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NO co-adsorption with X (X = Na, O, S, and CI) on Au and Pd(111) surfaces is studied using
density functional theory (DFT) calculations to get a deeper insight into the extraordinary sulfur
enhanced adsorption on the Au surface. It is found that both electronegative and electropositive
adatoms can enhance NO adsorption on Au(111). In Na + NO/Au(111), the strong electrostatic
attraction between Na and NO dominates and stabilizes NO adsorption, though Na-induced
surface negative charging weakens NO adsorption. In (O, S, Cl) + NO/Au, the electronegative
atoms would induce a slight surface distortion and enhance NO adsorption accordingly. NO
adsorption on Pd(111) is enhanced by Na, but weakened by electronegative species. We suggest
that the unique features of noble metals, i.e., the narrow DOS at the Fermi level (Eg) and the deep
buried d-band center, should play an important role in the promotion of NO adsorption on their
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surface as the CO case.

1. Introduction

Nitrogen oxide species, NO,, similar to carbon oxides, are
common toxic air pollutants resulting from fossil fuel combustion.
The conversion of NO, to environmentally friendly gas is one
of the most important processes in industry. In pursuit of new
converters with more efficient catalytic reactivity, extensive
efforts have been carried out to explore NO adsorption and
dissociation on metal surfaces both experimentally'™ and
theoretically,*® and significant progress has been achieved.
It has been found that top-site NO adsorption prefers to tilt
away from the normal direction on transition metals (TMs)
and noble metals with high d-band filling, while perpendicular
top-site NO adsorption is more favorable® on TMs with low
d-band filling. Meanwhile, due to the partial occupation in the
anti-bonding 2r* level, NO dissociation energy is 630 kJ mol ™',
which is much lower than that of CO (1076 kJ mol ™! in gas
phase®). As a result, NO dissociation more readily occurs on
the metal surfaces. It has been concluded that dissociative
adsorption of NO is dominant on the surfaces of TMs with
incomplete d-band filling, while molecular adsorption is more
favorable on noble metal surfaces (e.g., Pd and Pt).’

Gold (Au), once the noblest metal,” has recently earned a
reputation as a potential green catalyst'®!'! due to its unexpectedly
high catalytic performances, particularly the high catalytic
selectivity'>'® observed in well dispersed gold nanoparticles
on reducible metal oxide supports. It is generally accepted that
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the low-coordinated sites may play a key role!”2? for the high
reactivity. Other factors, such as support interactions®>** and
charge transfer,>>?® may be also important. In addition, recent
studies indicated that sulfur (S) containing species on Au
surfaces can also exert several unexpected positive effects.
For example, the presence of S could stabilize subsequent
CO adsorption®”?® and lower the H,O dissociation barrier on
Au(111).% It has been observed that room-temperature CO
oxidation on Au/TiO, can be dramatically enhanced by the
additive of sulfate ions.>* The high catalytic performances
along with the extraordinary novel phenomena greatly distinguish
Au-based catalysts from other traditional TM catalysts.
Residual S containing species (often found as impurities in
petroleum-derived chemical feedstocks and synthesis gas as
well as automobile exhaust gas) have remarkably negative
effects on the performance of the conventional catalysts.*!- It
deactivates these catalysts after long-term operation, and
causes considerable financial loss in the petrochemical and
automobile industries.*® Therefore, it is of significant importance
to understand the interactions between S and reactive
molecules, i.e. CO and NO. Co-adsorption of CO and S on
metal surfaces has been well studied experimentally®*3® and
theoretically?®**#! on either mono- or bi-metal surfaces and a
consensus has been reached that the poisoning effects of S on
CO generally show a combination of steric (or structural)
effects and electronic effects. Unfortunately, such knowledge is
still rather limited on a microscopic level, especially for NO.
The interactions among different co-adsorbates on metal
surfaces play an important role in heterogencous catalysis
because these may prefer/exclude a certain reaction pathway
and give rise to a co-adsorption complex, which can either be a
“promoter”?**** enhancing the reactivity and controlling
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the selectivity, or act as a “poisoner”>***® that reduces or

even quenches the reaction rate adversely. These interactions
may originate from different factors: direct overlap of
wave functions, induced nonlocal dipole—dipole electrostatic
interactions, indirect substrate metal d-bands, or a combination
of several factors.** In our previous study of CO + X
co-adsorption on Au,> we found that the pre-covered species
(Na, O, S and Cl) induced charge effects that can shift the Au
d-band upwards/downwards relative to the Fermi-level (EF),
stabilizing/destabilizing subsequent CO adsorption, respectively.
NO is another common toxic air-pollutant besides CO. Are
there any similar phenomena for NO co-adsorption compared
to CO? Moreover, are there any common mechanisms that can
be extended to X + NO/Au co-adsorption systems? Aiming at
these two issues, we present extensive density functional theory
(DFT) calculations to comparatively study NO adsorption on
X pre-covered Au and Pd surfaces, in order to give an insight
into the fundamental issues involved in heterogeneous catalysis
and surface science.

2. Computational details

This work is conducted by the Vienna Ab initio Simulation
Package (VASP)’!>* with the frozen-core projector-augmented-
wave (PAW) method.’>*® The Perdew Wang (PW91) generalized
gradient approximation (GGA)*"*® functional is employed for
the exchange—correlation energy. All the surfaces are modeled
with a S-layer slab with a vacuum thickness of 15 A. The
adsorbed species are put on one side of the slab.’ The three
uppermost layers are fully relaxed, while the two bottommost
layers are fixed at their bulk structure with the previous
optimized bulk lattice constants, 4.18 A for Au and 3.96 A
for Pd.>® A 3 x 3 supercell is used to simulate S as well as other
adatoms X (X = Na, O, S and Cl) and NO co-adsorption on
Au(111) and Pd(111) surfaces (shown in Fig. 1). A cutoff
energy of 500 eV and a Monkhorst-Pack K-point sampling of

©

5 x 5 x 1 for each 3 x 3 surface unit cell are employed. The
calculations, especially in the co-adsorption systems, are well
converged with regard to energy cutoff and the K-point
sampling. Higher values of energy cutoff (600 eV) and K-point
sampling (7 x 7 x 1) vary the NO adsorption energy on S
pre-adsorbed Au(111) less than 5 meV. The residual forces of
each relaxed ion are less than 0.03 eV A~'. The frequencies are
calculated with the fixed substrates and X, while only NO is
allowed to vibrate in any direction at a displacement of 0.02 A.
The Wigner—Seitz radii for each element are /™" = 1.503 A,
PP = 1434 A, N = 1757 A, 0 = 0.82 A, 5 = 1.164 A,
=111 A N = 0741 A, respectively, for the projected
density of states (PDOS) calculations. The positions of the
d-band centers are calculated only considering the occupied
states.

The co-adsorption energy of NO on X pre-adsorbed metal
surfaces is defined as:

E.q = —(Enox-m — Exm — Eno)s (D

Enox-m» Exym. and Eno are the energies of NO and X
co-adsorbed on metal (M = Au and Pd) surfaces, X pre-adsorbed
on metal surfaces, and NO molecule in the gas phase,
respectively.

In order to straighten out the interactions between X and
NO on the two surfaces, the charge density differences in
selected co-adsorption systems are depicted. Here, the charge
density difference is calculated as

Ap = PX+NOM(111) — PX/M(111) — PNo/MI1D T Pmarn (@)

where PX+NO/M(111)> PX/M(111)> PNO/M(111)s and Pm1ry are the
total charge densities of X + NO/M(111), X/M(111),
NO/M(111), and the clean metal surfaces, respectively. The
atom positions in each isolated system are identical to those in
X + NO/M(111).

()

Fig. 1 (a), (b): Co-adsorption of NO and X on Au(111); (c): co-adsorption of NO and X on Pd(111). The letters t, b, f and h stand for atop,
bridge, fcc and hep sites, respectively, while 1, 2, and 3 indicate the first, second and third nearest site relative to the adatom X, respectively.
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3. Results and discussions
3.1 NO adsorption on clean Au and Pd(111) surfaces

We investigated NO adsorption on the two prototype metal
surfaces as a starting point, and the results are listed in
Table 1. On Au(111), the most energetically favorable site is
atop, not fcc, suggesting that the d-band filling may be an
important factor but not the dominant one in NO adsorption
on Au(111).® NO prefers the fcc site on the Pd(111) surface,
while bridge site adsorption is unstable since NO would relax
spontaneously to the nearby fcc sites as those on Pt(111).5%¢!
The stretching frequencies of NO adsorption on the two metal
surfaces are also calculated. On each metal surface, increasing
coordination from atop to fcc weakens the N-O bond strength
gradually, consistent with the change in the N-O bond length.
This is because NO mn-orbitals are more readily able to
hybridize with TM d,. ,.. states for NO at hollow sites. Charge
transfer from metal to NO n-orbitals is facilitated, and therefore
a more evident softening of N-O bond strength is found.® In
addition, the N-O axis is tilting away from the surface normal
direction at the top sites while perpendicular to the surface at
the other adsorption sites on the two metal surfaces. These
results are in good agreement with previous studies.>%60:62

3.2 NO adsorption on S pre-covered Au and Pd(111) surfaces

In S + NO/Au(111), the co-adsorption is modeled with S at
an fcc hollow site and NO at various trial sites based on our
previous study®® [¢f. Fig. 1(a)]. NO adsorption at t1, bl and hl
are extremely unstable, and would relax spontaneously to the
nearby sites. NO adsorption at the second nearest atop
site (t2) on Au(111) is modeled with the N-O axis tilted away
from S (labeled as Au-S;+NO,,") and towards S (labeled as
Au-S; + NO,,°) [cf. Fig. 1(a) and (b)] according to the results
of NO adsorption on clean Au(111). On Pd(111), three
different hollow sites (f1, h2, and f2) with respect to S are
taken into account for NO while S is located at fcc, Fig. 1(c),
allowing for the simulation for the long-range effect of S on
the Pd surface.

It can be seen that the most energetically favorable
configuration is NO at t2 site [¢f. Fig. 1(a)] with its O portion
away from the pre-adsorbed S atom. Meanwhile, the presence
of S can stabilize NO adsorption in both Au-S; + NO," and
Au-S; + NO,®, 0.54 and 0.39 eV, respectively, vs. 0.33 eV on
clean Au(111). The smaller increase of NO adsorption energy

Table 1 Adsorption energies, E,q, N-O bond lengths, dn_o, and
stretching frequencies, f, of NO on Au and Pd(111). The experimental
value in the gas phase is also listed in the brackets

Site Eq@V)  dvo(d)  flem™)
Gas phase — — 1.17 1905 [1903]“
Au(111) Top 0.33 1.17 1742
Bridge 0.19 1.19 1641
fec 0.20 1.20 1571
hep 0.13 1.19 1599
Pd(111) Top 1.52 1.18 1731
Bridge — — —
fec 2.35 1.21 1545
hep 2.30 1.21 1560
“ Ref. 79.

Table 2 Adsorption energies, E,4, bond lengths of N-O, dn o, angle
between the N-O axis and the normal direction of the metal surfaces,
o, Nno, and stretching frequencies, f, for NO adsorption on S
pre-covered Au and Pd(111). The subscript letters and numbers are
defined in Fig. 1

System Eq (eV) dno(A) aino () flem™h)
Au-S; + NOp* 0.54 1.17 42.0 1751
Au-S; + NOtzb 0.39 1.17 44.9 1747
AuS; + NOw,  —001 118 1.7 —
Au-S; + NOp; 0.21 1.18 11.7 1661
Au-S; + NOy 0.20 1.18 5.7 1638
Au-S; + NOy;  0.17 1.19 0.4 1622
Au-S; + NOp 0.13 1.20 0.3 1575
Au-S; + NOg 0.39 1.17 46.7 1741
Pd-S; + NOy 2.01 1.21 5.3 1561
Pd-S; + NOy3 2.30 1.21 0.3 1568
Pd-S; + NOp, 2.35 1.21 0.6 1562

in Au-S; + NO,,° is expected to be the result of a larger
repulsion between O and S atoms than that in Au-S; + NOp*.
On Pd(111), the presence of S drastically weakens the nearby
NO adsorption. However, the destabilization of S on NO is
rather local (¢f. Table 2) in comparison with that on CO.*
Meanwhile, the calculated N-O stretching frequencies on both
S pre-covered metal surfaces are all blue-shifted with respect to
those on the clean surfaces, especially for NO adsorption at h2
and f2 sites on S/Pd surface. This indicates that S poisoning is
still a long-range effect though the N-Pd bond is affected
locally by S. The existence of sulfur depletes surface active
electrons even at the nonadjacent sites.* This is against charge
transfer from substrates to NO 2n* anti-bonding states,*® and
consequently N—-O bond is less weakened with respect to that
on the clean surface.

3.3 X adsorption on Au and Pd(111) surfaces

Before investigating the effects of X on NO adsorption, the
properties of X adsorption are calculated. The most energetically
preferred sites for O, S and Cl on the two surfaces are all fcc,
while for Na, the three-fold hollow sites (fcc and hcp) are more
energetically favorable and degenerate. Therefore, only the
results of X at fcc are listed in Table 3. It is clear that the
adsorption energies are in an increasing series of Na < Cl <
O < S on both surfaces. Bader charge analysis® suggests that
Na will donate its valence electron to TM surfaces once
it adsorbs on the surfaces, a clear indication of an ionic
characteristic.** For the three electronegative adatoms, the
strongest bonded atom is sulfur, verifying that to remove S
from the surface is hard once the surface is poisoned by S.

Table 3 Adsorption energies, E,q4, bond lengths of M-X (M = Au
and Pd), dy_x, and Bader charge analysis on X adatoms on M(111)
surfaces

X E.q (eV) dvix Charge (e)
Au-X-fcc Na 2.27 2.942 +0.993

(0] 3.40 2.144 —0.787

S 3.63 2.409 —0.358

Cl 2.40 2.674 —0.408
Pd-X-fec Na 2.51 2.884 +0.990

(0] 4.75 2.005 —0.793

S 5.04 2.251 —0.230

Cl 3.19 2.455 —0.404
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O atom accumulates the most electrons, manifesting the most
ionic characteristics. The S atom accepts the least electrons,
displaying the most covalent feature. The charge difference
may result from their corresponding Pauling’s electronegativity:
O (3.44) > Cl (3.16) > S (2.58). The calculated adsorption
energies and bond lengths of O, S, and Cl on the two
metal surfaces agree well with previous experimental®® 7"
and theoretical studies.”®"'" 7

3.4 NO adsorption on X pre-covered Au and Pd(111) surfaces

It has been observed above that S can enhance NO adsorption
on Au(111). Then, can the observation extend to other NO
co-adsorption systems? If the answer is yes, is there any
difference between NO and CO? We have subsequently studied
NO adsorption on Na, O and Cl pre-covered Au surfaces to
clarify these questions. Analogous calculations on Pd(111) are
also conducted for comparison. The co-adsorption of
X + NO on the two surfaces is intuitively modeled with
X at an fcc hollow site on both surfaces and NO at t2 (f1) on
Au (Pd) according to the results of NO + S/Au(111) and
NO + S/Pd(111). Similarly, the two tilting directions of N-O
are all taken into account for X + NO/Au(111), i.e., tilting
away from X (Au-X; + NOy") and towards X (Au-X; +
NO,,"), as shown in Fig. 1. NO adsorption on charged
metal substrates has also been calculated, and the results are
tabulated in Table 5. It is found that positively/negatively
charged Au(l11) also stabilizes/destabilizes NO adsorption
due to the charge effects,>® while the charge effect does not
exert much influence on NO adsorption on Pd(111). Convergence
for NO adsorption on charged Au surfaces has been carefully
tested with regard to the slab layers and vacuum thickness.”
Additionally, we have also checked NO adsorption with either
the N or O atom directly approaching Na. However, the
molecular adsorption is extremely unstable on both surfaces,
and the dissociative adsorption was not obtained, either. The
binding energies of Na atom with substrates and with a single
NO molecule are comparatively calculated to ascertain the
mechanism. The binding energies are 2.27 and 2.51 eV for Na
on Au and Pd, respectively, which are much larger than with a
single NO molecule, 0.96 eV. This indicates that the Na

adatom is still prone to bonding with the substrate rather
than with NO molecule directly as NO is introduced to the Na
pre-adsorbed systems.

3.4.1 NO interaction with X on Au(111) surfaces. Contrary
to the destabilization effect of Na in the Na + CO/Au
system,” Na plays a promotional role in Na + NOJAu,
stabilizing neighboring NO adsorption. Bader® charge analysis
for Au-Na; + NOy° shows that Na and NO accumulates
positive and negative charges with Na containing + 1.000 and
NO —0.356¢ (+0.760¢ for N and —1.116¢ for O), respectively.
NO is tilting towards Na, with the angle between the normal of
the surface and N-O axis of 51.9°, which is larger than 47.5°,
that are on clean Au(111), facilitating the approach of O
towards Na. The O-Na distance is 2.17 A, much shorter than
that of N-Na, 2.43 A. These parameters are over 1 A shorter
than the corresponding values in Na + CO/Au where CO
adsorption is destabilized. Thus, one can expect a much
stronger Coulomb attraction between Na and NO than that
between Na and CO in the corresponding co-adsorption
system. Consequently, NO adsorption at t2 on Na/Au(111)
is enhanced due to the overall Coulomb attraction, despite
that the negative charge weakens NO adsorption, 0.21 eV vs.
0.33 eV on neutral Au(111).

From Table 4, it can be seen that all the studied electro-
negative adatoms can stabilize subsequent NO adsorption at
t2 site on Au. The most enhancement for NO adsorption is
found on S/Au(111), while for CO is on O/Au(111).%° As listed
in Table 3, the O adatom accumulates charges almost twice as
much as S does, and results in a more notable induced charge
effect. The calculated d-band center of Au atom bonded to NO
in O/Au(111) is higher than that in S/Au(111), —3.38 eV vs.
—3.43 eV. Here, a simple local d-band model fails to explain
the trend of NO adsorption on X/Au(111).

To explore the interactions between co-adsorbates on
Au(111), charge density difference plots of NO adsorption
on Na, O and S pre-covered Au surfaces in relatively stable
configuration are illustrated in Fig. 2. A charge difference plot
of Au-Na; + NO," is also presented in Fig. 2(b) to under-
stand the unlikely enhancement of NO adsorption since both
Na and N atoms are positively charged. The charge density

Table 4 Adsorption energies, E,q, structural parameters, and N-O bond stretching frequencies, f, Bader charge analysis on X, NO for NO

adsorption on X/Au(111) and X/Pd(111). Distances between X and N, dx_n; distances between X and O, dx_o; bond lengths of NO, dn_o. Only
structural parameters, frequencies and charges for relatively more stable co-adsorption configuration are listed. The subscript letters and numbers

are defined in Fig. 1

System Eoq (eV) dxn (A) dx o (A) dno (A) f(em™) Charge of X (e) Charge of NO (e)
Au-NO, 0.33 — — 1.17 1742 — —0.047
Au-Na, + NO,* 0.40 — — — — — —
Au-Na; + NO,® 0.44 3.29 2.43 1.21 1522 +1.000 —0.356
Au-O; + NOR* 0.45 3.19 4.28 1.17 1755 —0.803 —0.002
Au-O; + NO® 0.39 — — — — — —
Au-S; + NOL* 0.54 3.11 4.12 1.17 1751 —0.337 —0.020
Au-S; + NO® 0.39 — — — — — —
Au-Cl; + NO,* 0.40 3.10 4.09 1.17 1755 —0.407 —0.017
Au—Cl; + NO° 0.36 — — — — — —
Pd-NO; 2.34 — — 1.21 1545 — —0.491
Pd-Na; + NOy, 2.45 2.89 2.46 1.25 1366 +0.996 —0.731
Pd-O; + NO 2.08 3.11 3.45 1.21 1567 —0.812 —0.430
Pd-S; + NOy 2.01 3.26 3.49 1.21 1561 —0.286 —0.434
Pd-Cl; + NOy, 2.14 3.37 3.43 1.21 1564 —0.398 —0.418
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Table S Adsorption energies, E,q (¢V), N-O bond lengths, dn o (A)
for NO on charged Au® and Pd° surfaces (6 = 2—, 1—, 1+, and 2+),
and Bader charge analysis on the metal atoms bonded to NO. Au® and
Pd° indicate neutral metal surfaces. The subscript letters “t”” and “f”
stand for adsorption sites, atop and fcc, respectively

System E,q (eV) dneo (A) Charge (e)
Au’-NO, 0.33 1.17 —0.018
Au'T-NO, 0.65 1.16 +0.013
Au?T-NO, 1.04 1.14 +0.038
Au!"-NO, 0.21 1.19 —0.055
Pd’-NO; 2.34 1.21 —0.029
Pd!' *-NO; 2.45 1.20 +0.009
Pd?*-NO; 2.62 1.19 +0.052
Pd'~—NOy 2.30 1.22 —0.067
Pd* -NO; 2.29 1.23 —0.104

difference of NO on clean Au(111) is also shown as a reference.
For NO adsorption at the top site of clean Au(111), the Ix
states of NO are clearly split (not shown), in sharp contrast to
those on other TMs.® From charge density difference contours, it
is clear that electrons deplete in NO 5o and Au d.» states but
accumulate in NO 21* states and the bonding region between
NO and Au [¢f. Fig. 2(a)]. This shows that the interaction
between NO and Au also corresponds to the donation and
back-donation process.®® In Au—Na; + NOw" [¢f. Fig. 2(b)1],
electrons clearly accumulate in NO 2x* anti-bonding states.
This is responsible for the weakness of N-O bond strength.
The calculated NO stretching frequency is 1522 cm™',
220 cm™! less than that on the clean Au(111). Furthermore,
a pronounced polarization in NO 27* states can be observed
in O portion. Such a short distance of O-Na combined with
the induced polarization in the NO molecule suggests that the
jonic bonding trend between Na®" and O°~ seems to be more
dominant than the simple attractive interaction between Na® "
and the whole NO°~ molecule. In Au-Na; + NOy?, the
attraction between Na and NO still prevails. In the charge
difference contours [¢f. Fig. 2(b)], one can see that Na induces
a notable polarization at N portion in NO 2rn* states. In
addition, Na atom slightly approaches to NO with respect to
its original adsorption site (i.e. the ideal fcc site), indicative of
the attraction. The Na—Au bond lengths are all 2.94 A before
NO adsorption and change to 3.02, 2.96 and 2.96 A after NO
adsorption.

However, for NO co-adsorption with S and O, the situation
is more complex. The charge density difference plots show that
both S and O adatoms deplete charges in NO 2r* states,
demonstrated at the N portion. Thus, the stretching frequencies
of NO on S and O pre-covered Au(111) both experience a blue
shift (c¢f. Table 4). As for S and O atoms themselves, charge
depletion and accumulation can be seen in their p. and p. (p,)
orbitals, respectively, especially for O. By comparing the two
co-adsorption systems, one can see that more electrons are
accumulated at Au-d.» and the NO-Au bonding region in
S + NO, demonstrating a relatively indirect interaction
between S and NO through Au d-states. In O + NO, the N
atom approaches the neighboring O adatom, and charge
accumulation can be found between the adatom O and N
atom of NO. These features reveal a more direct interaction
between O and NO. Meanwhile, NO adsorption on positively
charged Au surfaces is still favorable with respect to that on

neutral Au surface. Briefly, there is not a general or dominant
factor accounting for all the NO stabilization on X pre-covered
Au surfaces, but it is rather case by case. For instance,
interactions via indirect metal d-bands dominate in S + NO/Au
and charged Au cases, while relatively direct electrostatic
attraction and bonding trend are found primary in
Na + NO/Au and O + NO/Au. The nature of the interactions
between NO and X is different from those between CO and X,
which will be further discussed in the final section.

3.4.2 NO interaction with X on Pd(111) surfaces. NO
co-adsorption with Na, O, and CI on Pd(111) is also studied
for comparison, and the adsorption configurations are shown
in Fig. 1(c). It can be seen that NO adsorption energy is
increased and decreased at the nearby f1 site on Na and O (Cl)
pre-adsorbed Pd(111), respectively. In order to explore the
effects of electronegative and electropositive species, the
PDOS (Fig. 3) and charge density difference plots (Fig. 4) of
these systems are compared, and the corresponding plot of
NO/Pd(111) is also shown for reference. The effect of electro-
negative adatoms is exemplified by NO adsorption on S/Pd
surface.

The PDOS [¢f. Fig. 3(d)] indicates the Na adatom shifts NO
2n* downwards, leading to a further occupation of NO 2n*,
thus weakening the N-O bond strength. The calculated bond
lengths and stretching frequencies are 1.25 A, 1366 cm™! and
1.21 A, 1545 cm ™! with and without Na, respectively. Meanwhile,
the presence of Na introduces a remarkable decrease in the
NO 56 and 1n molecular orbitals around —8 eV below Ef,
which hybridize with Pd d-states, suggesting that the NO and
Pd interaction is weakened. Nevertheless, the Na atom induces
a notable polarization in NO 2r* states, giving rise to a strong
electronegative attraction” between Na and NO, and therefore
enhancing NO adsorption. Such big polarization at the O
portion in the NO molecule also suggests that the ionic
bonding trend between Na®' with O%~ seems to be more
dominant than the simple attraction between Na®* and the whole
NO®~ molecule.

In contrast, the electronegative adatoms (O and Cl) still
destabilize NO adsorption as expected (c¢f. Table 4). In
S + NO/Pd(111), a tiny peak can be observed in the PDOS
of S atom around —8 eV below Eg, where NO 1 orbital
locates, implying a direct interaction between NO and S.
Meanwhile, the presence of S evidently decreases NO 5o
and 1n peaks. Apparent charge density depletions can
be observed in NO 2n* orbital and NO-Pd bonding region
[¢f- Fig. 4(c)] at the same time. The features are responsible
for the blue shift of N-O stretching mode and the decrease
of NO adsorption because NO and S bond directly to the
same Pd atom, resulting in a big repulsion due to the bonding
competition.

Finally, it is interesting to mention the charge variations of
X and NO before and after co-adsorption on both surfaces.
From Table 4, it can be seen that upon NO adsorption Na
atoms are further ionized, facilitating charge accumulation in
NO molecules, while O and S gain electrons further, depleting
electrons in NO with respect to that on clean surfaces. In
Cl + NO, Cl atoms lose more or less electrons while remarkable
depletion can also be found in NO molecules.
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3.4.3 Further explanation for the different behaviors of
X" + NO and X' + CO interaction on Au(111) (X' = O,
S and Cl). As shown above, the d-band center of O/Au is
higher than that of S/Au, yet the NO adsorption energy
experiences more increment on S/Au than on O/Au. Moreover,
it has been shown that the interactions between the electronegative
atom X' and NO are complicated without a general or dominant
contribution accounting for all the stabilization effects. As a
result, the simple local d-band model can not well describe the
trend of NO adsorption on X'/Au(111) since it neglects the

direct interactions between co-adsorbates. The behavior of
NO chemisorption on X'/Au, however, may be understood
through the bond order conservation (BOC) concept,®' in
which the total bond order of all interacting two-center bonds
is conserved and an overall consideration of various factors in
a many-body system is concerned. In X' + NO/Au systems,
we treat the group of the first (Aul), second (Au2) nearest Au
atoms relative to X' and the subsequent adsorbing NO as an
entity. According to BOC, the summation of bond order for
X"-Aul, Aul-Au2 and NO-Au2 bonds should be conserved
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in the X' + NO/Au(111). The Aul-Au2 bond strength can be
characterized by the vacancy formation energy (Ef*°)’® of
Au2 as well as the Aul-Au2 bond length to some extent.
Therefore, E*° of Au2 upon X' adsorption’” along with the
Aul-Au2 bond length in X'/Au(111) and clean Au(111) as
well as X/Pd(111) and Pd(111) are calculated.

Table 6 indicates that E* of Au2 in X'/Au increases
along S < O < Cl, suggesting that the bond order of
Aul-Au2 in S/Au is the weakest. Therefore, as predicted
by the BOC concept, the bond order of subsequent NO-Au2
should be the strongest. Our results show that NO adsorption
energy on S/Au is 0.54 eV, greater than that on O/Au,
Cl/Au and clean Au(111). At the meantime, the vacancy
formation energies of Au2 correspond well with the bond
lengths of Aul-Au2 variations. The longer the Aul-Au2
bond length is, the weaker the Aul-Au2 bond strength,
and vice versa. Therefore, the change of the bond length
of Aul-Au2 upon X' adsorption can be regarded as a
simple scoreboard of the effect on the adsorption strength of
NO on Au(111).

Instead, the d bands of Pd are often extended to the Ef,
which will push up the DOS at Ex*>° As a result, it will form
extremely strong covalent bonds with the pre-adsorbed
electronegative atoms through their d-bands, and the d-band
center shifts down evidently with its width increasing
accordingly and the DOS at the Er decrease substantially.
Despite the elongation of Pd1-Pd2 bond length by electro-
negative X', the poisoning effects still prevail, and thus weaken
NO adsorption. The low DOS at Eg and the deeply buried
d-band center of Au screen X' poisoning effects effectively.
Thus, X'-induced promoting effects become dominant and
stabilize NO adsorption.

Subsequently, we would like to compare NO and CO
adsorption on X'/Au. We pointed out that the extraordinary
S enhancement of CO adsorption originated from the induced
positive charge effects in a previous study.’® The more positive
the Au atom is, the higher its d-band is relative to Ef, and the
stronger CO adsorption will be. It was observed that the
increment of the CO adsorption energy decreases along
O > Cl > S. In the X" + NO/Au case, however, the order
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Table 6 Bond lengths between the first and the second nearest metal
atoms, dyii Mo, With respect to X on the two metal surfaces, and the
vacancy formation energies of M2, E;'*°. The vacancy formation
energy is calculated as Ef'™ = Eyoc + Epuik — Esurface» Where Eyqe,
Epuk, and Eg e are the total energy of the surface with vacancy, the
bulk metal atom, and metal (111) with and without O, S and Cl,
respectively

System dyit w2 (A) Ef™ (eV)
Au—Clean-surface 2.953 0.66
Au-O-fcc 2.987 0.41
Au-S-fec 2.993 0.36
Au—Cl-fcc 2.979 0.44
Pd—Clean-surface 2.800 1.00
Pd-O-fec 2.820 0.83
Pd-S-fce 2.821 0.80
Pd—Cl-fce 2.816 0.85

changes to S > O > Cl. Comparatively, the charge density
difference plot of O + CO/Au is shown in Fig. 2(e). An
obvious charge accumulation can be found in the CO and Au
bonding region, indication of an indirect O—CO interaction
through Au d-bands, while a direct interaction trend between
O and NO is evident in O + NOJ/Au, suggesting that
X'-induced charge effects influence CO adsorption indirectly
via Au d-bands in X" + CO/Au. Then, what is the origin of
the difference? We argue that the different behaviors may be

attributed to the difference between their adsorption structures:
firstly, NO adsorption at the top site on X /Au is tilting with N
atom approaching X' and O away from X', while CO
adsorption is almost perpendicular to the surface; secondly,
N atom is not directly right on top of the Au atom, but slightly
off, while the C atom is almost right on the top. The tilting
configuration of NO brings it a nonlocal influence, which may
extend to a certain degree, while the perpendicular structure
makes CO influenced mainly by the adjacent Au atom.
Consequently, the respective adsorption structure results in
corresponding interactions stated above. By the way, it is
found that NO adsorption is also enhanced on X'/Ag surfaces
with the same order as that on X'/Au. NO adsorption energy
(E.q) on positively charged Ag surface can be increased to as
large as 1.04 eV too. This may explain the contradiction
between the large E,4 observed in experiment and extremely
low E,4 obtained by DFT calculation.>”®

On conventional TM catalysts (Pd, Pt), the presence of
sulfur-containing species would lower their d-band center
and substantially reduce the DOS near the Fermi level, causing
remarkably negative effects. Yet for the Au surface, its d-band
is buried so deep and the DOS at Eg is so narrow that
pre-adsorbed adatoms hardly influence these features, and
other induced effects (i.e. charge effects, adsorbate—adsorbate
electrostatic interaction) prevail and enhance NO adsorption.
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Consequently, we would like to emphasize that the features of
Au, narrow DOS at Ex and deep buried d-band center, should
play an important role in the enhancement of subsequent
NO as well as CO adsorption. Our unique findings of sulfur-
enhanced adsorption on the noble metals may someday be
instructive to the pursuit of new catalysts with high sulfur
resistance, coupled with further studies on the subsequent
reactions.

4. Summary

By the first-principles study, we find that both the pre-adsorbed
electronegative species (e.g., O, S, and Cl) and the electro-
positive atom (e.g., Na) can enhance the neighboring NO
adsorption on Au(111) surface. The promotion effect of Na
can be ascribed to the strong Coulomb attraction between Na
and NO, while the enhancement of NO adsorption by the
electronegative atoms decreases along the series S > O > Cl,
leading to a difficulty for a simple d-band center explanation
mainly because it neglects the direct interactions between
co-adsorbates. These, however, may be described by the bond
order conservation concepts. On Pd(111) surface, NO adsorption
is enhanced by the pre-adsorbed Na, but degraded by the
pre-adsorbed electronegative species (O, S, Cl). The decrease
of NO adsorption energy by O, S, Cl is found be the local
bonding competition, while their poisoning effects still extend
to a long range. Na atom enhances NO adsorption more likely
through the ionic bonding trend between Na®® with O°~
rather than the simply attractive interaction between Na®™
and NO°~. Conclusively, it is found that the features of d
bands of Au, i.e., narrow DOS at Ey and deep buried d-band
center, play a vital role in the enhancement of NO and
CO adsorption, which may provide potential guidance in the
Au-based catalysis design.
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