molecular binding and dissociative binding. To

of 300 ns. quantify the oxygen affinity to the overall surface of Pt;,; and
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Fig. 1 Adsorption chemistry of Pt;4; NPs toward CO and O,. (a) Four binding site categories: Pt(100), Pt(111), edge, and vertex. (b—e). The selected
molecular binding geometry of a single CO and O, molecule on each site and the corresponding binding energy, Ening. (f) Available dissociative
adsorption geometries and the corresponding E;ng of O, on Pt(100). Because O, requires two binding sites, the Ep;,q per single binding site is also
presented in the parentheses. Refer to Fig. S1 and S2t for a complete list of CO and O, binding geometries. (g) CO coverage dependent change of
Eping of CO and O,. (h)-(k) The average Ep;n,g of CO molecules covering the specific binding category and the Ey;,q of molecular and dissociative O,
adsorption calculated in the presence of differently pre-covered CO molecules. For example, the Ep;,q of O, presented in (i) was calculated in the
presence of 60 pre-adsorbed CO molecules. EISQ in (b)-(e) presents the average Eping of 1 CO molecules which are filling the corresponding
binding category. E21<° in (k) represents the average Eying Of 24 CO molecules adsorbed on Pt(100). Because the strongest O, molecular and disso-
ciative bindings are occurring on Pt(100), we pre-covered the sites on the vertex, edge, and Pt(111) and calculated the Ey;,q of O, on Pt(100). The
calculated Eping Of the first CO, —2.28 eV (b), was decreased down to —1.43 eV for the last binding CO molecule (k). Irrespective of the coverage of
pre-covered CO molecules, oxygen binding was always less favorable to the next step of CO binding. The red arrows in (h)—(k) show the preferred
binding sequence.
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estimate the binding preference of the Pt NP, considering both
that the oxygen-binding motif requires two binding sites on Pt
whereas CO requires just one site, the calculated Epning (per
site) for O, is divided by two. For molecular adsorption of CO
and O, (Fig. 1b-e), the per-site binding of CO is twice that of
0,, confirming the known strong CO-philic nature of Pt. In
addition, Pt(100) can dissociatively bind O, at the central area
of Pt(100) and at the edge-Pt(100) bridging site (Fig. 1f). The
per-site binding energy of dissociative O, on Pt(100) shows the
strongest Pt-O interaction. However, Pt(100) prefers CO binding
by 0.65 eV per site which is enough to suppress O, coverage on
Pt(100) (Fig. 1d and f). A full data set of CO and O, binding geo-
metries and energies is presented in the ESI (Fig. S1-S37).

Under CO oxidation conditions, the NPs are exposed to a
mixture of CO and O,. Although the coverage dependence is
an important consideration to understand the state of the cata-
lyst under the reaction conditions, it is rarely considered in
theoretical studies due to the high computational cost
required to calculate adsorbate binding as a function of
surface coverage. Most conventional DFT-based catalysis
studies focus on reactants at low coverage. This standard
approach is potentially inadequate to address the thermo-
dynamic/kinetic properties of the catalysts under the reaction
conditions. Here, to understand the thermodynamics of the
CO-poisoning of Pt;4; NP we calculated the binding energy of
CO and O, as a function of CO coverage.

Fig. 1g shows the coverage-dependent Eyi,q of CO and of
molecularly- or dissociatively-adsorbed O, on Pt(100) in the
presence of a given number of pre-adsorbed CO molecules.
The trend line in Fig. 1g shows that CO binding is thermo-
dynamically preferred to O, binding on Pt;,; NP in the full CO
coverage range. For example, the Pt,,, whose vertex sites bind
12 CO molecules (saturated, Fig. 1h) binds the next 48 CO
molecules on its edge sites with an average Eping of —1.97 eV
(Fig. 1i) rather than relatively weakly binding O, with an Ep;nq
of —0.90 eV (molecularly, Fig. 1h) or —1.56 eV (dissociatively,
Fig. 1h). Initially, we filled up the strongest CO binding vertex
sites first (Fig. 1h), and sequentially filled up the edge (Fig. 1i)
and finally the (111) sites (Fig. 1j). Because Pt(100) is the stron-
gest oxygen binding site, we calculated the Eyi,g of O, on Pt
(100), the strongest O, binding case in the presence of pre-
adsorbed CO molecules. Moreover, the average CO binding is
not significantly different from that of an isolated CO molecule
for each site (Table 1).

Interestingly, as in the case reported by the Neurock and
Iglesia groups,zo our calculated sequential Ep;nq of CO mole-
cules predicts that a full coverage of CO (1 ML) is thermo-
dynamically accessible. Even the Epi,g of the last binding CO
was strong enough to suppress O, binding (Fig. 1k). Therefore,
if unsupported Pt NPs are exposed to the mixture of CO and
0,, a monolayer of CO will cover the surface. Considering that
O, activation is the key step for facile catalytic CO oxidation,
such high coverages of CO would prevent the reaction and lead
to CO-poisoning of the Pt;,; NP.

It is difficult to accurately calculate the lateral repulsive force
between the CO molecules adsorbed on Pt NPs by comparing

This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of site and coverage dependent E,q of CO of
Pt147 NPs

Eping of the first single
CO on the corresponding
binding site”

Average Eping of
CO molecules

Evina
(ave.-single)”

Vertex —2.28 eV —2.25eV (12 CO)  0.03 eV
Edge —2.11eV -1.97eV (48 CO) 0.14eV
(111)  -1.81eV —1.77eV (8 CO)  0.04 eV
(100)  —1.60 eV -1.49eV (24 CO) 0.1 eV

“Calculated in the presence of pre-adsorbed CO molecules. For
example, Eping = —2.11 eV of the edge binding CO molecule was calcu-
lated by binding one CO molecule on the edge site in the presence of
12 CO molecules bound to the vertex sites. ” Refer to Fig. 1h-k for geo-
metries.  CO-CO lateral repulsive force.

the average Epi,q of COs because the chemical interaction
between the Pt NPs and subsequent CO molecules is affected by
pre-adsorbed CO molecules. However, a rough estimate of the
CO-CO lateral repulsive forces for each binding category, calcu-
lated by comparing the average CO binding and the initial CO
binding, shows that the repulsion is not strong enough to
hinder the binding of CO molecules at any coverage (Table 1).
Even including the entropic contribution to the Gibbs free
energy of CO adsorption (0.61 eV), the CO adsorption process
would not become endothermic. Similar theoretical results have
been reported for Au surfaces: Soto-Verdugo and Metiu reported
weak lateral interactions between two CO molecules adsorbed
on the Au(111) and Au(100) surfaces (~0.1 eV per CO-CO pair).*>
Our previous results also demonstrate a weak CO-CO lateral
interaction on Au-Pd surface alloys (<0.04 eV per CO-CO pair)."’

An open surface space for O, or OH adsorption, which is
essential for facile gas phase CO oxidation or electrochemical
CO oxidation catalyzed by Pt NPs, could be secured at elevated
temperature®® or by applying an electrochemical potential,*®
respectively. Dynamic Pt refaceting could also secure a certain
level of surface oxygen coverage.®® More interestingly, we
found that the CO-CO repulsive force is emphasized in a small
Pt NP supported on CeO,(111). Even though the size of the
model is not compatible with this study, our preliminary
results show that the Pt atoms at the Pt-CeO, interfacial area
cannot be saturated with CO, and thus are potentially available
for Pt-O or Pt-O, binding (refer to ESI, Fig. S47).

CO and O, adsorption on Pt@Cu NPs

Our CO and O, adsorption study shows that a significant
portion of the Pt;,; NP surface binding sites will be occupied
by CO, causing CO-poisoning. In our previous report, we
studied the sequential structural evolution of Pt@Cu NPs
where a monolayer Cu shell was deposited on the Pt,,, core by
UPD.>® A combination of electrochemical investigations, DFT
calculations, and EXAFS analysis confirmed the formation of
the Pt@Cug NP presented in Fig. 2a.”°

There are three interesting features of the UPD generated
Pt@Cug NP: (1) only a monolayer of Cu is deposited on the Pt
facets, (2) Cu selectively deposits first on the Pt(100) facet and
then on the Pt(111) facet, and (3) even when a full Cu shell is
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Fig. 2 Adsorption chemistry of Pt@Cur NPs toward CO and O,. (a) Four binding site categories: Cu(100), Cu(111), edge, and vertex. (b—e). The stron-
gest CO and O, binding geometry on each site. Refer to Fig. S6 and S77 for a complete list of CO and O, binding geometries. For (100)-O, and (111)-
O,, dissociatively adsorbed O, are presented because the activation barrier of dissociation of molecularly adsorbed O, on Cu(100) and Cu(111) was
marginally small: 0.01 eV on Cu(111) and 0.16 eV on Cu(100), respectively. Values in the parentheses present the Ey;,q per single Pt binding site.

deposited, open edge and vertex Pt sites remain exposed.’
Because Cu atoms are selectively deposited on the Pt(100)
facets first, the Pt@Cup NP structure, with Cu atoms only on
the Pt(100) and open Pt(111) facets, could be synthesized.>°

We start with the idea of bifunctional CO oxidation at the
Pt-Cu interface in the Pt@Cuy NP, where the Cu shell binds
and supplies O, for oxidation of CO bound to Pt. If the Cu
shell preferentially binds O, then the Pt@Cur NP is intrinsi-
cally free from the CO-poisoning. To estimate the binding
chemistry of Cu(111), Cu(100), and the Pt vertex and edge sites
of Pt@Cuyg, we calculated the Ep;hq of CO and O, on each site
and show the strongest binding sites in Fig. 2b-e (refer to
Fig. S5 and S61 for more binding cases). Clearly, the Cu shell
preferentially binds O,, whereas the Pt vertex and edge sites
prefer CO. Therefore, the Pt@Cug NP offers spatially separated
binding sites for CO and O,, preventing competition at the
same binding site (CO-poisoning). From a catalytic kinetics
perspective, having separated binding sites is beneficial for
the reaction rate because both reactants are favored to be
present on the surface (as discussed below).

The Cu(100) and Cu(111) facets on Pt;,; show a different
oxygen binding trend compared to the Pt;,; NP. In general,
while the Cu facets molecularly bind O, (Fig. S6t), low O, dis-
sociation barriers (0.01 eV on Cu(111) and 0.18 eV on Cu(100))
indicate that the chemisorbed O, will rapidly dissociate into
atomic oxygen. As presented in Fig. 2e, Cu(111) binds O, more
strongly than Cu(100). Additionally, considering the formation
of the Cu,O-like local three-fold Cu-O atomic coordinate,*® the
high —4.72 eV Ep;ng of O, (—2.36 eV per O atom) is explained
by the formation of CuO, like species.

Bifunctional CO oxidation by Pt@Cu NPs

To study the CO oxidation mechanism, we initially saturate the
open Pt vertex and edge sites of the Pt@Cur NPs with CO

5248 | Nanoscale, 2017, 9, 52445253

molecules. Fig. S7f shows that twelve CO molecules can bind
to the Pt vertices of Pt@Cuy, followed by the adsorption of 24
CO molecules on the edge sites. The average binding energy of
the 36 CO molecules, Ep;ng = —1.67 €V, is greater (more nega-
tive) than the binding energy of O, on the edge site (Fig. 2c),
confirming that a large portion of exposed Pt sites on Pt@Cug
will be saturated by CO, as presented in S1 of Fig. 3a and b.

The available CO oxidation pathways activated by an O,
molecule dissociatively bound on Cu(100) and Cu(111) are pre-
sented in Fig. 3a and b. In the presence of 36 pre-adsorbed CO
molecules, the Cu(100) and Cu(111) facets strongly bind an O,
molecule. Because the Eping of O, on Cu(100) and Cu(111) is
not strongly affected by the presence of the CO molecules, the
binding nature of CO and O, on Pt@Cur presented in Fig. 2
will be conserved under CO oxidation conditions. Since the
binding sites of O, and CO are separated, the reaction occurs
at the Pt-Cu interface.

As briefly discussed above, the Cu shell molecularly binds
O, and rapidly activates it into dissociated O atoms (Fig. S7c
and df). The dissociation of O, on Cu(111) requires a lower
activation energy barrier, E, = 0.01 eV, than on Cu(100), E}, =
0.16 eV (calculated on CO saturated Pt@Cu NPs, Fig. S7c and
dt). However, the energy well created by a dissociatively
adsorbed O, molecule, which is equal to the binding strength
of two O atoms on the Cu surface, is almost twice as deep on
Cu(111) than on Cu(100). Therefore, the barrier for the next
step, CO, formation, is higher on Cu(111) (Fig. 3b, TS). The
overall landscape of the reaction energetics in Fig. 3a and b
suggests that the Pt-Cu(100) interface offers the faster reaction
pathway with a lower overall barrier for CO, formation than
the Pt-Cu(111) interface. Note that we studied the first half of
the overall CO oxidation (oxidation of two CO by one O,)
because O, activation is generally regarded as the key step for
CO oxidation by metallic NPs.®>%°

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Bifunctional CO oxidation pathways and the corresponding rate catalyzed by CO-saturated Pt@Cur and Pt@Cup: (a) CO oxidation by O, on
Cu(100), (b) reaction by O, on Cu(111), and (c) estimated rates of CO oxidation by (a) and (b). Enlarged insets show the morphology of the CO,-like
reaction intermediate formed at the Pt—Cu interface. The Pt—Cu(100) interface offers the faster reaction pathway and higher rate due to a lower
energy barrier. (d) Relative location of the energetic states along the bifunctional CO oxidation pathway, catalyzed by CO-saturated Pt@Cup. Refer to

the ESIT for details of microkinetic modeling.

The rates of CO oxidation at the Pt—-Cu(100) and Pt-Cu(111)
interfaces of Pt@Cuyr presented in Fig. 3¢ show that the Pt-
Cu(100) interface accounts for the majority of the overall CO
oxidation rate by Pt@Cur NPs. Even at room temperature the
Pt-Cu(100) interface actively catalyzes CO oxidation and the rate
rapidly increases as a function of temperature, approaching
10° s™" at 600 K (refer to the ESIT for details of microkinetic
modeling). Microkinetic modeling shows that the calculated
rate of CO oxidation at 300 K is insensitive to fluctuations in
p(CO) between 1 bar to 0.01 bar and p(O,) between 1 bar to
0.21 bar. This result suggests that a Pt@Cu catalyst, which sep-
arately binds CO and O, on Pt and Cu, can adsorb a constant
amount of CO and O, under a wide range of reaction con-
ditions. Thus, the catalyst would function even under high CO

This journal is © The Royal Society of Chemistry 2017

pressure where conventional Pt NPs would be poisoned by CO.
The relative surface concentration of CO and O, depends on
the surface concentration of Cu and Pt. Therefore, the surface
concentration of reacting molecules, which are generally a
function of partial pressure, temperature, and AEp;q of reac-
tants in a single component catalyst,'® become controllable in
our Pt@Cu catalyst. The overall rate becomes a simple func-
tion of temperature, allowing for new possibilities in the
design of better catalysts.

Pt@Cur catalyzes CO oxidation at the Pt-Cu interfacial
sites. These sites oxidize CO via a local process, similar to the
catalysis by single-atom active sites."”®” The overall catalytic
activity of Pt@Cu would be a direct function of the number of
Pt-Cu pairs on the surface of NPs. The size effect on the cata-
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lytic activity or the morphology related activity change could
be estimated from the structure of Pt@Cu NPs.

Considering the faster CO oxidation at the Pt-Cu(100) inter-
face, we also studied the energetics of CO oxidation by
Pt@Cup, the Pt;4; NP with a Cu shell on the Pt(100) facets
(refer to Fig. 3d and S7t). The Pt@Cup was initially fully
covered with a total of 68 CO molecules. Because CO oxidation
is catalyzed at the local Pt-Cu interfacial sites, the CO mole-
cules on the side opposite to where the activity of Pt@Cup was
tested were removed for computational efficiency (Fig. S7bf).
Fig. 3d presents the energetics of the first CO oxidation at the
Pt-Cu(100) interface of Pt@Cup. The relative energetic location
of each state is similar to the case of Pt@Cug. This again indi-
cates that the catalytic activity of the Pt-Cu interface originated
from a local structural motif. As the Cu(100)-like structural
confinement is formed on Pt NPs, Cu provides an active site
for CO oxidation which is free from CO-poisoning related cata-
lyst deactivation.

Although Cu(111) is regarded as a less active catalyst for CO
oxidation than many other noble metals,®®*® Cu" ions are
found to be reactive for CO oxidation.’®****”® In the bulk form,
Cu’ ions in Cu,O are easily reduced”’ or fully oxidized,”” and
thus deactivated.”> We have previously reported that Cu” ions
isolated within a framework of TiO, as a CuTiO, mixed oxide are
highly reactive for CO oxidation.*®*>** In the case of our Pt@Cu
bifunctional catalyst, an electronic analysis shows that Cu(111)
and Cu(100) layers are positively charged, and thus slightly
oxidized upon deposition on Pt;,; NPs (Fig. S8b and cf). The
Bader charge of Cu(111) and Cu(100) shell atoms corresponds to
the 36.2% and 47.6%, respectively, to that of the surface Cu'
ions of Cu,0(111) (Fig. S8at). Although Cu atoms of our Pt@Cu
NPs bifunctionally oxidize CO, their intrinsic chemical nature
would be close to that of Cu” rather than Cu®* or metallic Cu.

Colen et al. reported that in their Cu-Pt(111) bimetallic
film, the Cu layer was covered with oxygen when the catalyst
system was exposed to CO oxidation conditions.>® However,
they showed that these oxygen species could be used for CO
oxidation at the Pt-Cu interface by Pt-bound CO molecules.”®
On the other hand, in the case of PtCu intermetallic NPs,
Komatsu and coworkers found that PtCu NPs were more reac-
tive for PROX than conventional CO oxidation.* The initial CO
oxidation activity of PtCu NPs decreased rapidly over time,
while the catalyst was consistently reactive for PROX.>°
According to their reaction scheme, hydrogen is required to
remove oxygen species on Cu, so the catalyst eventually
becomes inactive for conventional CO oxidation without hydro-
gen.”® However, considering our positive findings on catalytic
CO oxidation by Pt@Cu NPs and previous experimental report
by Colen et al. on catalytic CO oxidation by Cu deposited on
the Pt(111) surface,”® we hypothesize that the Cu-O binding
strength could vary with the dimension of Cu or its local physi-
cal/chemical ensemble. The low-dimensional Cu patches on
the single crystalline Pt surfaces or the Pt facets of Pt NPs
corresponding to Colen’s*® and our case, respectively, could
bind oxygen relatively weakly than the Cu atoms of PtCu
intermetallic NPs. In a calorimetric study of Cu deposition on

5250 | Nanoscale, 2017, 9, 5244-5253

Nanoscale

Pt(111), Campbell and coworkers reported that the Pt-Cu inter-
action is stronger than the Cu-Cu interaction.”* This is natural
as Cu can be deposited on the Pt NPs by UPD. Therefore, the
chemical potential of Cu on Pt(111) should be lower than the
chemical potential of pure Cu.”* This is also predicted by the
electron distribution presented in Fig. S8b and cf showing
that Cu atoms of our Pt@Cu NPs were partially oxidized. These
pre-oxidized Cu atoms of Pt@Cu would bind an approaching
oxygen molecule relatively weakly than pure Cu.”” Indeed, we
found that Ep;ng of a dissociatively bound O, on Cu(111) is
—6.55 eV, 38.8% stronger than Ey;,q of Pt@Cu (Fig. 2e). These
weakly bound oxygen atoms on the Cu atoms of Pt@Cu NPs
would oxidize Pt bound CO molecules at the Pt-Cu interface.

On the other hand, according to a study by Komatsu et al.,
the Pt@Cu catalyst system is likely to lose initial activity for CO
oxidation over time. In this case, H, addition is expected to
regenerate the catalyst, and the catalyst becomes more suitable
for PROX than conventional CO oxidation. We are now turning
our attention to these more complicated PROX and water-gas
shift reaction (CO oxidation by water, CO + H,O — H, + CO,)
by Pt@Cu NPs. The results will be reported in due course.

For electrochemical CO oxidation, a very recent study
reported by the Crooks group experimentally confirmed the
presence of atomic sized Cu active sites for electrochemical CO
oxidation on their UPD synthesized Pt@Cu NPs with <2% of
surface Cu concentration.”® DFT calculations showed that Cu
selectively binds OH and facilitates the bifunctional reaction
with CO adsorbed on Pt.”® The finding that the Cu species on
Pt NPs binds and utilize OH for further oxidation steps is
promising for the activation of the water-gas shift reaction or
PROX, as the utilization of OH is involved in them.

The thermal stability of UPD generated Pt@Cu NPs with
various Cu coverages at 350 K were reported in our previous
study.>® We performed expanded MD simulations at various
temperature ranges between 300 and 600 K. Temperature
dependent structural evolution of Pt@Cur NP is presented in
Fig. S9.7 At lower temperatures of 300 and 400 K, the initial
atomic confinement of surface Cu layers was well-maintained.
On the other hand, Pt-Cu alloying occurs at higher tempera-
tures between 500 and 600 K, after 300 ns of simulation time.
This is natural because the surface energy of Cu is higher than
that of Pt.”® This Cu penetration into the Pt substrate was also
reported in the Cu/Pt (111) system by Yeates and Somorjai.**

In general, computational approaches assume that the
most thermodynamically stable structure of bimetallic NPs,
optimized under vacuum, can appear in real catalyst systems.
However, when two components of the bimetallic NP interact
asymmetrically with reacting molecules, the metal-reactant
interaction energy sometimes reverses the thermodynamic
stability. For example, Somorjai and coworkers showed that
the core and shell elements of Pd (core)@Rh (shell) NPs are
reversible under ambient reaction conditions.”” We also
reported that the sub-surface Pd atoms of Au-Pd surface alloys
are subject to be segregated to the surface layer under CO oxi-
dation conditions because Pd more strongly binds CO than
Au.”” On the other hand, a recent finding by Divins et al.
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showed that even the surface atomic arrangement of the bi-
metallic NPs can be affected by the presence of supporting
oxides.”® These results consistently confirm that the reactive
surface species of bimetallic NPs exposed to the reaction con-
ditions could differ from those present in the thermo-
dynamically most stable structure and that such a dynamic
effect should be considered for reasonable catalyst design.

An interesting feature of Pt@Cu NPs is that Cu and Pt inter-
act strongly with O, and CO, respectively. As shown in Fig. 1,
Pt prefers CO to O,, whereas Cu prefers O, to CO (Fig. 2d and
e). Because the two comprising elements behave differently
under CO oxidation conditions, where the O, partial pressure
is generally greater than the partial pressure of CO, the driving
force for the O,-driven Cu surface segregation is likely to be
stronger than that of the CO-driven Pt surface segregation. As
a result, much of the surface Cu atoms of Pt@Cu NPs would
survive in the surface layer under CO oxidation conditions.

Screening X@Y NPs for bifunctional CO oxidation

To find more candidates for bifunctional CO-poisoning-free bi-
metallic catalysts, we extended our idea and tested a total of 56
X@Y core@shell systems. Because our Pt@Cur model with 36
CO and one O, is comprised of 323 atoms, even conventional
GGA-level DFT calculations of this model was computationally
demanding. We, therefore, chose a smaller NP model with
55-atoms in a cuboctahedron core and a 24-atom shell on the
(100) facets (Fig. S107). These particles, denoted as Xs5s@Ya4
NP, (X, Y = Ag, Au, Cu, Ir, Pd, Pt, Rh, or Ru) were computation-
ally screened with respect to their relative CO and O binding
energy. For tested X55@Y,4 NPs, consistent with the case of
Pt@Cu NPs, oxygen binding was always more preferred on the
(100) facet, (Fig. S107). To calculate the Eping of O, per single
binding site, we directly calculated the Ep;nq of atomic oxygen
instead of O,; this quantity is a known descriptor for the CO
oxidation activity of NPs.'®> The binding geometries of CO and
O at different facets are given in Fig. S11.f We define the pre-
ferential segregation energy, Epret = [Ebind(CO) — Ebina(O)](100) —
[Ebind(CO) = Epina(O)](111), as a measure of the relative binding
site preference of CO and O on the X;5@Y,4 NPs. Eper is also
an indicator of the CO-poisoning resistance of the X@Y bi-
metallic NPs. Positive Ep.¢ represents the case where the core
element binds CO and the shell binds O; negative Ep¢ values
indicate that the core element binds O and the shell binds CO.

Fig. 4 presents the matrix of Ep.¢ over the 56 tested systems.
As we have calculated, the Pt-Cu system is highly resistive to
CO-poisoning. Other Pt-core type NPs, including Pt@[Ru,Rh,
Pd,Ag], Ir@[Pd,Cu,Ag], [Cu,Ru,RhAgAu]@Pt, Pd@[Cu,Ag],
Ag@Rh and Cu@Au, will also potentially separate the CO and
0O, binding sites. The systems with more earth abundant core
elements than Pt, including Pd@[Cu,Ag], Ag@[Pt,Rh], Cu®@
[Au,Pt], are more promising for practical applications than the
Pt, Rh, Au, or Ir core NPs. Moreover, the Pd@Ag, Cu@Au, and
Cu@Pt NPs (with relatively small core elements and large shell
elements) are thermodynamically more stable than the others,
including Pd@Cu and Ag@[Pt,Rh]. On the other hand, the
relatively more oxo-philic shell of Pd@Cu and Ag@|[Pt,Rh] NPs

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The preference for CO binding to the shell element and O to the
core for 56 X@Y core@shell NPs. Negative (red) indicates that CO binds
to the shell and O to the core whereas positive (blue) denotes the
reverse case. The chocolate colored systems deformed upon core@shell
formation and were not considered in terms of adsorption energetics.

could offer a high thermal stability by providing an anchoring
site to an oxide support.

Conclusions

Herein, we demonstrate the computational optimization of NP
catalysts with atomically defined reactive sites. The Pt@Cug
and Pt@Cup NPs provide spatially distinct binding sites for CO
and O,. The Pt-Cu interface catalyzes CO oxidation by a
bifunctional CO oxidation mechanism; Pt binds CO and Cu
supplies oxygen, so that the interface is a CO-poisoning-free
active site. Our bifunctional catalyst has a protected site for O,
activation, and this active site motif can be used to design
durable oxidation catalysts. A computational screening
suggests other candidates where the metal-metal interface
within a single NP can be utilized for poison-free CO oxidation
catalysis. In general, combining two or more metallic elements
in a single heterogeneous catalyst has been regarded as a
method for cost reduction (by reducing the amount of expen-
sive novel metals) or for electronic or structural modification
of the hosting material. Our results, however, present that
atomic-sized metal-metal interfaces within a single NP can be
utilized for rational design of advanced catalytic materials
with high activity and stability. As the efficient production of
energy and conversion of chemicals is the agenda of hetero-
geneous catalysis research, our strategy will open up a new
avenue for advanced catalyst design.
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