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The co-adsorption of CO and C, O on Na pre-covered Pd(1 1 1) surface are studied by density functional
theory (DFT). CO adsorption is affected by the short-range Na–CO electrostatic interactions, especially the
Na–O attraction, and the Na-induced long-range surface polarizability as well as the indirect interactions
through substrates. Na stabilizes C and O adsorptions, particularly O adsorption, though both C–Pd and
O–Pd bonds are elongated. Na reduces CO dissociation barrier by �25%. The promotional effects are pri-
marily ascribed to the short-range Na–O electrostatic interaction which stabilizes the transitional state.
The Na-induced long-range effects are not significant and hardly promote CO dissociation.

� 2011 Published by Elsevier B.V.
1. Introduction

Alkali metal (AM) additives, usually used as promoters in many
catalytic reactions [1,2] have been always a hot topic both experi-
mentally [3–6] and theoretically [7–10] in heterogeneous catalysis
and surface science. Four types of interactions between AMs and
co-adsorbates have been suggested to explain its promotional
effects in literature so far: direct orbital overlap [7] between the
AM and the adsorbate (�3 Å), short-range (�4 Å) electrostatic
interaction [7,11,12] of the alkali-induced electric field with the
adsorbate-surface bond, long-range indirect interaction through
surface electrons [13], and non-local or long-range surface polariz-
ability enhancement [10]. However, the interactions between AM
and reactants are still not well defined on the microscopic level,
especially the controversy of the local/non-local (or short-range/
long-range) features in the electronic interactions between AM
and co-adsorbates: whether there is a non-local feature in the elec-
tronic interactions between AM and co-adsorbates [6,10].

CO co-adsorption with AM has been always a prototype primar-
ily due to its technological applications (i.e. AM enhanced CO dis-
sociation in Fischer–Tropsch process) [1,2] as well as its scientific
simplicity. For a long time, the short-range interactions between
AM and CO were believed to be dominant, while the long-range
interactions were thought to be overestimated [6,7]. Nonetheless,
there are still many studies which have manifested that a remark-
able long-range character of alkali-induced effects could also be
predominate. He et al. found an evident red-shift of the C–O
stretching mode despite CO adsorption is far from the co-adsorbed
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Cs on Ru(0 0 0 1) surface [14]. In addition, an upward shift of the
C–O mode is observed in K + CO/Ru(0 0 0 1) system with the in-
creased CO exposure, and it is understood through a long-range
substrate-mediated interaction between co-adsorbates [15]. In
Na + CO/Ni(1 1 1), the desorption activation energies and the
stretching frequency of CO would experience noticeable changes
at low sodium coverage [16], indicating the existence of non-local
effects in the system. Similar results are also obtained in K + CO/
Pd(1 1 0) system with K at a low coverage (0.11 ML) [17]. Several
theoretical works [8,18] have been carried out on CO co-adsorption
with AMs, and most of them only considered CO co-adsorption at
the adjacent site of AM, i.e. CO + K/Co(10 �10) case [8], or argued
that the AM-induced effect is short ranged, CO + K/Ni(1 1 1) [18].
Very recently, a systematical investigation was conducted on CO
adsorption on K/Fe(1 0 0) [9], and the adsorption and activation
of CO with respect to the CO–K distance and K coverage are dis-
cussed in detail. However, the long-range interactions between
CO and AM are still not well documented in general.

As for CO dissociation, the promotional effects were believed
predominantly due to the local AM–CO interactions rather than
the non-local ones [7]. However, a recent study [10] suggested that
alkali adsorption on Pd(1 1 1) could dramatically enhance the sur-
face electronic polarizability, and it is extended into the vacuum by
several angstroms (non-local). This significantly enhanced and ex-
tended polarizability could soften the C–O stretching mode, and
ultimately promote CO related reactions, which challenges previ-
ous views seriously.

Therefore, it is of significant importance to provide more direct
evidence to ascertain whether there is a predominant long-range
character in the AM–CO interactions, and how the long-range
interaction affects subsequent CO dissociation if it exists. We carry
out a comprehensive density functional theory (DFT) study to
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Figure 1. Possible adsorption sites for CO, C and O on Na/Pd(1 1 1). The letters f and
h stand for fcc and hcp sites, respectively, while 1, 2, and 3 indicate the first, second
and third nearest site relative to the adatom Na, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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systematically investigate the adsorption and dissociation of CO on
Na modified Pd(1 1 1) surface at various CO–Na distances in order
to get a deeper insight of the fundamental issues involved in
heterogeneous catalysis and surface science. We show that the
pre-adsorbed Na atom does induce a long-range effect on CO
adsorption, while the effect is insufficient to destabilize the C–O
bond to an extent for CO dissociation. The promoted CO dissocia-
tion is mainly ascribed to the short-range O–Na attraction.

2. Computational details

This work is conducted by the Vienna Ab Initio Simulation
Package (VASP) [19–21] with the frozen-core projector-aug-
mented-wave (PAW) method [22,23]. The Perdew Wang (PW91)
generalized gradient approximation (GGA) [24,25] functional was
employed for the exchange-correlation energy. The surface is mod-
eled with a 5-layer slab with a vacuum thickness of 15 Å. Each layer
contains nine Pd atoms. Namely, a (3 � 3) super cell is used
throughout the study. The adsorbed species are put on one side of
the slab. The three uppermost layers including the adsorbates are
fully relaxed with the residual forces on each relaxed ion less than
0.02 eV/Å, while the two bottommost layers are fixed at their bulk
structure with the previous optimized bulk lattice constant, 3.96 Å
[26]. A cutoff energy of 500 eV was employed for the plane-wave
expansion, and the Monkhorst–Pack k-point grids of 5 � 5 � 1
was used to sample the Brillouin zone for the (3 � 3) super cell.
The frequencies are calculated with the substrates and Na fixed
while only CO allowed vibrating in any direction at a displacement
of 0.02 Å. The Wigner–Seitz radii for the related elements are
rPd = 1.434 Å, rNa = 1.757 Å, rC = 0.863 Å, rO = 0.82 Å, respectively,
for the projected density of states (PDOS) calculations.

The co-adsorption energy of X (X = CO, C, and O) on Na pre-ad-
sorbed Pd(1 1 1) is defined as

Ead ¼ EXþNa=Pdð111Þ
tot � ENa=Pdð111Þ

tot � EX
tot; ð1Þ

EXþNa=Pdð111Þ
tot , ENa=Pdð111Þ

tot , and EX
tot are the total energies of X (X = CO,

C and O) and Na co-adsorbed Pd surfaces, Na pre-adsorbed
Pd(1 1 1), and X in gas phase, respectively.

In order to straighten out the interactions between Na and CO
on Pd(1 1 1) surface at difference Na–CO distances, the charge den-
sity difference in selected co-adsorption systems are depicted.
Here, the charge density difference is calculated as

Dq ¼ qCOþNa=Pdð111Þ � qCO=Pdð111Þ � qNa=Pdð111Þ þ qPdð111Þ; ð2Þ

where qCO+Na/Pd(1 1 1), qCO/Pd(1 1 1), qNa/Pd(1 1 1), and qPd(1 1 1) are the
total charge densities of CO + Na/Pd(1 1 1), CO/Pd(1 1 1), Na/
Pd(1 1 1) and the clean Pd(1 1 1) surface, respectively. The atom
positions in each isolated system are identical to those in the co-
adsorption configuration.

Energy barriers and minimum energy paths (MEPs) have been
computed using the climbing-image nudged elastic band (CI-NEB)
[27]. The transition state (TS) is further optimized by the quasi-
Newton method until the residual forces are less than 0.02 eV/Å.
Then, the TS is verified by vibrational frequency analysis, in which
the substrates of TS are fixed while the adsorbates are allowed
vibrating in any direction. A true TS should have and only have
one imaginary frequency.

3. Results and discussions

3.1. CO adsorption on Na pre-covered Pd(1 1 1) surfaces

We first calculated CO adsorption on Na pre-covered Pd(1 1 1)
surface, Na/Pd(1 1 1), at various CO–Na distances in order to directly
ascertain whether there is a long-range effect on CO adsorption by
Na. Our previous studies [26,28] showed that CO adsorptions at
the threefold hollow sites (i.e. fcc, and hcp) on Pd(1 1 1) were ener-
getically preferred. Meanwhile, Na adsorption at the threefold hol-
low sites on Pd(1 1 1) was also energetically favorable and almost
degenerated. As a result, the co-adsorption was modeled with Na
at the middle fcc hollow site and CO at various trial fcc and hcp sites
on Pd(1 1 1), as shown in Figure 1. The adsorption energies, work
function changes, and structural parameters are listed in Table 1.
We have also calculated CO adsorption with C or O directly
approaching Na and C–O axis either vertical or tilting to the surface
to check whether CO molecule can directly interact with the pre-ad-
sorbed Na, then dissociate with low energy barrier. However, the
molecular adsorption is extremely unstable, and the corresponding
dissociative adsorption is not obtained, either. As a matter of fact, Na
adatom is prone to bond with the substrate rather than with CO mol-
ecule directly as CO introduced to the Na pre-adsorbed systems. The
binding energies of Na with the substrate and with a single CO mol-
ecule are �2.51 and �0 eV, respectively. Since alkali metal atoms
adsorption would induce a pronounced charge transfer between
the AMs and the substrate [28,29], we calculated CO adsorption on
a negatively charged Pd(1 1 1) surface to simulate the scenario qual-
itatively that the adsorbed CO molecule is infinitely far away from
the pre-adsorbed Na atom. The artificial ‘negative surface’ is mod-
eled by adding two additional electrons to the neutral Pd(1 1 1) sur-
face, labeled as Pd2�(1 1 1). Similar net charge approaches, by
adding electrons to flat surfaces, has been used to study the charge
effects on oxygen molecular adsorption on Au(1 1 1) surface [30].

From Table 1, it is clear that CO adsorption at all studied hollow
sites on Na/Pd(1 1 1) is more or less enhanced, in agreement with
the experimental results that the presence of alkali metal atoms
stabilize CO adsorption on transition metal surfaces [31]. The most
increment for CO adsorption is found at the first-nearest fcc site
(f1), with the adsorption energy 0.27 eV lower than that on the
clean Pd(1 1 1). Additionally, CO adsorptions at f2 and h3 are also
enhanced by 0.13 eV. The negative polarization of Pd(1 1 1) surface
can stabilize CO adsorption by 0.06 eV, suggesting that a non-local
interaction between Na and CO exists in the system. CO adsorption
at h1 is less stable than that at f1 even though the distance be-
tween Na and CO at h1 is much shorter. This may result from a sig-
nificant Pauli repulsion which causes Na shifting from its original
ideal fcc adsorption site by 0.69 Å, getting away from CO in Pd–
Na + COh1 configuration.

It can also be seen in Table 1 that the presence of Na can obvi-
ously weaken C–O bond strength, consistent with the experimental
observations in CO + AM/Ni(1 1 1) and CO + AM/Cu(1 1 1) systems
[5]. The calculated C–O bond lengths are 1.22 Å at h1, h2 and f1,



Table 1
Adsorption energies of CO, Ead, C–O bond lengths, dC–O, distances between Na and C, dNa–C, distances between Na and O, dNa–O, height changes of Na, DZNa, work function changes,
DU, and C–O stretching frequencies, f, for CO adsorption on Na pre-adsorbed Pd(1 1 1) and Pd2�(1 1 1)3 � 3 surfaces. CO adsorption at fcc and hcp on clean neutral Pd(1 1 1)3 � 3
is also listed as a reference. The subscript letters and numbers are defined in Figure 1.

Site Ead (eV) dC–O (Å) dNa–C (Å) dNa–O (Å) DZNa (Å) DU (eV) f (cm�1)

Pd–COf �2.04 1.19 – – – 0.32 1760
Pd–COh �2.02 1.19 – – – 0.33 1776
Pd–Na+COh1 �2.25 1.22 2.69 2.37 0.21 �1.96 1618
Pd–Na+COh2 �2.22 1.22 2.87 2.49 0.21 �1.92 1612
Pd–Na+COh3 �2.15 1.20 4.40 4.27 0.03 �1.84 1724
Pd–Na+COf1 �2.31 1.22 2.87 2.49 0.13 �1.89 1638
Pd–Na+COf2 �2.17 1.20 4.96 4.85 0.03 �1.84 1730
Pd2�–COf �2.10 1.21 1 1 – – 1670
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at which the distances between CO and Na are all less than 3 Å.
When CO are located at h3 and f2, where the distances between
the two co-adsorbates are over 4 Å, the C–O bond lengths shift to
1.20 Å, still longer than those on clean Pd(1 1 1) surface, 1.19 Å.
The C–O bond stretching frequencies experience a similar decrease
as moving from near to far w. r. t Na, but all the values are smaller
than those on clean Pd(1 1 1). On Pd2�(1 1 1)3 � 3 surface, the C–O
bond strength is weakened notably, too. Based on the donation and
back-donation model [32], the adsorption of Na donates its valence
electrons to the Pd(1 1 1) substrate, facilitates charge transfer from
Pd substrate to CO 2p⁄ anti-bonding states, and consequently
weakens C–O bond strength. The softening of C–O is a non-local
effect which can extend over 4 Å.

The calculated work function (U) for the clean Pd(1 1 1) is
5.51 eV, in good agreement with the experimental value of 5.6 eV
[33] and previous DFT calculation, 5.53 eV [34]. The work function
decreases by 2.43 eV upon Na adsorption at fcc, while increases by
0.32 and 0.33 eV for CO at fcc and hcp sites, respectively. When CO
adsorbs on Na/Pd(1 1 1), it is reduced by 1.96 eV at the first nearest
hollow site (h1) and converged to 1.84 eV at h3 and f2, where the
distances of CO–Na are more than 4 Å in the two co-adsorption
configurations. The decrement of work function (�1.84 eV) in
Pd–Na + COf2 is lower than the sum of �2.43 eV for Na at fcc in
p(3 � 3)–Na and 0.32 (fcc) or 0.33 eV (hcp) in p(3 � 3)–CO, clearly
indicating long-range mutual depolarization between the two
adsorbates.

To further investigate the effects of the pre-adsorbed Na atom
on CO electronic structures at difference range, the projected den-
sity of states (PDOS) of CO in Pd–Na + COf1, Pd–Na + COf2 are shown
in Figure 2. As a reference, PDOS of CO adsorption on clean
Pd(1 1 1) is also presented. From the PDOS plots, one can see that
the adsorption Na can induce a shift of all CO molecular orbitals
Figure 2. PDOS of CO in Pd–Na + COf1 (black solid line), Pd–Na + COf2 (red dashed line) an
the reader is referred to the web version of this article.)
deeper away form the Fermi-level due to the AM-induced modifi-
cation of the electrostatic potential in the surface region [35]. This
effect can leads to a further occupation of CO 2p⁄ anti-bonding
states, and weakens the C–O bond consequently, with C–O stretch-
ing frequencies 1638 cm�1 for CO at f1, which is 122 cm�1 lower
than that on the clean Pd(1 1 1) surface. This phenomenon can
be also seen in Pd2�–COf, suggesting that the modification of sur-
face electrostatic potential results from the charge transfer from
AM to the substrates, a non-local effect. Figure 3 depicts the charge
density difference plots of Pd–Na + COf1 and Pd–Na + COf2. It
clearly indicates a pronounced polarization in CO 2p⁄ states in O
atom, especially for CO at f1 site. In Pd–Na + COf1, the calculated
O–Na distance is 2.49 Å. Such short distance combined with the in-
duced polarization in CO molecule suggest that an ionic bonding
trend between Nad+ and Od� (short-range) may be more dominant
than the simple attractive interaction between Nad+ and COd� mol-
ecule as a whole, which was deduced from the K-induced charge
polarization at O component in CO + K/Co(10 �10) [8]. A long-range
Pd-mediated interaction feature between co-adsorbates can be
also observed in Pd–Na + COf2, which unambiguously demonstrate
that Na induced long-range effects through surface electrons can
also influence CO adsorption. Both the PDOS plots and the charge
difference contours confirm that the short-range and long-range
effects together influence CO adsorption properties.

In turn, Na adsorption is also influenced upon the co-existence
of CO on Pd(1 1 1). Firstly, Na atom will be further ionized through
the Bader charge analysis [36]. Then, in all CO + Na co-adsorption
geometries (c.f. Figure 1), the subsequent CO adsorption can lift
Na position by 0.03 Å at h3 and f2, and 0.21 Å at h1 and h2, con-
firming the high-resolution electron energy loss spectroscopy
(HREELS) results [4,37] that CO adsorption can shift the Na-sub-
strate vibration energy down. We argue that the red-shift of the
d Pd–COf (shaded). (For interpretation of the references to color in this figure legend,



Figure 3. Charge density difference plots of (a) Pd–Na + COf1, and (b) Pd–Na + COf2. The cutting plane is shown in the upper right corner of each panel. Warm and cool
contours correspond to charge accumulation and depletion, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Adsorption energies of X (X = C and O), adsorption energy changes of X upon Na, DEad,
bond lengths of X–Pd, dX–Pd, for X adsorption on Na/Pd(1 1 1) and Pd2�(1 1 1)3 � 3
surfaces. C or O adsorption at fcc and hcp on clean neutral Pd(1 1 1)3 � 3 is also listed
as a reference. The subscript letters and numbers are defined in Figure 1.

X = C X = O

Ead

(eV)
DEad

(eV)
dC–Pd

(Å)
Ead

(eV)
DEad

(eV)
dO–Pd

(Å)

Pd–Xf �7.05 – 1.88 �4.75 – 2.00
Pd–Xh �7.07 – 1.89 �4.57 – 2.00
Pd–Na+Xh1 �7.10 +0.03 1.90 �4.76 +0.19 2.07
Pd–Na+Xh2 �7.07 +0.00 1.90 �4.61 +0.04 2.04
Pd–Na+Xh3 �7.08 +0.01 1.89 �4.59 +0.02 2.02
Pd–Na+Xf1 �7.07 +0.02 1.89 �4.96 +0.21 2.06
Pd–Na+Xf2 �7.11 +0.06 1.88 �4.81 +0.06 2.02
Pd2�–Xf �6.99 �0.06 1.89 �4.78 +0.03 2.03
Pd2�–Xh �7.01 �0.06 1.90 �4.58 +0.01 2.03
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Na-surface vibration should be assigned to the coordinated electro-
static interaction between Na and CO interactions: Na–O attraction
and Na–C repulsion. From Table 1, one can see that all the O–Na
distances are shorter than those corresponding C–Na distances,
suggesting that CO adsorption makes Na get away from the surface
but close to the O atom. This process helps stabilizing the co-
adsorption structures at the cost of Na-substrate bond softening.

The alkali atoms (e.g. Na) induced effects on CO adsorption can
be divided into predominant local and non-local effects in princi-
ple. The former corresponds to the AM–CO electrostatic attraction,
especially the AM–O electrostatic attraction, demonstrated by the
remarkable polarization at O atom in Pd–Na + COf1. The latter is
correlated with the AM–CO mutual depolarization, AM-induced
surface polarizability and indirect interactions through surface
electrons. These long-range features should account for the CO sta-
bilization and C–O bond strength softening at the non-adjacent
sites (over 4 Å) of Na.
3.2. C and O adsorption on Na pre-covered Pd(1 1 1) surfaces

We have calculated C and O (the products from CO dissociation)
adsorption at various hollow sites on Na pre-covered Pd(1 1 1) sur-
faces (c.f. Figure 1) since their atop and bridge adsorption is much
less stable. Our calculation shows that C/O adsorptions at bridge
sites are unstable and would relax spontaneously to the nearby
hcp/fcc, and at atop are over 2 eV less stable than those at hcp/
fcc, respectively. The results are listed in Table 2. C and O prefer
to hcp and fcc sites with the adsorption energies of �7.07 and
�4.75 eV, respectively. Both C and O adsorption is enhanced by
the pre-covered Na, and the impact on O is relatively more remark-
able. The most increment of O (C) is found 0.21 eV (0.06 eV) at f1
(f2), respectively. However, on the negatively polarized surface
Pd2�(1 1 1)3 � 3, C adsorption is destabilized, while O is stabilized.
Firstly, the surface net charges would accumulate in C/O 2pz anti-
bonding states [7] on Pd2�(1 1 1)3 � 3 w. r. t. that on neutral
Pd(1 1 1)3 � 3. Then, the bonding energy of C and O on Pd(1 1 1)
can be divided into two parts [38]: the ionic contribution of charge
transfer from surface to C/O atom, and the covalent contribution of
hybridization between Pd d and C/O p states (the s orbitals of C and
O are rather delocalized). The electronic structures of isolated C and
O are 2s22p2 and 2s22p4, and their Pauling’s electronegativities are
2.55 and 3.44, respectively. On the basis of the extended Huckel
approximations [12,39], C–Pd bonding should be more covalent,
while O–Pd should be more ionic. An energy cost due to the addi-
tional 2pz anti-bonding occupation in C–Pd prevails, while an
energy gain via ionic bonding in O–Pd dominates, and destabiliz-
ing/stabilizing C and O adsorption on Pd2�(1 1 1)3 � 3 conse-
quently. This may also be responsible for the results of C on Na/
Pd, where there is a competition between the direct C–Na attraction
and the Na induced destabilization. Due to the occupation in C and
O 2pz anti-bonding on Na/Pd(1 1 1) and Pd2�(1 1 1)3 � 3, the calcu-
lated bond lengths of all C–Pd and O–Pd are obviously elongated on
the two surfaces, consistent with the HREELS observations in O + K/
Ni(1 1 1) system [40]. The elongation of C–Pd and O–Pd bonds is
primarily an indirect interaction through surface electrons.
3.3. CO dissociation on Na pre-covered Pd(1 1 1) surfaces

The above co-adsorption studies have covered most of the alkali
atoms induced effects on the adsorption properties of CO, C and O.
However, whether the long-range contributions can promote CO
dissociation is still controversial [7,10]. In this section, CO dissoci-
ations on Pd(1 1 1) surface with and without Na pre-adsorbed are
studied. In addition, CO dissociation on the negatively polarized
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Pd2�(1 1 1)3 � 3 surface is also presented to simulate the case with
CO infinitely far away from Na. This is expected to mimic the Na
induced surface polarizability and offer a direct answer to the
long-range effect. All the initial states are chosen to be the most
favorable CO adsorption configurations on each surface (c.f. Table
1), while the final states are all modeled with the two products lo-
cated at two adjacent hcp sites, as shown in Figure 4. The reaction
potential energy surfaces (PES) on the three surfaces are summa-
rized in Figure 4.
Figure 4. Potential energy surfaces for CO dissociation on clean Pd(1 1 1) (black
lines and fonts), Na/Pd(1 1 1) (blue and red lines and fonts), and Pd2�(1 1 1)3 � 3
(green lines and fonts). The energies (in eV) of the various configurations are
referred to CO in its gas phase. The structures at IS, TS and FS of CO dissociation on
Pd(1 1 1) and Pd2�(1 1 1)3 � 3 are shown in the upper panels, while on Na/
Pd(1 1 1), two possible final states are considered: one with O approaching Na
(labeled as ‘a’, shown in red fonts) and the other one with C closer to Na (labeled as
‘b’, shown in blue fonts). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Figure 5. Structural parameters (Å) of the transitional states for CO dissociation on (
references to color in this figure legend, the reader is referred to the web version of thi
On clean Pd(1 1 1) surface, the reaction barrier for CO dissocia-
tion is determined to be 1.81 eV w. r. t. the configuration with CO
in its gas phase. In the TS configuration (c.f. Figure 5a), the C–O
bond length is stretched to 2.05 Å, almost twice as long as C–O
bond length at adsorption, 1.19 Å, suggesting that the TS is more
product-like state with C atom near an hcp site and O almost at
a bridge site. The TS energy, therefore, is more dependent on the
energy of the final state (FS), similar to CO dissociation on
Rh(1 1 1) surface [7,41].

On Na/Pd(1 1 1) surface, two possible final states were taken
into account: one with O approaching Na (inset (a) of Figure 4),
while the other one with C closer to the Na atom (inset (b) of Figure
4). The former is a little more energetically favorable than the lat-
ter, 0.52 eV versus to 0.68 eV, but both of them are stabilized by
Na, suggesting a thermodynamic promotional effect. The remark-
able electrostatic interactions between Na and the two products
(C and O) offset the bonding competition between C and O. Inter-
estingly, the CI-NEB calculated TS are identical corresponding to
both the final states. The TS configuration is shown in Figure 5b,
with O atom closer to Na. The calculated CO dissociation barrier
is reduced by �25% with respect to that on clean Pd(1 1 1) surface.
The C–O distance keeps unchanged in the TS, while both the O–Pd
and C–Pd bond lengths are elongated slightly by the presence of
Na. This is consistent with our above co-adsorption results that
Na can elongate the C–Pd and O–Pd bond lengths. On the nega-
tively polarized surface Pd2�(1 1 1)3 � 3, no remarkable changes
are found in either PES or TS structure of CO dissociation w. r. t.
those on neutral Pd(1 1 1)3 � 3. The reaction barrier on the polar-
ized surface is calculated to be 1.76 eV. The C–O bond length is also
2.05 Å in the TS, similar to the cases on clean Pd(1 1 1) and Na/
Pd(1 1 1) surfaces, and the C–Pd and O–Pd bond lengths are elon-
gated slightly.

The three calculated TS’s are very similar to each other and all
FS-like, so all the TS energies should be strongly dependent on
the energies of final states, implying that stabilizing the final states
a) Pd(1 1 1), (b) Na/Pd(1 1 1), and (c) Pd2�(1 1 1)3 � 3. (For interpretation of the
s article.)
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can reduce the dissociation barrier efficiently. A recent study about
K effects on CO adsorption and activation on Fe(1 0 0) [9] sug-
gested that there are two important effects of K contributing the
promotion of CO activation: one is the stabilization of C and O in
TS by K; the other is the reduction of bonding competition between
C and O in TS due to the increased separation of C and O atom from
the surface. Our results agree well with those findings. Both stabil-
ization of C and O by Na (c.f. Section 3.2) and C–Pd (O–Pd) (c.f.
Figure 5a and b) elongation are found when C and O adsorbed on
Na pre-covered Pd(1 1 1) surface. Nonetheless, an increased sepa-
ration of C and O from the surface can be also observed on
Pd2�(1 1 1)3 � 3 (c.f. Figure 5c), where CO barrier is only reduced
trivially (0.05 eV). This suggests that the reduction of the bond
competition in TS due to Na-induced charge donation may only
play a minor role in CO dissociation on Na/Pd(1 1v1). Furthermore,
it has been shown that O adsorption energy enhancement by Na is
more obvious than that of C on Pd(1 1 1). Combined with the ob-
tained TS of CO dissociation on Na/Pd(1 1 1), it suggests that the
Na-reduced dissociation barrier is primarily ascribed to the Na–O
electrostatic interaction (short-range).

The presence of Na can really cause a drastic long-range enhance-
ment of the metal surface electronic polarizibility, which does soften
C–O bond strength [10]. This softening effect is demonstrated by the
model of negatively polarized substrate in our calculations. How-
ever, the calculation of CO dissociation on Pd2�(1 1 1)3 � 3 indicates
that the weakening of C–O bond strength (long-range effect) can
hardly promote subsequent molecular dissociation. This is consis-
tent with the fact that the TS structure is more FS-like and that C
and O adsorption is relatively insensitive to the surface polarization
(see Table 2). This indicates that the Na induced long-range effects,
including the C–O softening and the separation of C and O from
the surface have little influence on CO dissociation. The efficient
way to lower the dissociation barrier for CO should be stabilizing
O atomic adsorption on the catalysts.

4. Summary

The Na-induced effects on the CO adsorption on Pd(1 1 1) sur-
face are investigated by first-principles calculations. It is demon-
strated that CO molecular adsorption is influenced by both the
short-range and the long-range indirect interactions by the pre-ad-
sorbed Na. The former corresponds to the Na–CO electrostatic
attraction, particularly the Na–O electrostatic attraction, while
the latter includes the Na-induced surface polarizability and indi-
rect interactions through substrates, which are responsible for
the red shift of C–O bond stretching mode at the non-adjacent sites
relative to Na. As for the two atomic species (C and O), both are sta-
bilized by the presence of Na, especially the O atom, even though
the C–Pd and O–Pd bonds are elongated. Furthermore, the pres-
ence of Na can substantially lower CO dissociation barrier when
CO is close to Na (i.e. CO at f1), and the promotional effects are
mainly ascribed to the short-range Na–O interaction, which stabi-
lizes the final-state-like transition state. The long-range effects of
Na on CO dissociation, i.e. C–O softening as well as the reduction
of C and O atom bonding competition, are not remarkable and
hardly promote the CO dissociation. It is suggested that the effi-
cient way to lower the CO dissociation barrier on Pd(1 1 1) is stabi-
lizing the atomic adsorption of oxygen.
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