THE JOURNAL OF CHEMICAL PHYSICS 133, 094703 (2010)

Charge effect in S enhanced CO adsorption: A theoretical study of CO
on Au, Ag, Cu, and Pd (111) surfaces coadsorbed with S, O, Cl, and Na
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The extraordinary sulfur enhanced CO adsorption on Au surface creates curiosity to many scientists
in the field, and is expected to have potential applications in catalyst design. In this work, we have
investigated the interactions of the coadsorption of CO and various adatoms X (X=Na, S, O, and Cl)
on Au and Pd(111) surfaces and made further comparison with CO adsorption on charged Au and
Pd surfaces by a first-principles study. We find out that the enhancement of CO adsorption by S on
Au originates from S-induced positive polarization of Au surface. The d band of metal atoms in the
positively polarized Au surface shifts up toward the Fermi level (Ey) without remarkable changes of
its shape and occupation. In contrast, in the negatively polarized Au(111) surface, achieved by
electropositive adatom such as Na adsorption or artificially adding additional electrons to the
substrate, d bands shift down relative to Ey, and thus CO adsorption is weakened. Further study of
CO coadsorption with X on two other noble metal (Ag and Cu) surfaces manifests that Ag shows
the same behavior as Au does, while the situation of Cu is just between that on Au and Pd. It
suggests that the extraordinary S-induced enhancement of CO adsorption on Au/Ag, different from
other transition metals (TMs), ultimately results from the inertness of d bands buried below Ej. The
S-induced charge can introduce a significant d band shift on Au/Ag with respect to E due to their
narrow density of states at E and thus strengthens CO adsorption subsequently. © 2010 American

Institute of Physics. [doi:10.1063/1.3483235]

I. INTRODUCTION

The interaction between adsorbates such as atoms, mol-
ecules, and ions on metal surfaces is a key to understanding
catalyzed reactions on metals. Coadsorbed species on metal
surfaces can interact with each other directly due to the over-
lap of wave functions or through induced dipole-dipole elec-
trostatic interactions or indirectly via the substrate metal d
band structure.' These interactions between coadsorbates
may prefer or exclude a certain reaction pathway or even
give rise to a coadsorption complex, enhancing the reactivity
and controlling the selectivity as a “prornoter”%6 or reducing
and even quenching the reaction rate adversely as a
“poisone:r.”%10

Gold (Au) has long been considered as being chemically
inert.'" In 1987, however, Haruta and co-workers discovered
that highly dispersed gold nanoparticles on reducible metal
oxide supports catalyzed CO oxidation at a temperature as
low as 200 K, leading to a huge number of studies to trace
the understanding of the high catalytic performance on gold
nanoparticles, particularly the high catalytic selectivity.Bf16
It is generally agreed that nanoparticles with low-coordinated
sites may play a key role in the high catalytic activity of
gold-based catalysts.”_22 Other factors, such as support
interactions®* and charge transfer,”** may also be respon-
sible for its high activity. This high catalytic performance has
earned Au-based catalysts a reputation of potential green
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catalysts,%’27 distinguishing them from other traditional tran-
sition (TM) catalytic metals, such as Pd and Pt.

On the other hand, the sulfur (S) poisoning effects have
been a hot topic in heterogeneous catalysis over several
decades”* ™ due to its remarkably negative effects on the
reactivity and selectivity of supported metal celtellysts.29’34’35
In order to understand the S poisoning effects, many experi-
mental and theoretical studies have been carried out®>> ¢
and conclude that S poisoning effect mainly shows a combi-
nation of steric (or structural) effects and electronic effects.
The former generally describes S blocking contiguous ad-
sorption sites needed by other species, displaying a short-
range effect, whereas the latter is associated with charge re-
distribution or hybridization (i.e., sp or sd), e.g., density of
states (DOS) near the Fermi level is substantially reduced by
s, showing a long-range influence. The two effects desta-
bilize adsorption of reactants and subsequently hinder the
formation of products. However, these destabilization ef-
fects, normally found on traditional TM catalysts,
“disappear””’40 unexpectedly on the Au(111) surface. Inter-
estingly, the presence of S could also lower the barrier of
H,O dissociation on the Au(111) surface.*! Through second-
ary ion mass spectrometry, Mohapatra et al.** observed that
on Au/TiO, catalysts, room-temperature oxidation of CO
can be dramatically enhanced by the addition of sulfate ions.
These extraordinary novel phenomena once more distinguish
Au-based catalysis from other traditional TM catalysts. Be-
sides these, analogous phenomena were observed on the
Ag(111) noble metal as well.*® It was found that CO can be
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stabilized at 90 K on Ag(111) by coadsorbed Cl atoms. Un-
fortunately, the picture of S promotion effects on Au is still
under controversy. Zhang et al.” argued that the enhanced
adsorption of CO by these electronegative species may be
due to antiparallel molecular dipole interactions, although no
large antiparallel dipoles associated with the adatoms were
found when CO adsorbs on Au(111) with O, S, or Cl on the
fce hollow sites. On the other hand, Xue er al.*! supposed
that the promotion on H,O dissociation might be ascribed to
a strong electron transfer from S to the Au(111) surface.

Obviously, many questions are still open regarding the
promotion effect of S; for example, how do S, O, and Cl
enhance CO adsorption? Why does the promotion occur on
Au and Ag surfaces, but not others? To this end, we perform
an extensive density functional theory (DFT) calculations to
compare CO adsorption on X (X=Na, S, O, and Cl) pread-
sorbed Au, Pd, and the other two noble metal surfaces, Ag
and Cu(111), aiming to get an insight into the novel phenom-
enon.

Allowing for the pronounced charge transfer between
coadsorbate X and the substrate,40’44’45 we have also per-
formed calculations with charged metal substrates. Namely,
we add one electron to the surface to make a “negative sur-
face” or remove one or two electrons from the surface to
make a “positive surface,” namely, Au? and Pd? (6=1-, 1+,
and 2+). This is a significant charging (~1072 C/A?) but is
assumed not to affect the most preferred adsorption configu-
rations on each metal surface. As a result, the positively
charged Au(111) binds with CO more strongly than neutral
Au(111) does, suggesting that the charge transfer between X
and Au(111) is responsible for the observed enhancement of
CO adsorption on the Au(111) surface.””*" Further investiga-
tion indicates that these unique observations on Au and Ag
ultimately originate from their deep buried d levels and low
DOS at Ej. The d bands remain intact after adsorbing elec-
tronegative species, while the preadsorbed X-induced tiny
charge transfer can result in a significant shift of Au (Ag) d
bands with respect to E, which affects CO adsorption sub-
sequently.

Il. CALCULATIONAL DETAILS

This work is conducted by the Vienna ab initio simula-
tion package (vasp)**™* with the frozen-core projector-
augmented-wave method.”™" The Perdew-Wang (PW91)
generalized gradient approximati0n52’53 functional was em-
ployed for the exchange-correlation energy. All surfaces are
modeled with a five-layer slab with a vacuum thickness of 15
A. The adsorbed species are placed on one side of the slab.
The three uppermost layers are fully relaxed, while the two
bottommost layers are fixed at their bulk structure. A cutoff
energy of 500 eV is employed in this work. A 3 X 3 supercell
is used to simulate X (X=Na, S, O, and Cl) and CO coad-
sorption on Au(111) and Pd(111) surfaces(in Fig. 1) and CO
adsorption on charged metal surfaces. We employed
Monkhorst—Pack k-point grids of 5X5X 1 for each 3 X3
surface unit cell. The lattice constant of Au bulk was deter-
mined to be 4.18 A, within ~2.5% deviation from the ex-
perimental value (4.08 A), while the lattice constant of Pd

J. Chem. Phys. 133, 094703 (2010)

FIG. 1. Coadsorption of CO and X on Au(111) (left) and Pd(111) (right)
surfaces, respectively.

bulk was fully optimized to 3.96 A, within an error of 2% to
the experimental value of 3.89 A To imitate CO adsorption
on charged Au and Pd surfaces, we add one or remove one or
two electrons in the slab, namely, Au® and Pd’ (6=1-, 1+,
and 2+), and the dependence of CO adsorption on the num-
ber of substrate layers is strictly tested. For more details, see
the Appendix.

The coadsorption energy of CO on X (X=Na, S, O, and
Cl) preadsorbed metal surfaces is defined as follows:

Ey=~(Ecox-m—Exm—Eco). (1)

where Ecoxms Exym, and Ecq are the energies of CO and X
coadsorbed metal surfaces, X preadsorbed metal surfaces,
and CO molecule in the gas phase, respectively. Based on
structural results for CO on the two studied surfaces in Ref.
40, the coadsorption is modeled with X preadsorbed at a fcc
hollow site on both metal surfaces with CO at the next near-
est top site on Au(111) and the nearest fcc site on Pd(111), as
shown in Fig. 1.

lll. RESULTS AND DISCUSSION

A. CO adsorption on X preadsorbed and charged
Au(111) surfaces

Electronegative species enhanced adsorption of CO on
the Au surface is a very extraordinary phenomenon different
from most TM surfaces. It is argued that NO, enhancement
may result from the two antiparallel molecular dipole
interactions.”> However, single electronegative ions such as
sulfur and oxygen also demonstrated enhancement of CO
adsorption, although no remarkable antiparallel dipoles asso-
ciated with the adatoms are expected. Meanwhile, one would
wonder what the situation will be if electropositive atoms
(such as sodium, Na) are introduced instead of the electrone-
gative adatoms. Will the positive Na be an attractive or re-
pulsive center to the CO adsorption? There were many stud-
ies about alkali metal promoted CO adsorption on TM
surfaces™ > in literature, and the alkali-enhanced synergic
charge transfer on CO adsorption can be described as d
—27"d, 50— 50d, where 27*d and 50d indicate covalent
mixed orbitals formed between metal d states and the CO
27 /50 states, respectively.58 This strengthens metal-CO
bonding and substantially weakens C-O bonds.”> However,
it is in sharp contrast to gold surfaces. The presence of Na
adatom will destabilize CO adsorption obviously at the next
nearest top site, while the common poisoners, such as S and
Cl, enhance CO adsorption (cf. Table I).

The adsorption energy of CO on Na preadsorbed
Au(111) is 0.08 eV versus 0.19 eV on clean Au(111). In
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TABLE 1. Adsorption energies, E,q (€V), C-O bond length, dc_o (A), and
stretching frequency, f (cm™"), of CO on Au and Pd(111) surfaces before and
after X adsorption, with models shown in Fig. 1. The subscript letters “t”
and “f” indicate adsorption sites atop (second nearest) and fcc (first nearest),
respectively.
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TABLE II. Adsorption energies, E,q (eV), C-O bond length, dc_q (A), and
stretching frequency, f (cm™), of CO on the charged Au® and Pd? surfaces
(6=2—, 1—, 1+, and 2+). Au’ and Pd° indicate the neutral metal surfaces.
The subscript letters “t” and “f” stand for adsorption sites atop and fcc,
respectively.

Ey dco f Ey dco Charge® f

System (eV) (A) (em™) System (eV) (A) (e) (cm™)
Au-CO, 0.19 1.15 2053 AuO—COI 0.19 1.15 —0.018 2053
Au-8+CO, 0.29 115 2088 Au'*-CO, 0.53 115 +0.013 2122
Au-Cl+CO, 0.30 1.15 2084 Auz*'—COl 0.87 1.15 +0.038 2143
Au-04+COy, 0.39 1.15 2077 Aul‘—COl 0.04 1.15 —0.055 2018
Au—Na;+CO, 0.08 1.16 1969 Pd"-CO; 2.04 1.19 —0.029 1760
Pd-CO¢ 2.04 1.19 1760 Pd'*-CO; 2.06 1.18 +0.009 1818
Pd-S;+CO¢ 1.68 1.19 1776 Pd2+_COf 2.12 1.18 +0.052 1861
Pd-Cls+CO¢ 1.81 1.19 1766 PdI’—COf 2.06 1.20 —0.067 1724
Pd—0O;+CO¢ 1.79 1.18 1818 Pd> —-CO; 2.10 1.21 —-0.104 1670
Pd—Na+CO; 231 122 1638

order to explain this unusual phenomenon, first, we treat the
coadsorbates as two monopoles. However, Bader’s® charge
analysis shows that Na and CO are charged with +0.992¢
and —0.094¢ (+1.766¢ on C and —1.861¢ on O), respectively.
Furthermore, in the structure of Na—CO coadsorption, we
find that CO tilted toward Na (C atom is away from Na,
while O is close to Na) with an angle of 163.9°, and the
O-Na distance is a little shorter than the C—Na distance,
3.53 A versus 3.66 A. In contrast, electronegative species
(such as S) show opposite results, not only for the aspect of
monopole interaction between the two adsorbates but also
for the tilting direction of CO.* The simple analysis from
electrostatic interactions indicates that Na should display an
attractive center, while electronegative species (S, Cl, and O)
display repulsive effects on CO adsorption. Clearly, it does
not agree with the actual results listed in Table 1.

From Table I, we note that CO adsorption is most en-
hanced on oxygen preadsorbed Au surface. To provide in-
sight into the Au—X interaction, we first plot the projected
density of states on d orbitals (d-PDOS) of Au atoms (before
CO adsorption) in O/Au and Na/Au configurations, as shown

3.0 T T T T T T
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251 Au-Na
-+ -+ Au-clean

20 -

15

PDOS

1.0

Energy(eV)

FIG. 2. d-PDOS of the Au atoms in clean Au, O/Au, and Na/Au. The Au
atoms employed here are those ready to bond with CO molecule. The Fermi
level (Ep) is set to zero.

“Bader charge analysis on clean Au and Pd surfaces.

in Fig. 2. It is clear that the d band of Au surface atom in
O/Au shifts up toward the Fermi level, while the d band of
Au in Na/Au shifts downward, with respect to that of clean
surface. The d band center has been widely regarded as an
activity measurement for metals in surface science and
catalysis.l’61 The closer the d band center (g,) is to the Fermi
level, the easier the charge transfer between the metal surface
and the adsorbates, and the higher the activity is. Fortunately,
this model can well explain our results—as the d band center
shifts up, the adsorption energy of CO increases. Namely, the
Au d band shifts upward (downward) to the Fermi level in-
duced by the electronegative (electropositive) atoms, and it
subsequently enhances (weakens) the CO adsorption on
Au(111).

The Bader analysis indicates that the charges of the Au
atoms at the CO adsorption site (before CO adsorption) are
+0.007¢ and —0.093e¢ on O/Au and Na/Au surfaces, respec-
tively, with remarkable changes to that on clean surface
(-=0.018¢). Meanwhile, we note that Au atom would become
more positively charged as it becomes less coordinated from
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FIG. 3. CO adsorption energies, E,q (€V), vs net charge (upper panel) and d
band center (lower panel) of Au atoms ready to bond with CO. Since the
effects of O and Na on CO adsorption are the most remarkable, as seen in
Table I, only O and Na preadsorbed Au are depicted in the upper panel and
emphasized through blue solid circles.
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FIG. 4. PDOS of CO adsorbed on Na/Au (a), clean Au (b), S/Au (c), and Au’ surfaces (6=1—, 1+, and 2+) [(d) and (e)]. The Au atoms employed here are

those that bond to CO. The Fermi level (Ey) is set to zero.

Au(111) to Au kinks, with its electron depletion from the s/p
levels mainly.19 That is, its d band filling is kept constant
with a corresponding shift of its d band center when the
environment of Au atom changes. This provides us a hint
that the effects of X (X=0, S, Cl, and Na) on CO adsorption
may be dominated by the charge transfer between pread-
sorbed atoms and nearby Au atoms, which introduces a shift
of Au d band upward or downward relative to the Fermi
level, respectively. To verify it, we performed a systematic
calculation of CO adsorption on charged Au’(111) surface,
in which & equals 1—, 1+, and 2+, meaning to add one to or
remove one or two electrons from the neutral clean Au(111)
surface per supercell, respectively. The results are listed in
Table II. In literature, similar net charge approach by adding
electrons to flat surfaces has been used to study the charge

effects of oxygen adsorption on Au(111) surface.” Here, the
convergence of net charge approach on CO adsorption on
Au(111) surface is carefully tested and further details could
be found in the Appendix.

It is obvious that CO adsorption on Au'* and Au** (111)
is much stronger than that on Au'~ and Au neutral surfaces.
The more positive the polarization of the surface is, the
higher adsorption energy of CO will be. Here, one may as-
cribe that to the interactions between CO dipole and charged
surface dipole. However, the dipole interaction is actually
repulsive, noting that C atom accumulates positive charge
and O accumulates negative charge in CO dipole, and that
CO is upright and coordinated via C atom rather than O atom
to the substrates. To get an insight into the net charge effect,
CO adsorption energies versus net charge and d band center
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FIG. 5. d-PDOS of the Pd atoms in clean Pd: Na/Pd (a) and S/Pd (b) before CO adsorption. The numbers “1,” “2,” and “3” with “Pd” stand for the first,
second, and third nearest neighbor relative to the adatoms (S and Na), respectively. The Fermi level (Ej) is set to zero.

of Au atoms are depicted in Fig. 3. As expected, it illustrates
that the d bands of Au shift up toward the Fermi level as the
positive charge increases. This can well reproduce the results
of CO adsorption on Au—X surfaces. As for CO on Na pread-
sorbed Au(111) case, the great electrostatic attraction be-
tween polarized Na and O stabilizes CO adsorption. There-
fore, one can conclude that the extraordinary stabilization by
electronegative species and destabilization by electropositive
species on CO adsorption on Au(111) mainly result from the
Au surface charge effects, namely, negative charge weakens
CO adsorption, while positive charge strengthens CO adsorp-
tion, as seen in Table II and Fig. 3.

Figure 4 depicts PDOS of CO on S and Na preadsorbed,
charged (both positively and negatively), and neutral Au sur-
faces to further investigate the effects of X and charge on CO
adsorption on Au(111) surface. It can be seen that in the
upper panels [(a)—(c)], the shape of Au—CO overlap peaks
remains almost the same, while the position of these peaks
shifts toward or away from E slightly due to the presence of
Na and S. Na donates its s electron to Au substrate and shifts
Au d and CO molecular levels down, leading to a greater
occupation in CO antibonding states 277" and subsequently
weakens C-O bond with respect to that on clean Au. The
C-O bond length and frequency changes accordingly, from
1.16 A and 1969 cm™ to 1.15 A and 2053 cm™. Sulfur,
though, shifting these levels up with respect to Ep, results in
lower electron occupation in Co 277" and thus strengthens
C-O bond, 2088 cm™' (cf. Table I). Effects of S on CO
adsorption on Au(111) can be enlarged on positively charged
Au(111) surfaces, shown in the lower panels [(d)—(f)] in Fig.
4. Tt is obvious that all the CO levels move upward further
with respect to E on positively charged Au(111) surfaces,
thus CO 27" are further emptied and the stretching frequen-
cies of C—O on the two positively charged Au surfaces show
further blueshifts, 2122 and 2143 cm™!, respectively. From

Fig. 4, it can also be concluded that stabilizing CO on Au
with electronegative species results from a higher d band
with respect to the Fermi level induced by the charge transfer
from Au substrate to the electronegative species.

B. CO adsorption on X preadsorbed and charged
Pd(111) surfaces

For a comparison, analogous calculations on Pd(111)
surface are conducted. As expected, the presence of Na, like
K and Cs on other TM surface:s,SS_57’59 does stabilize CO
adsorption, while the electronegative species weakens CO
adsorption on the Pd surface. The calculated results are listed
in Table 1.

The promotional effect of Na on CO adsorption is evi-
dent. The C-O bond length is elongated and the vibration
analysis exhibits a redshift on Na preadsorbed Pd surface
with respect to that on the clean Pd surface. On electronega-
tive atom preadsorbed Pd surface, however, it is shown that
the poisoning effects are not only to weaken CO adsorption
but also to strength C—O bond, which will be against the
CO-related reactions. Figure 5 shows the difference between
the Pd surface preadsorbed with Na and S. It can be seen that
the adsorbed Na on Pd will donate its s electron to Pd sub-
strate, but does not influence Pd d band much, as shown in
Fig. 5(a). This can no longer be understood through the d
band model. We note that once CO adsorbed on Na pread-
sorbed Pd surface, Na atom will further be ionized, therefore
inducing more charge transfer from Na through Pd substrate
to the CO lowest unoccupied molecular orbital (LUMO) 27"
orbital (not shown in Fig. 5). Upon CO adsorption, Na will
be lifted by 0.13 A, and the distance between Na and O turns
out to be only 2.49 A, while the net charges of Na and O are
+0.996¢ and —2.005¢, respectively. Besides, the presence of
Na shifts the CO levels downward relative to E, leading to
a further occupation of CO 27", These effects are respon-
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FIG. 6. (a) d-PDOS of the Pd atoms in charged and neutral Pd surfaces (Pd'~, Pd’, and Pd**) before CO adsorption. [(b)-(d)] PDOS of CO adsorption on Pd
surfaces. The Pd atoms employed in the lower panels are those that bond to the CO molecule. The Fermi level (Ej) is set to zero.

sible for the weakening of C—O bond and strengthening of
CO-Pd bond.”®% In contrast, in Fig. 5(b), a distinct overlap-
ping between S p and PD d could be found —5.2 eV below
Ep, suggesting a strong covalent bond between S and Pd
substrates. This can substantially increase the d band width,
lower Pd d band center, and reduce DOS near the Fermi
level. Different from the Na effects, the S effects on Pd can
be extended to the third nearest Pd atoms.*

CO adsorption at the adjacent fcc site of Na atom on the
preadsorbed Au(111) surface is also studied to compare with
that on Pd surface. It is found that CO adsorption is slightly

enhanced by the preadsorbed Na with respect to that on the
clean Au(111), 0.22 eV versus 0.15 €V, in line with that of
the Na case on Pd(111). Additionally, upon CO adsorption,
Na will be lifted by ~0.10 A, and the distance between Na
and O is shorter than that of Na and C by 0.37 A, suggesting
that the great electrostatic attraction prevails the negative po-
larization effect on the Na preadsorbed Au surface. Of note,
at the same fcc site on the negatively charged Au'~ surface,
E,q of CO is found to be smaller than that on Au neutral
surface, 0.10 eV versus 0.15 eV. It indicates that the conclu-
sion drawn in Sec. IIT A is still valid. On the Na preadsorbed
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Pd(111), however, CO adsorption on the top of the second
neighbor Pd atom is slightly decreased, 1.40 eV versus 1.43
eV on clean Pd(111). Given the attraction between Na and O,
this is similar to that on Na preadsorbed Au surface. More-
over, on both metal surfaces, a similar short-range interaction
between Na and CO is observed, in agreement with the re-
cent experimental study.64

CO adsorption on charged Pd’(111) surfaces, with & of
2—, 1—, 1+, and 2+, is calculated, and the results are listed
in Table II. However, unlike that on Au(111) surface, both
negative and positive charging hardly affect the CO adsorp-
tion energy (within 0.1 eV) on the Pd(111) surface. Negative
charging can further weaken C-O, while positive charging
strengthens the molecular bond. Consequently, negatively
polarized Pd surface may reduce the barrier of CO dissocia-
tion, showing higher reactivity with respect to the neutral
Pd(111) surface. To understand charging effects on Pd sur-
face atoms and CO adsorption, the d-PDOS of Pd atoms in
neutral and charged surfaces are plotted in Fig. 6. However,
d band of Pd surface atoms are hardly influenced by the net
charge. The weakened and strengthened C—O bond may be
attributed to the dramatic increase (decrease) of occupation
in its 277" caused by the negative (positive) charges. All these
results are in good agreement with those shown in alkali
preadsorbed surfaces,” suggesting that alkali-induced en-
hancement of CO dissociation may lie in surface negative
polarization. Thus, we suggest that some other potential
methods can be adopted to negatively polarize Pd surface, as
alkali metal does, to enhance its reactivity toward CO and
additionally avoid CO blocking effect®® and the formation of
carbonates™ during the process of CO oxidation on alkali
metal atom preadsorbed Pd surface.

In fact, charge effects on CO adsorption on Pd are
mainly reflected by the shift of CO levels, shown in Figs.
6(b)—6(d). The negative charge shifts these levels downward,
while the positive charge raises them toward the Fermi level,
especially for the CO bonding state 5o It is clear that So and
17 levels can be distinguished easily from each other on the
negatively charged Pd(111) surface,, while on Pd?* surface,
the 50 state of CO shifts up and almost overlaps with the 17
state. Since the 50 state is the HOMO of CO, it will be the
first to be affected by the positive polarization of Pd surface
and thus displays the most remarkable shift. It can be ex-
pected that the So level of CO may be further raised toward
Er if Pd surface is further positively polarized.

C. CO adsorption on X preadsorbed Ag and Cu(111)
surfaces

Intuitively, analogous studies have been carried out on
the other two noble metal (Ag and Cu) surfaces in order to
get a deeper understanding of the extraordinary phenomenon
on Au surface. We note that it has already been reported that
Cl can enhance CO adsorption on Ag(111) surface™ and S
introduces a long-range modification to the local density of
states (LDOS) of Cu.*® In the S/Cu case, C—Cu bond is af-
fected by the S-induced LDOS minimum at the second near-
est neighbor (NN) adsorption sites and LDOS maximum at
the third NN sites. Therefore, CO adsorption at the second
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TABLE III. Adsorption energies of CO, E,q (eV), on Ag and Cu(111) sur-
face before and after X adsorption. The subscript letter “t” and “f” indicate
adsorption sites, atop and fcc, and “1” and “2” stand for the second and third
nearest metal atoms with respect to X, respectively.

Ead
System (eV)
Ag—CO, 0.1
Ag—S,-CO, 0.25
Ag—S,-CO, 0.20
Ag—Cl—CO,, 0.22
Ag—Cl,—CO, 0.2
Ag-0;-CO,, 0.29
Ag—0;~CO,, 0.22
Ag—Na;—COy 0.05
Ag—Na—CO, 0.05
Cu-CoO, 0.69
Cu-S,-CO,, 0.66
Cu-8,-CO, 0.71
Cu-Cl,—-CO,, 0.69
Cu-Cl,-CO,, 0.74
Cu-0,-CO,, 0.75
Cu-0;~CO, 0.73
Cu-Na,—CO,, 0.62
Cu-Na—CO,, 0.62

and third NN atop sites relative to preadsorbed X is consid-
ered, and the results are listed in Table III. It indicates that
the electronegative species (S, Cl, and O) can stabilize CO
adsorption on Ag(111) surface, as observed on Au(111). Fur-
thermore, on both Au and Ag(111) surfaces, the most obvi-
ous stabilization occurs on O preadsorbed surfaces. How-
ever, the situation on Cu(111) surface is between those on Au
and Pd surfaces. CO adsorption is stabilized on O pread-
sorbed Cu(111) surface, while it is weakened/enhanced at the
second/third nearest atop sites on S preadsorbed surface.

D. Further discussion

We have learned that the coadsorption effect on CO ad-
sorption is comparable with that on Au and Ag surfaces,
while it is in sharp contrast to that on Pd surface. In the case
of Cu surface, the effects are just between those on Au and
Pd. This can be understood through the d band features of
each metal, as illustrated in Fig. 7. The d bands of both Au
and Ag are buried deep below Ep, and DOS at Ej is ex-
tremely narrow, while the d bands of traditional TM (such as
Pd and Pt) surfaces related to their high activity are often
extended to the Fermi level, which pushes up the DOS at E.
Due to the high DOS at Ep, a tiny charge introduced by the
preadsorbed atoms can hardly shift their d band centers, ex-
emplified by the case of Na adsorption on Pd(111) surface
[cf. Fig. 5(a)] and those of charged Pd surfaces [cf. Fig.
6(a)]. When adsorbing electronegative species, such as S and
O, these metals form very strong covalent bonds with adsor-
bates through their d bands. Then the d band center shifts
down evidently, its width increase accordingly, and mean-
while, the DOS at the Fermi level decreases. That is the
negative or poisoning effect®®**> on TM surfaces, as seen in
Fig. 7(a). The negative effects dominate and therefore
weaken subsequent CO adsorption.
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FIG. 7. Sketch of metal d band changes after S, CI, and O adsorption on TM
(a) and on Au or Ag (b). In Au and Ag, the center of d band is shifted up
since the charge effects dominate over the poisoning effects, while the poi-
soning effects prevail on TM. The blue areas indicate the induced charge
effects.

On the other hand, noble metals (e.g., Au and Ag) have a
narrow DOS at Ep generally due to their d bands buried
below Ey. Thus, a tiny charge introduced by the preadsorbed
atoms could result in a remarkable shift of the d band relative
to Er and influence the subsequent CO adsorption signifi-
cantly. Meanwhile, when electronegative species adsorbed
on Au or Ag, their impacts on the appearance of metal d
bands are not remarkable, while charge effects induced by
them, instead, turn to be significant since DOS at Ey. is very
narrow [cf. Fig. 7(b)]. In other words, on Au or Ag surfaces,
electronegative species induced charge effects surpass the
negative effects commonly observed on TM surfaces, and
thus CO adsorption is enhanced subsequently.

Finally, it should be noted that all shifts of d band men-
tioned in this article are relative to the Fermi level. They are
not the real shifts of d level, but are more likely the shifts of
the Fermi level induced by X or charging effects, and result
in relative upward and downward movements of metal d
bands. Here, we use the shifts of metal d bands directly just
for convenience.

IV. CONCLUSION

Extensive DFT calculations of CO adsorption on X (X
=0, S, Cl, and Na) preadsorbed and charged Au and Pd
surfaces have been carried out and further calculations about
CO and X coadsorption on the other two noble metal sur-
faces are also presented in order to understand the extraordi-
nary enhancement of CO adsorption by electronegative spe-
cies on Au. We conclude the following.

(i) Adsorbed electronegative adatoms or positive charg-
ing effects shift Au d band up, while adsorbed Na and
negative charging effects shift Au d band down, and
subsequently affects CO adsorption. The more posi-
tive the Au atom is, the higher its d band is relative to
the Fermi level, and the stronger CO adsorption will
be, in good agreement with those of CO adsorption on
X preadsorbed Au(111) surfaces. However, the nega-
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tive or positive charging effects on Pd surface have
little influence on the d bands of its surface atoms and
the CO adsorption.

(i)  The d bands of Au/Ag are very deep, and thus they
will almost remain intact after X adsorption. The nar-
row DOS at Ey remarkably enhances the X-induced
charge effects on the position of d bands. In Au/Ag,
electronegative species induced charge effects domi-
nate over the negative effects commonly observed on
TM surfaces, and therefore enhance CO adsorption
accordingly.
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APPENDIX: CONVERGE TEST FOR CO ADSORPTION
ON CHARGED AU SURFACES

Convergence tests have been carried out for CO adsorp-
tion on charged Au surfaces with regard to the layers in the
slab used in the calculations, given the electrostatic effects
on metals. The (1 X 1) supercell, namely, with CO coverage
of 1 ML and an 11X 11 X 1 k-point mesh, is used in the test.

S
C2
o
o
':g 0.04 | Au”(111) (5=0.222)
Supercell=(1x1)
0-00 I K-points=(11x11x1)
0.04 - _ o o o e e e e e e e e o
7 8 9 10 11 12 13 14 15 16 17 18 19
=
C2
o]
1)
sh
&

0.05 0.10 0.15 0.20 0.25 0.30

Surface net charge (g)

FIG. 8. (a) Converge test of CO adsorption on the Au surface with a charge
of +0.222¢, with respect to the number of layers in the substrate; with
dashed line showing the adsorption energy of CO on neutral Au(111) with
the same coverage. (b) CO adsorption energy as a function of the surface net
charge with a 17-layer slab model.
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In order to decouple the consecutive slabs, a vacuum space
with 20 A is used. Slabs are modeled with symmetric slab
geometry structures, and CO molecules are placed on both
sides of the slabs. These slabs with different layers are all
polarized by +0.222¢. The dependence of CO adsorption on
charged Au surface on layers is presented in Fig. 8(a). It can
be seen that the adsorption energy of CO on the charged Au
surfaces converges completely at the substrate of 17 layers,
and the adsorption is obviously stronger than that on neutral
Au surface.

We also calculated CO adsorption energy as a function
of surface net charge. According to the above test, we used
the (1 X 1) supercell with 17-layer symmetric slab geometry
separated by 20 A of vacuum space. The slabs are succes-
sively polarized with charges of +0.222¢, +0.444¢, +0.667¢,
+0.889¢, +1.111e, +1.333¢, +1.556¢, +1.778e, and +2.000e.
An 11X 11X 1 k-point mesh is used, and CO is placed on
both sides of these charged slabs to eliminate the dipole mo-
ment effects. The position of the central nine layers is fixed.
The results are plotted in Fig. 8(b). It is clear that CO ad-
sorption is nearly linearly dependent on the surface net
charge, in good agreement with those shown in Fig. 3. This
implicates that the more positive the Au atom is, the higher
its d band is relative to the Fermi level, and the stronger CO
adsorption will be.
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In the original version of the article,' some figure legends are missing in Figs. 4(a)—4(c), and therefore, Fig. 4 should be
updated to the revised version as follows:
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