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a b s t r a c t

Structural evolution and chemical state of alloy catalysts under reaction conditions is crucial to the activ-
ity, selectivity and stability of the catalytic reactions. To provide fundamental insight, we present here a
density functional theory study of the structural change of Pt–3d transition metal (TM, including Cr, Mn,
Fe, Co, Ni and Cu) alloys with (1 1 1) orientation under the reductive and oxidizing conditions as well as its
effect on the CO oxidation. We find that under the reductive conditions (vacuum and CO), 3d TM prefers
eywords:
tructure evolution
t–3d transition metal alloys
edox
ctivity
irst-principles

to occupy in the subsurface layer due to its higher surface energy and smaller atomic size. While under
the oxidizing conditions, the strong O–3d TMs interaction would induce 3d TM segregation to the surface,
migrating further in the surface layer to form oxidized 3d TM islands. We find that Pt (1 1 1) with the
atomic dispersed 3d TM in surface layers is highly active for CO oxidation via bi-functional mechanism.
The interplay between structure and reaction environment as well as effect on the catalytic activity is
highlighted.
O oxidation

. Introduction

Trial and error has been the traditional method of optimiz-
ng and/or finding the better catalysts for a specific reaction
istorically. Recent advances in surface science techniques and
rst-principles calculations provide mechanistic insights into the

actors governing the catalytic activity at the atomic scale [1–10].
his comes from the fact that the reactivity of the catalysts involved
ond breaking and making are determined intrinsically by the
icroscopic electronic and atomic structures, which could be

ngineered by changing composition and structure of catalysts,
orrespondingly.

Despite the enormous advances achieved, the pressure and
aterials gaps lead to the challenges in obtaining the same level

f microscopic information under the elevated temperatures and
ressures of catalysis as ultrahigh vacuum (UHV) conditions. A
ell-known example is Ru catalyzed CO oxidation reaction, which
emains in controversial whether the active phase is metallic
r oxidized ruthenium under realistic conditions [11–18]. We
lso studied extensively CO oxidation on Pt surfaces theoretically
nd experimentally under elevated temperatures and pressures
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[19–23]. Compared to mono-component catalysts, the bi- (or even
multi) component catalysts such as alloys are more involved due
to the different responses of the individual components under
the reaction conditions [24–27]. The varies processes involving
surface segregation and oxidation/reduction driven not only by
thermodynamics but also by kinetics may all happen under the
reaction conditions. For instance, under operating conditions rele-
vant to fuel cells, the near-surface layer of Pt–3d TM alloy catalysts
for oxygen reduction reaction (ORR) exhibits a highly structured
compositional oscillation in the outermost and third layers, which
are Pt-rich, and in the second atomic layer, which is 3d TM-rich
[25,26]. Through cycled oxidation and reduction treatments, we
found experimentally a reversible surface structure modulation of
the Pt–3d TM alloy catalysts between the Pt-skin surface with 3d
TM underneath and the 3d TM oxide covered Pt surfaces [27–29].
Recently, using in situ X-ray absorption spectroscopy (XAS), Men-
ning and Chen observed the reversible interchange between the
Pt-3d subsurface alloys and 3d-Pt surface alloys configurations
at atmospheric pressure, which can be invoked to tune the cat-
alytic reactions, correspondingly [31]. Somorjai and co-workers
[32] reported that the Rh0.5Pd0.5 nanoparticles (NPs) underwent
dramatic and reversible changes in composition and chemical state

in response to oxidizing or reducing conditions, whereas no sub-
stantial segregation of Pd or Pt atoms was found in Pt0.5Pd0.5
NP. The different behaviors of the two NP catalysts under the
same reaction conditions illustrate the flexibility and tunability of
the structure of bi-component catalysts. This offers an interesting

dx.doi.org/10.1016/j.cattod.2010.10.069
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Fig. 1. Calculated relative stability �E (total energy difference) between Pt–3d TM
surface alloys and Pt-skin covered Pt–3d TM subsurface alloy in the vacuum (circle),
the presence of 0.25 ML O (square) or CO (triangle) environment. The Pt atoms and
0 H.-Y. Su et al. / Cataly

ay of engineering the nanostructure of NPs in reactive environ-
ents. The ultimate goal is to synthesize the “smart” catalysts
hose structure changes advantageously depending on the reac-

ion environment and effectively avoid the undesirable catalyst
eactivation. To achieve this, the mechanistic understanding of the
tructure evolution of the alloy catalysts under the realistic condi-
ions, as well as the effects on the catalytic activity and stability,
re crucial.

Recently, we demonstrate such a strategy of preparing coordi-
atively unsaturated ferrous (so-called CUF) sites on Pt substrates
y taking advantage of the interfacial confinement effects between
anostructured bilayer FeO oxides and metal substrates [33]. The

ormation of FeO nanoislands on Pt comes from the oxygen induced
egregation of iron from the subsurface to surface under the oxi-
izing condition. The CUF sites presented at the edge of FeO
xide nanoislands and Pt atoms from Pt terrace act as the active
ites for O2 activation and CO adsorption (bi-functional mech-
nism), and show a high activity and stability in CO oxidation
nder the realistic conditions. To provide further insight into struc-
ural evolution of alloy catalysts with extension from Fe to other
d TMs under different reaction conditions, we describe here a
eriodic density functional theory (DFT) study of the structure
esponse of Pt based-3d TM (Cr, Mn, Fe, Co, Ni and Cu) alloys
nder reductive and oxidative conditions as well as the effects
n CO oxidation. The remained paper is organized as follows.
he calculation methods are introduced in Section 2. The stable
tructure of Pt–3d TM (1 1 1) alloys in the presence of carbon
onoxide and oxygen is reported in Section 3. The correlation

etween the composition and structure of material and CO oxi-
ation reactivity is presented in Section 4. The discussions are
iven in Section 5, and a brief conclusion is provided in Section
.

. Computational methods

The spin-polarized DFT calculations were performed using
ighly optimized DACAPO package [34], where ultrasoft pseu-
opotential was used to describe the ionic cores. The Kohn–Sham
ne-electron valence states were expanded in a plane-wave basis
et with kinetic cutoff at 340 eV. The exchange-correlation energy
nd potential were described by the generalized gradient functional
elf-consistently, GGA-PW91 [35,36]. During iterative diagonal-
zation of the Kohn–Sham Hamiltonian, Fermi population of the
ohn–Sham states (kBT = 0.1 eV) and Pulay mixing of the result-

ng electronic density was used to improve the convergence, and
he total energy is extrapolated to absolute zero correspond-
ngly.

The pure Pt and Pt–3d TM (Cr, Mn, Fe, Co, Ni and Cu) (1 1 1) alloy
urfaces were represented by a four-layer slab separated by seven
quivalent layers of vacuum. The top two layers of the slab and
dsorbates were allowed to relax in all Cartesian coordinates freely
p to residual forces less than 0.02 eV/Å. Supercells with periodicity
2 × 2) had been employed to simulate adsorption and reaction of
arious adsorbates on the surfaces. A Monkhorst Pack mesh with
4 × 4 × 1) grid was used for k-points sampling in the surface Bril-
ouin zone of the unit cells. For reference, the calculated equilibrium
attice constant for bulk Pt was 4.00 Å, in good agreement with the
xperimental value [37], and has been employed throughout the
resent paper. Calculations for the isolated gas-phase molecules

ere carried out in a (12.0 Å × 12.1 Å × 12.2 Å) unit cell and the Bril-

ouin zone was sampled with one k point. The calculated gas-phase
2 and O2 bond energies are −4.56 and −5.57 eV, and the corre-

ponding experimental values are −4.48 and −5.23 eV, respectively
38].
3d-TM atoms are represented by the blue and brick red balls, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Adsorption was allowed on the relaxed side of the slab only,
where a dipole correction was applied to remove the artificial inter-
action by the presence of nonequivalent surfaces [39]. The adsorp-
tion energy Eads was calculated as Eads = Etotal − Eslab − Emolecule(g),
which is energy gain with respect to the adsorbates in the gas
phase and the metal slab at infinite separation. Etotal, Eslab, and
Emolecule(g) are the total energies of the relaxed adsorbate–substrate
system, clean surface, and the molecules in the gas phase, respec-
tively. Here, a negative (positive) value represents the adsorption
is exothermic (endothermic).

The transition states (TSs) of the reactions were searched by
constraining the distance between the reactants and relaxing all
the other degrees of freedom, the so-called constrained minimiza-
tion technique [27]. The TS was verified when (i) all forces on atoms
vanished and (ii) the total energy was a maximum along the reac-
tion co-ordinate but a minimum with respect to the rest degrees of
freedom.

3. Pt–3d TM (1 1 1) surfaces under reductive and oxidative
conditions

3.1. Structure under reductive conditions

For Pt–3d TM surfaces considered, one quarter (0.25 ML) of sur-
face or subsurface (right below the surface layer) Pt atoms are
substituted by 3d TM (Cr, Mn, Fe, Co, Ni and Cu) atoms, as denoted
by surface alloy and subsurface alloy in this paper. To investi-
gate the relative stability of Pt–3d TM surfaces under different
environments, we calculate total energy difference �E = Esurf − Esub
between surface alloys and subsurface alloys without and with the
presence of the adsorbates. The negative (positive) value indicates
the surface (subsurface) alloys are thermodynamically more stable.
The calculated total energy difference �E under reductive condi-
tions, for instance under vacuum and with the presence of carbon
monoxide are plotted in Fig. 1. Under vacuum condition, all calcu-
lated �E are positive, suggesting that the 3d TMs in the subsurface
of Pt (1 1 1) are energetically more favorable. The driven forces for
this are the lower surface energy and larger atomic size of Pt than

that of the 3d TMs. In this particular case, calculated �E (so-called
segregation energy) decreases from the left (0.75 eV for Cr) to the
right (0.47 eV for Cu) of the periodic table, and the results agree
well with previous DFT calculations and experiments [31,40–42].
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Fig. 2. Calculated adsorption energy (Eads in eV) of (a) CO and (b) O (0.25 ML) at the
most stable adsorption sites on the Pt–3d TM (surface alloys, square) and Pt-skin
covered Pt3d-TM (subsurface alloys, circle) surfaces. The dashed lines represent the
adsorption energies of CO and O on pure Pt (1 1 1) surface. The Pt atoms, 3d TM
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toms, C atoms, and O atoms are represented by the blue, brick red, white, and red
alls, respectively. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

To study the structure evolution of Pt–3d TM surfaces in the
resence of CO, we explore a number of high-symmetry sites, and

t turns out that CO adsorption prefers exclusively to the top sites of
xposed Pt atoms, irrespective of 3d TMs in the surface or subsur-
ace layer. Compared to CO adsorption on clean Pt (1 1 1) (−1.65 eV),
he variation in the calculated adsorption energies Eads(CO) on the
ubsurface alloys (see Fig. 2a and Table 1) is small. This comes

rom the fact of the lower coverage of subsurface 3d TMs and lin-
ar configuration for CO adsorption. The bonding between CO and
he exposed Pt could be weakened gradually with the increase of
d TM in the subsurface, as shown in previous calculations and

able 1
dsorption energies (unit: eV/atom) for CO and atomic O (0.25 ML) at the most stable
ites on Pt–3d TM (M = Cr, Mn, Fe, Co, Ni, and Cu) surface and subsurface alloys. The
nergy reference is CO and molecular oxygen in the gas phase, and the results on Pt
1 1 1) are given at the bottom for comparison.

Surface alloy Subsurface alloy

CO Atomic O CO Atomic O

Cr −1.78 −2.08 −1.64 −0.96
Mn −1.79 −1.64 −1.64 −0.95
Fe −1.78 −1.63 −1.64 −0.94
Co −1.79 −1.62 −1.64 −0.96
Ni −1.85 −1.63 −1.68 −1.00
Cu −1.86 −1.34 −1.67 −1.00
Pt(1 1 1) −1.65 −1.04
ay 165 (2011) 89–95 91

experiments [27,43]. The effect of 3d TMs in the surface layer on CO
adsorption on the top sites of surface Pt atoms is slightly stronger
(Fig. 2a). The Pt–CO interaction is enhanced by 0.13 eV (Pt3–Cr and
Pt3–Fe at minimum) and 0.21 eV (Pt3–Cu at maximum), compared
to clean Pt (1 1 1). We note that the calculated CO adsorption ener-
gies on the top sites of the exposed 3d TM atoms falls in the range of
−0.77 to −1.66 eV, significantly lower than the corresponding val-
ues on the top sites of the exposed Pt atoms nearby with adsorption
energies in the range of −1.78 to −1.86 eV. The detailed reason of
the site preference for CO adsorption on surface alloys can be found
in Ref. [44,45]. Thus, the free 3d TM sites from CO adsorption could
act as the active sites for other reactants such as O2, lead to the
so-called bi-functional mechanism as discussed below.

Despite the enhanced CO binding with Pt–3d TM surface alloys,
the energy gain from CO adsorption on the surface alloys over the
subsurface alloys (∼0.20 eV) remains modest, and is not able to
compensate the energy cost of 3d TMs segregation from the subsur-
face to the surface falling typically in the range of 0.47–0.75 eV. As
a result, even in the presence of CO, the overall energetics of Pt–3d
TM subsurface alloys is still favorable than the surface alloys, as
shown clearly in Fig. 1.

In addition, the preference of Pt–3d TM subsurface alloys can
also be maintained in the presence of hydrogen, as reported in our
previous work on Pt–Fe catalyst [28]. The reason for this is same
with CO, namely the modest energy gain from hydrogen adsorp-
tion on the surface alloys cannot compensate the segregation cost.
In this context, we note that the preparation of Pt-skin type sur-
faces with 3d TMs underneath by annealing the sampling in vacuum
were routinely applied not only in surface science model system
[28] but also in supported nano-catalysts [29], and the stability of
prepared Pt-skin catalysts can be well maintained in the reductive
environment such as CO and hydrogen.

3.2. Structure under oxidizing conditions

We are now in a position to address the response of Pt–3d TM
(1 1 1) alloys under oxidizing conditions (oxygen in the present
work). We studied oxygen adsorption on both surface and sub-
surface alloys at the coverage of 0.25 ML. A number of sites were
investigated, only the results at the energetically most favorable
sites are given in Table 1 for the sake of brevity. We find that oxy-
gen atom adsorbs preferentially on the three-fold hollow sites of
both the surface and the subsurface alloys considered. For oxygen
adsorption on the subsurface alloys (see Fig. 2b and Table 1), the
O–Pt bonding strength is weakened by about 0.10 eV, compared
with Pt (1 1 1) (−1.04 eV). The effect of different subsurface 3d TMs
on oxygen adsorption is also modest, having the adsorption energy
variation of 0.06 eV only due to the small amount of 3d TM alloyed
as indicated above.

In contrast, for oxygen adsorption on the surface alloys, the
bonding strength between O and surface metal atoms is consid-
erably enhanced (except Cu). For instance, compared to Pt (1 1 1),
O binds much stronger on Pt3–Cr by 1.04 eV and Pt3–Ni surface
by 0.59 eV. The significant enhancement in bonding strength orig-
inates from the direct bonding of oxygen with highly active 3d
TMs exposed, leading to substantial energy gain that may be able
to compensate the energy cost of 3d TMs segregation. To illus-
trate this, we calculate the difference of the overall energetics �E
between the surface and subsurface alloys in the presence of oxy-
gen (0.25 ML), and the result is shown in Fig. 1. It can be seen
clearly that calculated �E becomes negative or neutral for the

3d TMs considered except Cu. This means that in the presence
of oxygen, Pt–3d TM surface alloys become energetically more
stable than the subsurface alloys. For Pt3–Cu surface alloys, it is
noted that oxygen tends to coordinate exclusively with surface
Pt atoms, instead of the exposed unreactive Cu atoms, which is
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Fig. 3. Schematic structures of the initial states ISs and transition states TSs for CO
oxidation with atomic O on Pt (a and b), Pt–3d TM (1 1 1) (M = Cr, Mn, Fe, Co, Ni, and

the oxygen moves from the 3-fold fcc site (two Pt and one Fe) to
bridge site (one Pt and one Fe), and CO binds in a tilted configuration
slightly off a top site of Pt. It is worthy to note that the optimized
ISs and TSs are geometrically very similar to those of pure Pt (1 1 1)

Table 2
Energetic (coadsorption energies Ecoads, activation energies Eact and reaction ener-
gies �Er in eV/atom) and calculated bond length between CO and atomic O at the
transition state for CO oxidation with atomic oxygen on pure Pt (1 1 1) and Pt–3d
TM surface alloys.

Ecoads Eact �Er d(O–CO) (Å)

Pure Pt −2.58 0.74 −0.84 2.02
Cr −3.75 0.75 −0.05 1.80
2 H.-Y. Su et al. / Cataly

nderstandable. As seen in Fig. 2b and Table 1, the difference of
xygen adsorption energy between the Pt–Cu surface and subsur-
ace alloys is only 0.34 eV, which is smaller than the corresponding
egregation energy of 0.47 eV. As a result, Pt3–Cu subsurface alloy
s more stable in the presence of oxygen, and no oxygen induced
egregation.

The strong interaction between O and 3d TMs not only induces
he segregation of 3d TMs from the subsurface to the surface, but
lso may result in the clustering and/or agglomeration of segre-
ated 3d TMs atoms further in surface layer to maximize O–3d
Ms coordination. This would lead eventually to the oxidation of
d TMs on Pt surfaces under elevated temperatures and oxygen
artial pressures, as indeed found in our experiments [30,33] and
thers [46].

. CO oxidation on Pt–3d TM surface alloys

In this section, the effects of composition and structure of
he alloy catalysts on CO oxidation are investigated. Since CO
xidation on Pt-based subsurface alloys (or so-called Pt-skin)
ad been well studied in the literature [27,47], we focus mainly
ur study on the Pt–3d TM surface alloys, which is favor-
ble structure in the presence of oxygen as shown above. To
dentify the dependence of CO oxidation activity on composi-
ion, we calculate the reaction barriers on different Pt–3d TM
urface alloys in Section 4.1. In Section 4.2, we study CO oxi-
ation on Pt–Fe surface alloys with different surface Pt and
e ratio, in an effort to illustrate the effect of possible Fe
ispersion in Pt surface layer on activity under oxidizing condi-
ions.

.1. Effect of catalyst composition on CO oxidation

We first investigate CO oxidation on Pt (1 1 1) for a reference. The
2 dissociation from the top-bridge-top configuration of adsorbed
olecular oxygen, leading to two oxygen atoms occupying neigh-

oring fcc sites, has an activation energy of 0.71 eV on (2 × 2)
urface. At the transition state, one O atom is near the 3-fold fcc
ite, and the other is near the bridge site. The most favorable coad-
orption structure for CO and dissociated atomic oxygen (initial
tructure, IS) is that CO adsorbs at the top sites, and O adsorbs at
he fcc hollow sites nearby as indicated in Fig. 3a. The optimized
ransition state (TS) is shown in Fig. 3b: oxygen moves from hollow
ite to bridge site, and CO sits in a tilted configuration slightly off
top site. The step is exothermic by −0.84 eV and has activation

nergy of 0.74 eV.
For Pt–3d TM surface alloys, we find that the exposed 3d TMs

except Cu) are highly active for molecular oxygen dissociation. For
xample, O2 dissociation is very facile on Pt–Fe surface alloy with a
arrier of only 0.32 eV in the (2 × 2) supercell, in contrast to 0.71 eV
n Pt (1 1 1). We then studied CO oxidation with atomic oxygen
n the Pt–3d TM surface alloys. The optimized ISs are similar to
hat on pure Pt (1 1 1): CO adsorbs preferentially at the top sites
f Pt, and O adsorbs at the fcc hollow sites coordinated with two
t atoms and one 3d TM atom as shown in Fig. 3c. Corresponding
oadsorption energies of CO and atomic oxygen are listed in Table 2.
ompared to pure Pt (1 1 1), the coadsorption energies on Pt–3d TM
urface alloys are greatly increased by about 1.17 eV for Cr in max-
mum and 0.44 eV for Cu in minimum. This can be understood well
ince the bonding of the adsorbates (particularly oxygen) with the

urface alloys is significantly strengthened, as indicated in Table 1.
he enhanced bonding at ISs result in CO oxidation with atomic
xygen less exothermic. Our calculations show that the reaction
nergies �Er on different Pt–3d TM surface alloys falls in range of
0.01 to −0.18 eV, significantly lower than the corresponding �Er
Cu) (c and d), Pt2–Fe2 (e and f), and Pt–Fe3 surfaces (g and h). The Pt atoms, 3d-TM
atoms, C atoms, and O atoms are represented by the blue, brick red, white, and red
balls, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

of −0.84 eV on pure Pt (1 1 1), as given in Table 2 and plotted in
Fig. 4.

The transition states (TSs) we located on different Pt–3d TM
surface alloys are very similar, as shown schematically in Fig. 3d:
Mn −3.32 0.82 −0.17 1.90
Fe −3.34 0.85 −0.11 1.90
Co −3.33 0.92 −0.04 1.90
Ni −3.34 0.96 −0.01 1.95
Cu −3.02 0.99 −0.18 2.00
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Fig. 5. Calculated activation energies Eact (square) and reaction energies �Er (circle)
le) for the elementary reaction between CO and atomic O on various Pt–3d TM
1 1 1) surface alloys within (2 × 2) supercell. The dashed and solid lines represent
orresponding values on Pt (1 1 1) surface.

urface, with the exception that one surface Pt atom involved is
ubstituted by 3d TM atom. Calculated activation barriers Eact are
hown in Fig. 4 and Table 2. In contrast to the remarkable variation
n �Er on the Pt–3d TM surface alloys, calculated Eact vary modestly

ith respect to Pt (1 1 1) by 0.25 eV at most. This is because that the
xtent of the activation process is almost same for Pt and Pt–3d
M surface alloys, both involving oxygen activation from hollow
ite (Fig. 3a and c) to bridge site (Fig. 3b and d). During this process,
–3d TM bonding is less affected, and only one O–Pt bond is broken.
herefore, the activation is less sensitive to the presence of 3d TM
toms. This explains not only the weak dependence of calculated
act on 3d TMs considered, but also the similar Eact on Pt–3d TM
urfaces and pure Pt (1 1 1) surface. This statement applies however
nly for the isolated 3d TM atoms embedded in the Pt surface layer.
t higher loading or oxygen chemical potential, 3d TM atoms may
ave different distributions, and the reactivity would be changed
ccordingly, as discussed at below.

.2. Effect of 3d TM dispersion in surface layer on CO oxidation
ctivity

To illustrate the effect of 3d TM dispersion in surface layer on
O oxidation activity, we construct various (2 × 2) surfaces with
ifferent surface Pt and Fe ratio, as denoted by Pt3–Fe, Pt2–Fe2 and
t–Fe3, respectively. On Pt3–Fe surface, the calculated barrier for
2 dissociation is only 0.32 eV, whereas on Pt–Fe3 surface, O2 disso-
iation becomes even barrierless. For CO oxidation with dissociated
tomic oxygen, the energetically most favorable structure of coad-
orbed CO and atomic oxygen (IS) is that CO adsorbs at the top sites
f the exposed Pt atoms, and O adsorbs at the hollow sites with the
endency to coordinate with Fe atoms as much as possible, namely
ne Fe on Pt3–Fe (Fig. 3c), two Fe on Pt2–Fe2 (Fig. 3e) and three Fe
n Pt–Fe3 (Fig. 3g), respectively. Corresponding adsorption energy
f oxygen are −1.63, −2.42, and −3.25 eV, much stronger than the
dsorption energy on Pt (1 1 1) (−1.04 eV).

Optimized TSs on the different PtFe surfaces are: CO binds at
he top sites of Pt atom, and oxygen binds at the bridge site of Pt
nd Fe atoms (Fig. 3d) for Pt3–Fe, or two Fe atoms (Fig. 3f and h)
or Pt2–Fe2 and Pt–Fe3, respectively. The calculated energy barri-

rs Eact for CO oxidation on the Pt–Fe surfaces, together with pure
t surface, are shown in Fig. 5. It is found that Eact increases gradu-
lly from 0.74, 0.85 to 1.33 eV as the Fe coverage increases from 0,
.25 to 0.75 ML. This can be attributed to the increasing interaction
trength between Pt–Fe surfaces and oxygen. As a result, the reac-
for the elementary reaction between CO and atomic O on the Pt (1 1 1) and various
PtFe surface alloys within (2 × 2) supercell.

tion rate is limited by O removal. The calculated reaction energy �Er

is also plotted in Fig. 5. As expected, with the increase of Fe ratio,
�Er decreases and CO oxidation becomes less exothermic from
−0.84 eV on Pt (1 1 1) to −0.11 eV on Pt3–Fe. On Pt–Fe3 surface, the
reaction becomes even strongly endothermic with �Er of 1.16 eV,
suggesting that elementary CO oxidation between adsorbed CO and
O on Pt–Fe3 (1 1 1) surface is unfavorable.

5. Discussions

It is well known that the surface structure and chemical state of
the catalysts may change dramatically as a function of environmen-
tal redox potential. Our previous and present studies have shown
that under the reductive environment including vacuum, CO and
H2, the Pt skin surfaces with 3d TMs in the subsurface are energet-
ically favorable. Compared to pure Pt, the interaction strength of
the surface and various adsorbates is decreased by the addition of
TMs in the subsurface. The CO poisoning can be relieved on the Pt-
skin catalysts, thereby providing more free sites for O2 activation,
leading to higher CO oxidation activity in the presence of hydrogen
[47,48]. This Pt-skin catalysts had also been applied successfully to
various reactions, such as the selective hydrogenation of C O bond
in acrolein [49], ORR in PEMFC [5,6,25,26], and low temperature
water gas shift reaction [43].

Under the oxidizing conditions, the 3d TMs tend to segregate to
the surface due to its strong interaction with oxygen. Kinetically,
Menning and Chen reported a small activation barrier of 15 ± 2 and
7 ± 1 kcal/mol for the segregation of Pt–Ni and Pt–Co subsurface
alloys in the presence of adsorbed oxygen under ultra high vacuum
(UHV) conditions [40], and likewise small activation barrier of
32 kcal/mol for the segregation of subsurface Ni in atmospheric
O2 [31]. These results together with present calculations indicate
that the formation of the Pt–3d TM surface alloys is not only ener-
getically favorable but also kinetically feasible under the oxidizing
conditions. Interestingly, they found that the thermodynamically
preferred bimetallic configuration is directly related to the differ-
ence in the values of the occupied d-band centers for the surface
and subsurface configurations, �εd, which can be used for the
prediction of thermodynamic stability of surface and subsurface
bimetallic configurations [50]. At elevated temperature and oxygen
partial pressures, segregated 3d TMs may be further oxidized into

complex oxide thin film or three-dimensional oxide island on Pt
surfaces [29,30]. The structural response and evolutions of alloy
catalysts under the oxidizing conditions have profound effect on
the catalytic reaction in terms of activity, selectivity and stability.
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In certain reaction conditions (very low oxygen partial pressures
nd/or low temperatures) or prepared conditions, the highly dis-
ersed (or atomic dispersed) 3d TMs in the Pt surface could be
table either thermodynamically or kinetically. The bi-functional
echanism can be invoked to improve the activity of catalytic reac-

ions. For instance, the CO oxidation reactivity is low on pure Pt
atalysts at room temperature because of CO poison, as verified
xplicitly by theoretical calculations [47]. Instead, the enhanced
O oxidation can be achieved on the dual sites on Pt–3d TM sur-

aces, where CO adsorbs on Pt sites and O2 activates on the atomic
ispersed 3d TM atoms, as found indeed from present DFT calcula-
ions. Surprisingly, we find that the activity of elementary reaction
etween CO and atomic oxygen on atomic dispersed Pt–3d TM
urface alloys considered is similar to Pt surface. Overall reactiv-
ty for CO oxidation on Pt surface with atomic dispersed 3d TM
s therefore very high since there is no CO poison anymore. The
nhanced reactivity may however break at elevated temperatures
nd/or oxygen partial pressure. Under this condition, segregated
d TM atoms (not including Cu) may be able to migrate and clus-
er to maximize O–3d TM bonding. The strong bonding between
issociated oxygen atoms and clustering 3d TM atoms would sup-
ress greatly the O removal, and decreases the catalytic activity,
s shown clearly from CO oxidation with atomic oxygen on Pt–Fe3
urface.

Above analysis rationalizes recent experiments of CO preferen-
ial oxidation (PROX) in excess of hydrogen on PtFe/SiO2 catalysts
y Amiridis and co-workers [51,52]. Compared to a PtFe/SiO2 cat-
lyst prepared through a conventional impregnation route, they
ound that the cluster-derived PtFe/SiO2 bimetallic catalysts have
igher degree of metal dispersion and more homogeneous mixing
f the two metals thus more active for CO oxidation at 1% CO balance
n air. The experiment also identified the substantial deactivation
f the Pt–Fe bimetallic sites in the cluster-derived samples exposed
n air at the high oxygen partial pressure. In the presence of hydro-
en, the deactivation with time on stream was substantially slower,
uggesting that the highly reducing environment under the PROX
onditions helps maintain the stability of the active Pt–Fe sites.

In this context, we note that the deactivation of PtFe/SiO2 for CO
ROX reaction could be relieved by dedicated prepared processes,
s reported recently by us [33]. In that work, FeO bilayer islands was
repared and stabilized on Pt by the strong interfacial interaction
etween FeO and Pt. The ferrous atoms at the edge of FeO islands
re coordinately unsaturated (so-called CUF) and therefore highly
ctive for O2 dissociation. More importantly, the dissociated oxy-
en atoms coordinate simultaneously to CUF and Pt atoms at the
oundary. The coordination of oxygen atom with Pt at the boundary
akes it active for CO oxidation, accordingly.

. Conclusions

In summary, we present here a systematic density functional
heory study of the structure evolution of Pt–3d TM (TM = Cr, Mn,
e, Co, Ni and Cu) alloys under reductive and oxidative conditions
s well as the effect on CO oxidation. We find that the structure of
t–3d TM alloys is very sensitive to the reaction conditions. Under
eductive conditions (vacuum, CO or hydrogen), 3d TM atoms pre-
er to stay in the subsurface region. Under oxidizing conditions,
d TM atoms tend to segregate to the surface due to strong O–3d
Ms interaction, lead to eventually the 3d TM atoms agglomera-
ion in the surface. For CO oxidation, we find that the catalysts with

tomic dispersed 3d TMs in Pt surface layer present an overall high
ctivity via bi-functional mechanism. For oxidized 3d TM islands
mbedded in Pt surface, the activity of CO oxidation is limited by
he oxygen removal, and the presence of defect sites or the edge of
xidized 3d TM islands are essential. The interplay between struc-

[

[
[
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ture/chemical state evolution and activity of alloy catalysts under
the reaction conditions is highlighted.
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