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The adsorption of CO on NizAl(111) has been studied using high-resolution photoemission spectroscopy
and density functional theory. Despite the fact that CO binds to Ni dominated sites only at this surface, CO
adsorption induces a shifted contribution in the Al 2p core-level spectra. This contribution moves toward
higher binding energy upon increasing CO coverage. The calculations give Al 2p core-level binding energy
shifts in good agreement with the experimental values and show that adsorption of CO in the Ni sites induces
core-level binding energy shifts for nearby Al atoms located in the two outermost surface layers. The surface
Al atoms relax inward upon CO adsorption. At low CO coverage only one peak is observed in the C 1s spectra.
This contribution is assigned to CO adsorbed in Ni threefold hollow sites. The calculations predict that CO
adsorbs in the hollow sites for coverages up to 0.50 ML with a strong preference for the hcp site above a
second layer Al atom at low coverage. At higher CO coverage, an additional contribution appears in the C 1s
spectra whereas the other contribution shifts toward higher binding energies. The theoretical results suggest
that this behavior is originating from the occupation of Ni on top and Ni bridge sites in addition to hollow sites.
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I. INTRODUCTION

The adsorption of CO on metal surfaces has been the
subject of numerous studies, being one of the fundamental
steps in many catalytic reactions. CO furthermore represent a
prototypical model system for investigating molecular ad-
sorption on metal surfaces both experimentally and
theoretically.!

On Ni single-crystal surfaces CO adsorption has been ex-
tensively investigated using various experimental techniques,
including low-energy electron diffraction (LEED),>"'% x-ray
photoelectron spectroscopy,!! photoelectron diffraction,!>~!4
scanning tunneling microscopy,'>'® and vibrational
spectroscopies.!’33 CO forms different overlayer structures
on the Ni surfaces strongly depending on temperature and
coverage. On Ni(100), CO may occupy both bridge and on
top sites.!#26.27:33.34 Whereas, CO adsorbs in displaced bridge
sites on Ni(110), forming a zigzag pattern along the Ni rows
at saturation coverage.*-° Five ordered CO-induced adsorp-
tion structures on Ni(111) have been reported depending on
coverage.® On this surface CO adsorbs in fcc and hep hollow
sites at coverages up to 0.5 ML. At higher coverage, there are
strong indications that at least two different adsorption sites
are occupied, one near an on-top site in addition to a lower
coordinated site.®!!

The adsorption of CO on Ni surfaces has also attracted
significant interest theoretically.'*3’-** The overall agree-
ment with experimental results are good for CO adsorption
on the Ni(111) and Ni(110) surfaces. On the Ni(111) surface,
density functional theory (DFT) calculations predict CO to
adsorb in the hollow sites at low coverages with only a small
energy difference between the fcc and hep hollow sites.?”#2
In the high-coverage regime, an adsorbate structure where
CO occupies on-top and bridge sites has been proposed.’” On
the Ni(110) surface the CO molecules have been found to
preferentially bind to the short bridge sites, with a tilted CO
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axis in a (2 X2) structure, in agreement with experimental
results. 334041 Similar DFT investigations have not been re-
ported for the CO/Ni(100) system.

While CO interacts strongly with Ni surfaces, the interac-
tion with Al surfaces is very weak.*>*® CO adsorbed on
Al(110) is found to desorb at 125 K,*> whereas CO forms a
physisorbed layer on Al(111) at 20 K,***” which is no longer
observed at 80 K.*® Recent DFT studies have predicted a
small energy barrier for CO adsorption on Al(111) (Ref. 49)
and a weak binding in the on-top site on Al(100).%°

There are some well-known cases where the current local-
density approximation and generalized gradient approxima-
tion functionals used within DFT fails to predict the correct
adsorption site of CO on metal surfaces, notably the Pt(111),
Rh(111), and Cu(111) surfaces.’’ This has been traced to
inaccuracies in the description of the electronic structure of
CO, in particular, to an underestimation of the highest occu-
pied molecular orbital-lowest unoccupied molecular orbital
gap.’? Several ways have been suggested to overcome this
problem, such as including a semiempirical Hubbard-U-type
correction to the total energy,’* using hybrid functionals or
the random phase approximation,>* or an energy-correction
scheme based on the CO singlet-triplet splitting.>> An alter-
native route is to utilize additional available information,
such as vibrational frequencies®’ or core-level binding en-
ergy shifts.>® For example, Birgersson et al.® showed that
the correct adsorption sites for CO on Rh(111) could be pre-
dicted by comparing theoretically obtained C 1s core-level
binding energy shifts to experimentally obtained values.

Bimetallic surfaces offer geometric and electronic proper-
ties different from elemental surfaces. The arrangement of
the different surface atoms may alter adsorption properties
and reaction pathways. This study focuses on the adsorption
of CO on the Ni;Al(111) surface. NizAl(111), having an
ordered and well-defined surface, serves as an excellent
model system for experimental and theoretical studies. Pre-
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vious studies of CO on NizAl(111) (Refs. 57-60) have
shown that CO adsorbs in Ni-dominated sites. The experi-
mental results suggest that CO adsorbs in Ni hollow sites at
low coverage, forming a (2X2) LEED structure.®>° At
higher coverage no ordered CO-induced structures are ob-
served. CO presumably occupies Ni on-top sites at these
coverages, possibly at the expense of the Ni hollow sites.

In the present work we have investigated the influence of
CO on the Al 2p core-level spectra from NizAl(111) using
high-resolution photoemission spectroscopy (HR-PES) and
DFT. There are no HR-PES studies reported in the literature
for this system. CO induces a contribution in the Al 2p spec-
tra shifted toward higher binding energy relative the Al 2p
bulk contribution. Through DFT calculations we show that
this shift is caused by Al atoms in the first and second layer
not directly bonded to CO.

II. EXPERIMENTAL

The experiments were performed at beamline D1011 of
the MAX 1II storage ring of the Swedish National Synchro-
tron Laboratory MAX-laboratory in Lund, Sweden. This
beam line is equipped with a modified Zeiss SX-700 mono-
chromator and a Scienta SES200 electron analyzer.®' The
Ni;Al(111) sample was cleaned by standard cycles of Ar*
ion sputtering followed by annealing to 1150 K. The proce-
dure gave a clean and well-defined surface, as judged from
photoemission measurements of the O 1s and C 1s core level
regions and LEED observations. The base pressure in the
UHYV system was lower than 2 X 1070 mbar.

CO (Air Liquide, 99.97%) was introduced into the cham-
ber through a leak valve. The sample was kept at around 90
K during CO exposure. The amount of CO deposited is in-
dicated by exposure in Langmuir (L) (1 L=1.33
X 107% mbar s). The sample was cleaned by flashing to 1150
K a couple of times between each measurement series in
order to minimize contaminations.

High-resolution photoemission spectra were recorded at
normal emission with the sample kept at around 90 K. The
Al 2p core-level spectra were measured at a photon energy
of 160 eV while 380 eV was used for the C ls core-level
spectra. The corresponding overall resolution was better than
100 meV and 300 meV, respectively. The Fermi-level region
was recorded immediately after measuring the core-level re-
gion and used as binding energy reference. The fitting of the
core-level spectra was performed using a convolution of a
Doniach-Sunji¢ line shape® and a Gaussian function.

III. COMPUTATIONAL

The density functional theory calculations were per-
formed using the plane-wave pseudopotential code
DACAPO.% The exchange-correlation contribution to the total
energy was approximated within the generalized gradient ap-
proximation using the Perdew, Burke, and Ernzerhof (PBE)
functional.** The adsorption energies were calculated using
the revised PBE (RPBE) functional,®> as this functional in
many cases has been shown to give improved adsorption
energies for molecules on transition-metal surfaces. The ion
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cores were represented by ultrasoft pseudopotentials.®® Core-
exited pseudopotentials were generated in order to calculate
core-level binding energy shifts. Following Ref. 67, pseudo-
potentials for Al and C were generated by moving a 2p and
1s core electron, respectively, to an empty state in the va-
lence band, thereby modeling a screened core hole. See Refs.
56 and 68 for a more detailed description of this method.

The NizAl(111) surface was modeled by a slab repeated
periodically in all three directions. The slab was constructed
using the calculated Ni;Al bulk lattice constant of 3.56 A.
The bulk lattice constant agrees well with the experimental
value at 3.5718 A.% The slabs were separated by a vacuum
region of ~14 A. Two different surface unit cells were used
in order to investigate the coverage dependence of CO ad-
sorption. A (1X 1) surface unit cell with one and two ad-
sorbed CO molecules corresponding to a coverage of
®=1/4 ML and ®=1/2 ML, respectively, and a larger
(2X2) surface unit cell with nine CO molecules, corre-
sponding to a coverage of ®=9/16 ML were employed. The
CO molecules were adsorbed on one side of the slab only.
The artificial electric field created by the asymmetry of the
system was compensated for by a self-consistently deter-
mined dipole correction in the vacuum region.”®’! The slab
used in the majority of the calculations was composed of five
layers, where the two bottom layers were kept fixed during
structural optimizations. All other atoms were free to relax
without any imposed restrictions. As discussed in Ref. 68, a
thicker slab is required for calculating core-level binding en-
ergy shifts. A 13-layer slab was used for these calculations.

The energy cutoff for the plane-wave expansion was 400
eV. The irreducible Brillouin zone was sampled using a
6 X 6 X 1 Monkhorst-Pack grid’? for the (1 X 1) surface unit
cell, and 3 X3 X 1 grid for the (2 X 2) surface unit cell. Test
calculations performed with higher cut-off energies and
denser k-point sampling confirmed that convergence was
reached with these choices. Some test calculations were per-
formed allowing for spin polarization. These gave differ-
ences in adsorption energies and core-level binding energy
shifts of less than 0.01 eV compared to spin-paired calcula-
tions, and there were no changes in the optimized geom-
etries.

The adsorption energy per CO molecule was calculated
from

1
Eads —_ ;[EI’LCO/Surf_ (ESurf+ nECO)], (1)

where E"COSUT is the total energy of the slab with n adsorbed
CO molecules, ES"" the total energy of the clean surface
slab, and E€O the total energy of an isolated CO molecule.
The latter energy was calculated using a fcc unit cell with a
lattice constant of 12 A, sampling only the I' point of the
Brillouin zone. All other computational parameters were
identical to those used for the slab calculations. With this
definition, a positive adsorption energy indicates that the ad-
sorption is exothermic (stable).

IV. EXPERIMENTAL RESULTS

CO was adsorbed on the NizAl(111) surface at 90 K. The
C 1s core-level spectra observed after increasing exposure to
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FIG. 1. (Color online) C ls photoemission spectra of

Ni;Al(111) after exposure to the indicated amount of CO. The spec-
tra were measured at a photon energy of 380 eV.

CO are shown in Fig. 1. Adsorption of 0.10 L CO causes one
peak at binding energy 285.16 eV to appear. This peak shifts
by 0.03 eV toward higher binding energy upon 0.40 L CO
and the intensity of the peak increases as expected at higher
CO coverage. After exposure to 0.50 L CO, a new contribu-
tion starts emerging at the high binding energy side relative
to the main peak, at binding energy 285.98 eV. At the same
time the main peak shifts to 285.25 eV. The binding energy
of the main contribution stabilizes at 285.31 eV after expo-
sure to 0.60 L CO whereas the binding energy of the smaller
contribution remains unchanged. Both contributions increase
in intensity upon exposure to 0.75 L CO, without any further
changes at higher exposures.

In comparison, for CO adsorbed on Ni(111) contributions
to the C 1s core-level spectra with similar binding energies
have been found. At this surface, one contribution at 285.24
eV was observed for CO coverages up to 0.50 ML assigned
to CO adsorbed in Ni hollow sites.!! This value is slightly
larger than the one observed here after adsorption of 0.10 L
CO on Ni;Al(111). At 0.57 ML CO on Ni(111), the main
peak shifted to 285.32 eV and an additional smaller contri-
bution appeared at 285.96 eV, close to the values observed
here after adsorption of 0.60 L CO. These latter contributions
were associated with CO situated in Ni bridge and Ni on-top
sites, respectively.!! Later, Braun et al.® suggested that the
(V7 X V7)R19° structure formed at 0.57 ML CO on Ni(111)
involves CO adsorbed in a more complex geometry. It is well
known that CO situated in different adsorption sites can be
distinguished by HR-PES.3%73 In general, the C 1s and O 1s
core-level binding energies due to adsorbed CO increase
with decreasing coordination of the carbon atom at the
surface.!!

In Fig. 2 the Al 2p spectra of the clean and adsorbate
covered NizAl(111) surface are displayed. The clean
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FIG. 2. (Color online) Al2p photoemission spectra of

Ni3Al(111) after exposure to the indicated amount of CO. The spec-
tra were measured at a photon energy of 160 eV.

Ni3Al(111) surface exhibits one spin-orbit split contribution
with a separation of 0.41 eV between the two components.
The Al 2p;,, component is located at 72.10 eV, in agreement
with previously reported results.”* An additional contribution
starts emerging at the high binding energy side of the Al 2p
bulk component after exposure to CO, shifted by 0.11 eV
toward higher binding energy relative to the bulk component.
This new contribution increases in intensity and broadens
upon further CO exposure. Furthermore, it shifts toward
higher binding energy up to a shift of 0.18 eV for exposures
of 0.75 L CO. The CO-induced component in the Al 2p spec-
tra is broader compared to the Al 2p bulk component and
after 0.60 L CO its integrated intensity exceeds that of the
bulk contribution. At saturation coverage (reached at
exposures=0.75 L CO) it is about 1.8 times larger com-
pared to the bulk component.

V. THEORETICAL RESULTS
A. Clean Ni;Al(111)

The Ni3Al(111) surface maintains the 3:1 bulk stoichiom-
etry and is ordered with every Al atom surrounded by six Ni
atoms in a hexagonal pattern [see Fig. 3(a)]. However, it
should be noted that some recent papers have reported a
long-range disorder for this surface.”>’® The surface is
rippled with the plane of the outermost Al atoms displaced
above the plane of the outermost Ni atoms. The magnitude of
the rippling is found to be 0.07 A for the five-layer slab.
Other reported theoretical values vary between 0.07 and
0.10 A (Refs. 76-78) while the experimental values are in
the range 0.02—0.15 A.75777° The calculated Al 2p core-
level binding energy shift for the clean surface is small,
-0.02 eV, which agrees well with the experimental find-
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FIG. 3. (Color online) Top view of (a) the clean Ni3Al(111) surface with the (1 X 1) unit cell indicated, (b) the (1X1)-1CO, and (c)
(1 X 1)-2CO adsorbate systems. Only the optimum adsorption structures are illustrated. Large gray circles represent Al atoms, large white
circles Ni atoms, small black circles O atoms, and small gray circles C atoms.

ings where no shift was observed using HR-PES.”* A more
detailed description of the clean NizAl(111) surface can be
found in Ref. 68 and references therein.

B. CO-covered NizAl(111)

The first goal of the theoretical investigation was to de-
termine the preferred adsorption sites for CO on the
NizAl(111) surface for three different coverages. Guided by
a LEED experiment®® a (1 X 1) surface cell with one and two
CO molecules was chosen corresponding to coverages of
0.25 ML and 0.50 ML, respectively. In addition a (2 X2)
surface cell with nine CO molecules was used to investigate
the slightly higher coverage of 0.56 ML. The clean and ad-
sorbate covered NisAl(111) surfaces are illustrated in Figs. 3
and 4.

Adsorption in all high-symmetry sites of the surface were
explored except for the highest coverage, see below. Orien-
tations of the adsorbate where CO was tilted as well as par-
allel to the surface normal were used as initial guesses for the
structural optimizations and no constraints were placed on
the motion of the adsorbate. The molecules were therefore
free to move away from their initial sites and change their
initial orientations to locate the minimum energy adsorption
structure. In the case of the NizAl(111)-1CO system, the set
of calculations converged to three inequivalent structures.
For all of them the CO molecule is oriented with the C-O
bond axis perpendicular to the surface plane and with the C
atom toward the surface. One of the three candidate struc-
tures has CO located in the Al on-top site while for the other
two structures CO is located in Ni threefold hollow sites.

FIG. 4. (Color online) Top view of models considered for the
(2X2)-9CO structure. The (2X2) surface unit is indicated. Large
gray circles represent Al atoms, large white circles Ni atoms, small
black circles O atoms, and small gray circles C atoms. The labeling
of the different Al atoms is described in the text.

There are two inequivalent Ni threefold hollow sites on the
Ni3Al(111) surface. The Ni-hcp site is above a second-layer
Al atom whereas the Ni-fcc site is above a third layer Al
atom. Comparing the adsorption energies listed in Table I,
the Ni-hcp site is favored with an adsorption energy of 1.60
eV compared to 1.20 eV for the Ni-fcc site. The adsorption
energy for CO in the Al on-top site is negative, —0.30 eV,
implying that the adsorption is endothermic (unstable) at this
site. The large energy difference of 0.40 eV between the
Ni-hcp and Ni-fce sites indicate that only the Ni-hcp site is
occupied at low coverage. A previous theoretical study® of
CO adsorption on NizAl(111) found a similar energy differ-
ence between the Ni-hcp and Ni-fce sites. The local atomic
environment in the Ni-fcc site is similar to the fcc site on
pure Ni(111). The adsorption energy for CO in the fcc site on
Ni(111) calculated using the RPBE functional® and for the
p(2X2) structure is 1.49 eV, close to the initial adsorption
energy of 1.35 eV for CO on Ni(111) found from microcalo-
rimetric measurements.?® Note that although the atomic en-
vironment is similar, a difference in the adsorption energy
should be expected to arise from alloying with Al.

Also included in Table I are calculated and experimental
Al 2p and C 1s core-level binding energy shifts for different
CO coverages. In agreement with the experimental results,
an adsorption induced shift of the Al 2p core-level binding
energy toward higher binding energy relative to the bulk
value is found. The calculations predict an adsorption in-
duced shift of the Al2p core-level binding energy for Al
atoms in the first as well as the second layer, the latter of
smaller magnitude. The calculated C 1s binding energy for
CO occupying the Ni-fcc site is essentially unchanged rela-
tive to the binding energy for the C atom when CO is located
in the Ni-hcp site.

Totally, there are about 60 inequivalent adsorption struc-
tures for the (13X 1)-2CO system when restricting the pos-
sible adsorption sites to the symmetric ones. Some of these
were excluded because the intermolecular distances were un-
realistically short. The remaining candidates converged to
four inequivalent and stable adsorption structures upon ge-
ometry optimization. The adsorption energies together with
the Al2p and C 1s core-level binding energy shifts calcu-
lated for these structures are listed in Table I. Comparing the
adsorption energies, the structure in which both Ni threefold
hollow sites are occupied is clearly preferred with an adsorp-
tion energy of 1.24 eV compared to 0.75 eV when CO is
located in Ni bridge sites. As in the case of the (1 X 1)-1CO
system, CO adsorption induces a shift in the Al 2p core level
toward higher binding energy relative to the bulk contribu-
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TABLE 1. Calculated adsorption energies per molecule and core-level binding energy shifts for CO adsorbed on Ni3Al(111). The Al 2p
binding energy shifts are given relative to the binding energy of the Al 2p bulk contribution while the C 1s shifts are given relative to the
C 1s binding energy of a CO molecule located in the Ni-hcp site. Included are also experimental binding energy shifts in the Al 2p and C 1s
core-level spectra. The measured Al 2p binding energy shift of the CO-induced contribution is given relative to the Al 2p3,, bulk contribu-
tion at 72.10 eV. The C 1s binding energy shifts are measured relative to the C 1s contribution at 285.16 eV, observed after exposure to 0.10

L CO.
Al 2p Cls
(eV) (eV)
E s
System Adsorption sites (eV) Layer 1 Layer 2 Ni-fcc Ni-br Ni-ot  Al-ot
Clean surface -0.02 0.05
(1X1)-1CO:
Ni-hcp 1.60 0.13 0.05
Ni-fcc 1.20 0.19 0.18 0.03
Al-ot -0.30 0.13 -0.01 0.37
(1X1)-2CO0:
Ni-hcp, Ni-fee 1.24 0.32 0.14 0.11
2 X Ni-br 0.75 0.39 0.11 0.23
Ni-hcp, Al-ot 0.60 0.46 0.00 0.72
Ni-fce, Al-ot 0.43 0.48 0.12 0.03 0.61
(2X2)-9CO:
Structure A 4 X Ni-hcp, 4 X Ni-fce, Al-ot 1.05  0.72, 0.32% 0.17 0.12 0.94
Structure B 3 X Ni-hcp, 3 X Ni-fce, 2 X Ni-br, Ni-ot 098  0.39, 0.33% 0.18 0.13 0.18 0.59
Al 2p Cls
Experimental values (eV) (eV)
0.10 L CO 0.11 0.00
0.50 L CO 0.11 0.09, 0.82
0.60 L CO 0.14 0.15, 0.82
0.75 L CO 0.18 0.15, 0.82

#There are two inequivalent Al atoms per unit cell, see Fig. 4.

tion. The magnitude of this shift is larger than for the
(1 X 1)-1CO structure. This finding is consistent with the ex-
perimental results, where the Al 2p contribution caused by
CO shifts toward higher binding energies and broadens upon
increasing coverage. For the energetically preferred adsorp-
tion structure there is a small shift toward higher binding
energy of the C ls core-level binding energy for CO in the
Ni-fcc site relative to the Ni-hcp site, consistent with the
main peak in the C ls spectrum moving toward slightly
higher binding energies with increasing CO coverage.

For the 0.56 ML coverage a large number of adsorption
structures are possible. Two different (2 X 2)-9CO structures
were considered. These were chosen by adding a CO mol-
ecule to the optimum (1 X 1)-2CO structure in an Al on-top
site (A) and a Ni on-top site (B). The motivation for these
structures is a previous experimental study of CO adsorption
on NizAl(111), where occupation of on-top sites were ob-
served at high coverage.” As illustrated in Fig. 4, CO mol-
ecules occupying hollow sites close to CO in Ni on-top sites
in structure B were displaced into Ni bridge sites upon struc-
tural optimizations, resulting in six CO molecules in three-
fold hollow sites, two in Ni bridge sites, and one in a Ni
on-top site. In comparison, structure A has eight CO mol-

ecules in threefold hollow sites. The adsorption energy per
molecule is slightly larger in magnitude for structure A at
1.05 eV compared to 0.98 eV for structure B.

There are two inequivalent Al atoms in the outermost sur-
face layer in both adsorption structure A and B, see Fig. 4.
The Al atom directly under the CO molecule in structure A
will be referred to by Al and the other Al atom by Al.. In
structure B one of the two inequivalent Al atoms will be
denoted Al and is the nearest neighbor to a Ni atom with
CO adsorbed on top. The other Al atom in structure B is
nearest neighbor to two Ni atoms with CO adsorbed in a
bridge site, and will be referred to as Aly,. These two in-
equivalent Al atoms give rise to different Al 2p core-level
binding energy shifts. In structure A, Al has local surround-
ings equivalent to the Al atoms in the (1 X 1)-2CO structure
with both hollow sites filled, and as expected has a similar
calculated adsorption induced Al 2p core level shift of 0.32
eV toward higher binding energy. The calculated CO-
induced shift of the Al 2p core-level binding energy is in
comparison rather large, at 0.72 eV toward higher binding
energy. For structure B, the adsorption induced core-level
binding energy shifts are more similar for the two inequiva-
lent Al atoms. The CO-induced shift of the Al atom is de-
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TABLE II. Calculated values of the structural parameters defined in Fig. 5 for the optimum (1 X 1)-1CO and (1 X 1)-2CO adsorption
structures, and for the two considered (2 X 2)-9CO structures. The parameters zx,,, and zﬁz, a1 are negative if the Al layer is beneath the Ni
layer. In this table “Free” refers to the free, isolated molecule and clean surface.

11 12 22

dco deni deal ZCNi INjAI INiNi INiAl
System Site (A) (A) (A) (A) (A) (A) (A)
Free 1.14 0.07 2.01 -0.01
(1X1)-1CO: -0.06 2.07 -0.01
Ni-hcp 1.19 1.96 1.38
(1X1)-2CO: -0.25 2.19 0.03
Ni-hcp 1.18 1.98 1.34
Ni-fce 1.18 1.99 1.37
(2X2)-9CO:
Structure A 0.06, —0.25 * 2.17 0.01
Ni-hcp 1.18 1.98 1.33
Ni-fce 1.18 1.99 1.36
Al-ot 1.14 2.31 2.37
Structure B -0.23, -0.33 * 2.20 0.04
Ni-hep 1.18 1.98 1.32
Ni-fec 1.18 2.00 1.36
Ni-br 1.18 1.91 1.45
Ni-ot 1.16 1.79 1.83

#There are two inequivalent Al atoms per unit cell, see Fig. 4.

termined to be 0.33 eV toward higher binding energy, very
close to the shift found for the (1X1)-2CO structure with
CO located in hollow sites. The induced 2p core-level bind-
ing energy shift of the Aly, is slightly more shifted toward
higher binding energy at 0.39 eV. As for the lower coverage
structures, the calculations predict a 2p core-level binding
energy shift of the second layer Al atoms. This shift is also
toward higher binding energy but smaller in magnitude
(0.17-0.18 eV) compared to the shift originating from the Al
atoms in the first layer.

In agreement with the common trend noted earlier,"!! the
calculated values of the C 1s core-level binding energy shift
increase with decreasing coordination of the C atom, see
Table I. The difference in binding energy between CO ad-
sorbed in the hollow sites and the bridge site is small com-
pared to the shift induced when CO is adsorbed in an on-top
site, as also observed in the case of CO adsorption on the
Ni(111) surface.''” Excluding the Al on-top site, there is
only a small difference in the C 1s binding energy shift for a
specific site between the different coverages. A similar insen-
sitivity of the C ls binding energy with respect to coverage
has been observed previously in the case of CO adsorbed on
Rh(111).5681

Table II lists structural parameters of the energetically fa-
vored (1X1)-1CO and (1 X 1)-2CO adsorption structures,
and the two (2X2)-9CO structures. The structural param-
eters under consideration are defined in Fig. 5. Compared to
its gas phase value, the C-O bond length is elongated upon
adsorption, with the exception of the Al on-top site where the
bond length is essentially unchanged. The difference in C-O
bond length is negligible when comparing bond lengths for
CO in the same site but at different coverages, however we
note that it increases with coordination, a trend also found

for CO on other metal surfaces.*> With the exception of the
bridge-bonded CO in the (2X2)-9CO structure, the mol-
ecules adsorb with the C-O bond axis perpendicular to the
surface. In the bridge sites, CO is tilted away from the sur-
face normal by ~15°, increasing the distance to the nearby
CO located in the on-top site. No quantitative structural data
are available in the literature for CO adsorption on
Ni;Al(111). However, it is natural to compare the optimized
structural parameters with those reported for CO on Ni(111).
The C-O bond lengths found here are within the error bars in
the LEED results,” 1.15=0.07 A and 1.18 =0.07 A for CO
adsorbed in the hcp and fcc site, respectively, for the
¢(2X4) phase. Also the Ni-C bond length compares well
with the value reported for the Ni(111)c(4 X 2)-CO structure
of 1.930.03 A determined by photoelectron diffraction. 2
The CO molecule situated in the Al on-top site in structure A
is located rather far from the surface with the C atom 2.31 A
above the Al atom. In comparison, the C-Al distance in the
(1X1)-1CO structure where CO is found to be unstable is
2.04 A.The CO adsorption induces an outward relaxation of

.7,

d,
deni y ©C0
ZeNi
1
0 ZNiAl
z12
NiNi

o2
FIG. 5. Schematic side view of CO on Ni3Al(111) defining the
structural parameters listed in Table II.
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the Ni atoms to which it is bonded, increasing the spacing
between the two outermost Ni layers by 3—9 % compared to
the clean surface. The most pronounced adsorption induced
change in the surface geometry is the position of the outer-
most Al layer relative to the outermost Ni layer. Adsorption
of CO induces an inward displacement of the Al atoms by
0.13-0.35 A compared to the clean surface geometry so that
the outermost Al atom layer ends up beneath the outermost
Ni layer. The exception is when CO is adsorbed in the Al
on-top site (structure A). The Al atom to which CO is
bonded, Al,, is in this case located 0.06 A above the outer-
most Ni layer. For the second layer Al and Ni atoms, there is
essentially no change in the layer spacing compared to the
clean surface geometry.

VI. DISCUSSION

It is well known that the core-level binding energies of
atoms in the surface may differ from those of the bulk due to
differences in the structural and electronic environment. For
the same reason, an adsorbate may induce a shift in the core-
level binding energy of the atom to which it is bonded. In the
case of an alloy surface core-level shifts are commonly as-
sociated with adsorbates directly bonded to the alloy ele-
ments, making it possible to determine which specific com-
ponent of the alloy the adsorbate preferentially bonds to.®!
The photoemission results presented in this work show that
adsorption of CO on NizAl(111) gives rise to an additional
contribution in the Al 2p spectra. From the above consider-
ations, one would expect that this contribution is caused by
CO bonded directly to Al atoms. However, previous experi-
mental results show no indication of CO interacting directly
with the surface Al atoms of Ni3Al(111).>° The DFT calcu-
lations present a possible explanation. In agreement with the
experiments,> the preferred adsorption sites are found to be
Ni sites only. However, in response to the adsorption, the
surface layer Al atoms relax inward, descending below the
outermost Ni atom layer. The local surroundings of the sur-
face Al atoms of the adsorbate system are therefore different
from Al atoms of the clean surface and a shift of the Al 2p
core-level binding energy should be expected. This expecta-
tion is confirmed by the calculations, where a shift toward
higher energy in the Al 2p core-level binding energy is found
after adsorption of CO, corresponding well with the experi-
mental observations. This will be discussed in greater detail
below.

After adsorption of 0.1 L CO on the NizAl(111) surface,
one contribution is observed in the C 1s spectrum. This con-
tribution is attributed to CO adsorbed in hollow sites, in
agreement with previous experimental results.”® This assign-
ment is confirmed by the DFT results. The only stable sites at
low CO coverage, i.e., for the (1 X 1)-1CO structure, are the
Ni threefold hollow sites. In particular, CO does not adsorb
on sites containing surface Al atoms. This is an ensemble
effect of alloying, where the number of available surface
sites is reduced when the less reactive metal Al is alloyed
with Ni. Comparing the adsorption energies for the two hol-
low sites, there is a strong preference for the Ni-hcp site over
the Ni-fcc site. In contrast, only a marginal preference for the
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hep site has been determined in the 0.25 ML (2 X 2)-CO
phase on Ni(111)."® Theoretical calculations’’#? find only a
small energy difference (0.01-0.04 eV) between the hcp and
fec site for CO adsorbed on Ni(111), implying that CO does
not differentiate between these sites on the Ni(111) surface.
On Ni;Al(111) it is noteworthy that the Ni-hcp site has an
underlying Al atom. Thus having a subsurface Al neighbor
strengthens the CO bonding in contrast to surface Al atoms
that weaken the bonding. Similar results have been reported
recently for a (2X2)-1CO structure (0.25 ML) on a
Ni3Al(111) surface®® and a ¢(2X4)-1CO structure (0.125
ML) on a modified Ni;Al(111) surface,®? with only Ni atoms
in the topmost layer. It was argued that the preference for
Ni-hcp compared to Ni-fcc should be attributed to the elec-
tronic structure of the sublayer atoms.®> Furthermore, a pre-
vious study of hydrogen on NizAl(111) showed that the Ni-
hep site was favored over the Ni-fcc site at low coverage®
and similar results has also been reported for other molecules
on other alloy surfaces.®?

A small new contribution is observed in the Al 2p spec-
trum after adsorption of 0.10 L CO. This shift is assigned to
Al atoms in the two topmost layers, based on the theoretical
findings. With CO adsorbed in either of the hollow sites, the
DFT calculations predict a small CO-induced shift toward
higher binding energy of the two outermost surface layer Al
atoms. The shift due to the outermost surface Al atoms is
somewhat larger in magnitude compared to the second layer
Al atoms. These shifts could not be separated experimentally.
However, the measured peak is rather broad spanning the
values of theoretical shifts for the first and second layers.
Comparing the experimental and calculated shifts lends fur-
ther support to the assignment of the Ni-hcp site as the most
favorable adsorption site at low CO coverage. A shift due to
surface atoms not directly bonded to an adsorbate has previ-
ously been observed for methanol on NiAl(110) (Ref. 74)
and oxygen on Al(111),3 in these cases toward lower bind-
ing energies.

The Ni hollow sites are saturated in the (1X1)-2CO
structure (0.50 ML). The calculated Al2p and C ls shifts
increase in energy compared to the (1 X 1)-1CO system. This
agrees well with the experimental finding, where the new
contribution to the Al 2p core-level increases in intensity,
move toward higher binding energy and broadens upon in-
creasing CO coverage. One explanation for the broadening
could be the larger separation between the shift caused by
first and second layer Al atoms found theoretically. At high
CO coverage the new contribution is about 1.8 times larger
than the Al 2p bulk contribution. Such a large contribution
suggests that more Al atoms than just the outermost surface
atoms are affected after adsorption, in agreement with the
theoretical findings. In comparison, the NiAl(110) surface
contribution, measured at the same beamline using the same
photon energy, was about 1.6 times larger in intensity com-
pared to the Al 2p bulk contribution.”* It was also here es-
tablished that the surface component was due to Al atoms in
the two outermost layers.%®

As the CO coverage increases, the C 1s peak moves to-
ward higher binding energy. This is more pronounced when
the additional contribution starts emerging at the high bind-
ing energy side of the main peak. As noted before, the bind-
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ing energy of this additional C ls peak (285.98 eV) is close
to the value of 285.96 eV observed for CO adsorbed in on-
top sites on the Ni(111) surface.'! The calculated C 1s core-
level binding energy shift for the energetically favored
(1X1)-2CO structure, where CO occupies Ni hollow sites, is
too small in magnitude to account for the new contribution.
Adsorption in Ni bridge sites also gave a too small calculated
C 1s shift, however the calculated C 1s shifts for CO occu-
pying Al on-top sites in the (13X 1)-2CO system is of com-
parable size to the experimentally observed shift. The large
difference in adsorption energy of 0.64—0.81 eV compared to
the energetically favored structure seems to rule out adsorp-
tion in Al on-top sites but it should be kept in mind that the
current approximations used in DFT calculations sometimes
fail in predicting the correct adsorption site for CO on metal
surfaces.’! However, the calculated CO-induced shift in the
Al 2p core-level binding energy of 0.45 eV for the
(1 X 1)-2CO structures is too large in magnitude to fit com-
fortably with the experimental data showing a shift of 0.18
eV at the highest CO coverage. Therefore the (1 X 1)-2CO
structures cannot account for the additional contribution in
the C 1s spectra, and a system with a slightly higher cover-
age, (2X2)-9CO, was explored.

Based on a comparison of the adsorption energies, the
(2X2)-9CO structure with CO in Al on-top sites (structure
A) is favored compared to the adsorption structure with CO
in Ni on-top sites (structure B). However, the energy differ-
ence is rather small. It has been argued that the current
exchange-correlation approximations, such as the PBE func-
tional used in the present work, tend to favor CO adsorption
in sites with high coordination.’! The adsorption energy dif-
ference could then simply reflect the higher number of ad-
sorbates in threefold hollow sites in structure A (eight) com-
pared to structure B (six). A comparison of the calculated and
experimental C ls core-level binding energy shifts is incon-
clusive. CO adsorbed in a Al on-top site gives too large
calculated C 1s shift whereas the calculated shift for the Ni
on-top site gives a lower value compared to the additional
contribution observed in the C 1s spectra. The calculated
Al 2p binding energy shifts can, however, be used to distin-
guish between the two structures. As for the (1X1)-2CO
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system, adsorption in the Al on-top site induces a too large
Al 2p core-level binding energy shift of 0.72 eV compared to
the experimental value of 0.18 eV. The Al 2p binding energy
shifts for structure B are in better agreement with the experi-
mental values, suggesting that the new contribution in the
C ls spectra is caused by CO occupying Ni on-top sites,
supporting the experimental findings.

VII. CONCLUSIONS

The adsorption of CO on NizAl(111) induces an addi-
tional contribution in the Al 2p core-level spectrum, shifted
to higher binding energies relative to the bulk contribution.
This peak moves toward higher binding energy and broadens
upon increasing CO coverage. The DFT calculations predict
that CO occupies Ni sites only. At low coverage, CO is lo-
cated in Ni hollow sites with a strong preference for the
Ni-hcp sites as compared to the Ni-fcc sites. The Ni-hcp and
Ni-fce sites are both occupied at 0.50 ML. The DFT calcu-
lations reveal a large inward adsorption-induced relaxation
of the outermost surface layer Al atoms and an adsorption
induced Al 2p binding energy shift for the two outermost
surface layers in good agreement with the experimental data.
At higher CO coverage, there are two contributions in the
C 1s spectra. Through DFT calculations, a structure contain-
ing one CO in the Ni on-top site, two in bridge and six in Ni
hollow sites is proposed based on comparison with experi-
mentally observed Al 2p and C 1s core-level shifts.
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