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The activation of CO2 by interaction with Na atoms on tungsten was studied in a joint experimental/theoretical
effort combining MIES, UPS (HeII) and first principles calculations. Experimentally, both the adsorption of Na
on tungsten, followed by CO2 exposure to the Na-modified surface at 80 K, and the adsorption of CO2 on
tungsten, followed by Na exposure to the CO2 covered substrate, were studied. Below about 120 K CO2

physisorbs on pure W(011), and the distance between the three main spectral features is as for gas phase CO2

(EB ¼ 8.4, 12.1, 14.1 eV). When offered to a Na monolayer (ML) deposited onto W, CO2 is converted into a
chemisorbed species. The spectral pattern is different from physisorbed CO2, and the three spectral features are
shifted towards lower binding energies (EB ¼ 6.3, 10.7, 13.9 eV). The chemisorption continues until all available
Na species are converted into Na1 species. Additional CO2 offered to the system becomes physisorbed on top of
the chemisorbed species. When a CO2 monolayer, physisorbed on tungsten at 80 K, is exposed to Na, the
interaction leads initially to a decrease of the surface work function and to a rigid, global shift of all CO2 induced
features towards larger binding energies by about 2 eV. Only beyond a minimum Na coverage of about 0.5 ML,
chemisorbed species can be detected. We conclude that, initially, transfer of the Na(3s) electron to the tungsten
substrate takes place. Above 0.5 ML Na coverage, back donation of charge to CO2 takes place whereby the
physisorbed carbon dioxide species become converted into chemisorbed ones. The experimental results are
interpreted with the help of first principle calculations carried out on suitable slab models. The structures and
surface binding mode of the chemisorbed CO2 species are described. The calculated density of states for the most
stable situations is in qualitative agreement with experimental data.

I. Introduction

The interest in CO2 surface chemistry is considerable because
of its relevance to several synthetic processes, for instance of
urea, salicylic acid and methanol, and the need to reduce
emission into the atmosphere. The carbon dioxide surface
chemistry has been reviewed in the past,1,2 and it is clear that
the key step concerns its activation which usually requires
charge transfer to CO2, leading to a change in its bonding
properties and electronic structure, and making CO2

d� more
active than its predecessor. Essentially, one double bond has to
be broken, resulting in a tilted form, with a three-center two-
electron bond.

A widely used route to CO2 activation is the co-deposition of
donor species—alkali metals in particular—and CO2 on metal
surfaces. While CO2 interaction with clean metal surfaces leads
to physisorption, a strong chemisorption interaction occurs
when these promoting species are present,3 and may, via
follow-up reactions, give rise to carbonate or oxalate forma-
tion, thus reducing the CO2 amount in air and, at the same
time, obtaining a useful product. Several experimental studies
of co-deposition of CO2 and alkali metals on the (011) surface
of various substrates have been reported involving CO2 adsorp-
tion on K/Cu,4–8 Cs/Cu,9 K/Fe,6,10,11 Cs/Fe,11 Na/TiO2

12–14

and Cs/Ag.15 Most of these previous works focus on methanol
synthesis from activated CO2, but the molecular aspects of CO2

activations are not fully understood.
In the present work we explore the CO2 þ Na/W and Na þ

CO2/W systems with the aim to disclose the molecular mechan-

isms of CO2 activation on metal or on promoted metal
surfaces. To this end, metastable impact electron spectroscopy
(MIES) and ultraviolet photoelectron spectroscopy (UPS) are
used. As compared to UPS, MIES possesses a rather large
sensitivity for the detection of the Na(3s) electron, and its
pronounced surface sensitivity allows, in combination with
UPS, to distinguish between species adsorbed atop and under-
neath the surface under study. The corresponding spectra have
been analyzed by state of the art first principles methods. For
the CO2 þ Na/W(011) system, no previous experimental or
theoretical studies are available in the literature although the
present study is closely related to previous ones concerning
CO2 adsorption on K promoted Fe surfaces.6,10,11 This is
because of the similar crystal structure of W and Fe; both
following a body centered cubic packing (bcc) and, also, the
close similarity between the chemical behavior of Na and K.
This paper is organized as follows: section II reports the

experimental setup and describes the most important experi-
mental data; section III outlines some computational details;
section IV describes the interaction of CO2 on W(011) while
section V reports the results corresponding to the interaction of
Na on W(011) and for the co-adsorption deposition of CO2

and Na in W(011). Finally, section VI summarizes the main
conclusions of the present work.

II. Experimental remarks

The experiments, described in detail elsewhere,16,17 were car-
ried out under ultra high vacuum (UHV) conditions (base
pressure o2 � 10�10 Torr). AES and XPS are used to
characterize the chemical composition of the tungsten sub-
strate employed for the deposition of the molecular films. The

w Colour versions of Figs. 1, 5, 6, 7 and 8. See http://dx.doi.org/
10.1039/b508748a
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electronic structure of the molecular films was studied by
applying MIES and UPS. In MIES, metastable helium atoms
eject electrons from the edge of the surface under study. The
application of MIES to surface spectroscopy is well documen-
ted.18,19 When the Na adsorbate is not fully ionized, a spectral
feature, denoted as Na(3s), is expected from the presence of 3s
charge density at the Na core; it occurs near to the Fermi level
and is clearly seen on metals and semiconductors for coverages
larger than about 0.5 ML.18,19 At this and higher coverages
Auger de-excitation (AD) and auto-detachment of He�* spe-
cies formed by electron attachment to the metastable He*
probe atoms both contribute to Na(3s). Thus, other than for
AD process, the shape of the feature does normally not image
the partial DOS of Na.18,19 With UPS (HeI and II), a partially
occupied Na(3s) level is practically not seen due to small
photoionization cross sections.20 This underlines the power
of MIES for investigating the chemistry between Na and
molecular films, which can be expected to be driven by the 3s
valence electron. In the present work, dedicated to the study of
the Na-induced changes in the electronic structure of CO2 and
Na films, we have confined ourselves to reporting MIES and
UPS(HeII) spectra.

The experiment produces energy spectra of the emitted
electrons versus their kinetic energy. By choosing a suitable
bias voltage between the target and the electron energy analy-
zer, the energy scales in the figures are adjusted in such a way
that electrons emitted from the Fermi level, denoted by EF, i.e.
electrons with the maximal kinetic energy, appear at 19.8 eV
(which is the potential energy of the metastable He atoms
employed for MIES). The position of EF is determined from
MIES spectra for Na-covered tungsten. With this particular
choice of the bias voltage, the low-energy cutoff in the spectra
gives directly the surface work function (WF), irrespective of
the actual interaction process which produces the electrons. In
order to allow a convenient comparison with theory we present
our data as a function of the binding energy of the emitted
electrons prior to their ejection. Electrons emitted from the
Fermi level, i.e. those with the 19.8 eV kinetic energy, appear at
binding energy EB ¼ 0 eV with respect to the Fermi level.

Na atoms were dosed employing carefully outgassed commer-
cial dispenser sources (SAES Getters), operated at a rate of 0.05
ML min�1, typically. The procedure for the calibration of the
alkali coverage is described elsewhere.21 The Na exposure is
given in units of monolayer equivalents (MLE); at 1 MLE the
surface is covered by one Namonolayer as long as penetration of
the Na into the CO2 film can be neglected. The surface tem-
perature can be varied between about 80 and 600 K; the
accuracy of the temperature calibration is 10 K. The surface
was exposed to CO2 by backfilling the chamber. Prior to Na
exposure the surface prepared as described above was cooled to
the desired temperature. The calibration of the Na film thickness
was made in the following manner. It is assumed that the WF
minimum occurs at 0.6 ML (this has been indeed confirmed by
the present theoretical calculations), and that the sticking coeffi-
cient, at 80 K, is constant throughout the entire exposure range,
i.e. also at exposures that lead to coverages larger than 1 ML.

For CO2, we obtain an estimate for the coverage at 80 K by
comparing the MIES and HeII spectra. On the one hand,
MIES shows very little substrate emission and, on the other
hand, with HeII the substrate emission is little attenuated by
the offered CO2; furthermore, the CO2-induced signal does not
change anymore above 5 L. Thus, from MIES we conclude
that we have produced a closed CO2 layer while HeII indicates
that the coverage produced at 80 K cannot be more than one
complete layer.

III. Computational details

The calculations were carried out in the framework of the
density functional theory (DFT) within the generalized gradi-

ent approximation (GGA), using the implementation proposed
by Perdew et al.22 for the exchange–correlation functional;
hereafter this is referred to as PW91. A plane-wave basis set
was used to expand the valence electronic states and the core
electrons were represented by the projected augmented wave
(PAW) method of Blöchl.23 This permits to obtain results
which are similar to those obtained using all electron frozen
core methods but within the computational simplicity of the
pseudopotential approach, especially in the implementation of
Kresse and Joubert.24 This representation of the core states
allows one to obtain converged results with a cut-off kinetic
energy of 415 eV for the plane-wave basis set. A Monkhorst–
Pack grid has been used to select the special k-points necessary
to carry out numerical integrations in the reciprocal space. The
number of k-points in each direction has been adapted until
total energies computed with increasing sets of k-points differ
by less than 0.01 eV. The grid for W is 15 k-points/direction,
and 13 k-points/direction for Na. The cutoff kinetic energy was
also optimized, setting it to 230 eV for metallic W, 300 eV for
Na adsorbed on W and also in metallic sodium, and to 415
when the surfaces interact with carbon dioxide. The latter
cutoff value has always been used to compute adsorption
energies of CO2 on the different surfaces. The structural
optimization was performed using a conjugated gradient tech-
nique in which the iterative relaxation of atomic positions was
stopped when the change in the total energy between successive
steps was less than 0.001 eV. With this criterion, forces on the
atoms are generally smaller than 0.1 eV Å�1. A comparison
between calculated and experimental values indicates that the
error on the calculated cell parameter for both Na andW is less
than 1%.
Once the optimum lattice parameter was determined

for each metal, a slab model for W(011) surface has been
constructed, this is because experiments have been carried out
for this particular surface which indeed is the most stable
one for a bcc crystal. In this approach one uses a unit cell
which is repeated periodically in two dimensions while it has a
finite extent in the third one. In order to use the plane wave
basis set, which is periodic in nature, the corresponding slab is
repeated in the third direction with the slabs separated by a
sufficiently wide vacuum region. A vacuum width of 10 Å has
proven to be large enough for the present purposes. The
W(011) slab models contain three atomic layers and the two
outermost atomic layers were fully relaxed in these and
subsequent calculations using the optimization procedure out-
lined above. Test calculations using an increased number of
layers show that, for the present purposes, results can be
considered as converged with respect to slab thickness. For
the slab model, the k-point grid in the 011 direction has been
reduced to 1. A rather small inward relaxation of B3% has
been found in agreement with the experimental trend found for
most metal surfaces.
All electronic structure calculations were carried out with a

parallel version of the VASP 4.5 code25–27 implemented in an
IBM SP4 machine and on Linux clusters.

IV. CO2 adsorption on W(011)

In order to model the interaction of CO2 with W(011), CO2

molecules have been placed above the surface in two probable
adsorption sites. These correspond to alignment of the O–C–O
axis with either the long bridge or the short bridge, with C
directly on top of a W atom and the molecular axis parallel to
the surface. Nevertheless, the position of the oxygen and
carbon atoms was independently optimized. In all cases the
energy optimization process results in weakly adsorbed mole-
cules with geometries nearly identical to that of the gas phase
with a linear structure and distances of 1.16 Å. The very small
adsorption energies which indeed are positive already indicate
that the interaction is very weak, as expected for a
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physisorption process. In principle, one would expect a small
but negative value, the fact that the calculated value is positive
is a consequence of the limitation of the current GGA func-
tionals which are well-known to have difficulties in correctly
describing weak interactions.28,29 However, even if the final
geometries and adsorption energies are not really accurate,
there is clear indication that the interaction is very weak, and
the molecular structure is that of the gas phase. A graphical
representation of the 3-D projection of the charge density—not
shown—evidences that the electronic densities of the CO2

molecule and of the tungsten surface remain unperturbed.
The conclusion about the weak interaction of CO2 with the
tungsten surface is reinforced by the analysis of the local
projected density of states (LDOS) reported in Fig. 1 which
shows no evidence of charge-transfer from the metal to CO2.
Moreover, it shows clearly that the CO2 -related one electron
levels (i.e. orbital energies) remain unaltered, except for a slight
broadening of the 1pu level due to its different interaction with
the surface. In fact, one of the 1pu orbitals is slightly stabilized
due to proper interaction with tungsten d-orbitals, but not
enough to distinguish between them. As a result, a broadening
is observed only. A similar argument explains the broadening
of the 1pg level resulting in a more-stabilized and broader level
because of a more favorable interaction with the surface and in
an essentially unaltered orbital.

Both MIES and UPS(HeII) display the structure denoted by
CO2(phys) (Figs. 2 and 3, top spectra), observed after CO2

deposition onto neat W(011) at T o 120 K. For deposition at

80 K, CO2(phys) starts to decrease around 100 K (see Fig. 4),
typical for a physisorbed species; the most weakly bound
species probably corresponding to those adsorbed on terraces,
as modeled by the present DFT calculations. In MIES, CO2

(phys) consists of broad peaks at EB ¼ 8.1; 12.0 eV (labeled 1pu
and 1pu; 3sg, respectively); an indication of an additional
feature (4sg) is seen with HeII at EB ¼ 13.5 eV. From the
analysis of energy levels differences listed in Table 1, one can
readily see that the calculated values match those obtained
from the MIES and UPS spectra for the same system which
show energy differences of 3.9 eV between the double degen-
erated 1pg orbitals and the broad feature corresponding to the
1pu and 3su orbitals—which because of the weak interaction
with the surface appear as a single broader peak—and of 1.5
eV between the last one and the 4sg orbital. The calculated
values from the density of states are 3.5 and B1.1 eV,
respectively, which are close to the experimental ones. The
constant difference of 0.4 eV in the energy levels difference with
respect to the experiment is probably due to the inherent
limitations of the PW91 method to properly describe this weak
interaction.
Provided that the HeII spectra represent the DOS of the

occupied states, i.e. no final state effects important, the total
tungsten DOS (see Fig. 1) can be compared with the intensity
in the HeII spectra for pure tungsten (see Fig. 3, bottom).
Indeed, general agreement is found as far as the positions of the
major structures, in particular the minima in DOS and UPS
(HeII) spectra around 4 eV are concerned.
To sum up, CO2 on W(011) remains almost unaltered as

compared to the gas phase, with no evidence for charge
transfer from the substrate to the molecule and, hence, no
evidence of activation, in complete agreement with experi-
mental findings.

Fig. 1 Local projected density of states (LDOS) of CO2 adsorbed on
W(011). Total DOS, and projections on both atoms and related
orbitals are shown—W(d) is the density of states associated to the 5d
orbitals of tungsten, C(p) to the 2p orbitals of carbon, etc.

Fig. 2 MIES spectra for interaction of Na with a CO2 monolayer
prepared on tungsten (80 K) as a function of Na exposure (upper set of
spectra), and the spectral changes resulting when annealing the Na/
CO2 system over the indicated temperature range (lower set of spectra)
(see text for the acronyms employed in the figure).
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V. Na adsorption and CO2/Na interaction on

W(011)

V.1. Na adsorption on W(011)

Several models have been built in order to find the most
favorable sites for Na adsorption on W(011) surface. Those
involve ontop, bridge and four-fold hollow high symmetry
adsorption sites. The adsorption of sodium on each site has
been evaluated at three different coverages (y) of 1/8, 1/4 and
1/2. Na atoms have been placed at an initial distance of 2.5 Å
above the surface and next Na have been allowed to relax

along the [011] direction. Adsorption energies, Eads, have been
calculated as the difference of the adsorbed system and the sum
of the clean surface and spin polarized isolated sodium atom in
a cubic box of 10 Å. In this case a 415 eV energy cut-off has
been used.
From the adsorption energies reported in Table 2, one can

see that the differences between different high symmetry sites
are rather small. Moreover, in all cases, when increasing the Na
coverage, the adsorption energy decreases in the range 0.125 to
0.5 ML due to the repulsion between the positively charged
alkali adsorbates. At even higher Na coverage, metallic bond-
ing develops between the adsorbed Na atoms with a concomi-
tant decrease of ionicity of the Na–W interaction. In order to
model the experimental conditions employed in Fig. 4, from all
sites and coverage values for Na adsorbed W(011) considered
in the present work, the one representing the most stable site at
the highest possible coverage has been chosen. This corre-
sponds to the four-fold site with y ¼ 1/2 and to a 4 � 4
supercell. In this supercell the Na atoms are separated by 7.81,
6.38 and 4.51 Å, respectively, as shown in Fig. 5.
The MIES results for Na on W(011) (Figs. 4 and 6, top) do

not allow for a direct comparison with the results predicted
from theory: as mentioned above, the strong Na(3s) feature at

Fig. 3 UPS(HeII) spectra for the interaction of Na with a CO2

monolayer prepared on tungsten as a function of Na exposure (80
K) (upper set of spectra), and the spectral changes resulting when
annealing the Na/CO2 system over the indicated temperature range
(lower set of spectra).

Fig. 4 MIES spectra for the interaction of CO2 on Na (1.5 layers)
prepared on tungsten held at 80 K (upper set of spectra), and the
spectral changes resulting from film annealing the CO2/Na system over
the indicated temperature range (lower set of spectra) (see text for the
acronyms employed in the figure).

Table 1 Geometry of the CO2 molecules adsorbed on W(011), d(CO),

d> and a(OCO) correspond to the C–O distance, the vertical distance

from the C atom to the surface and the O–C–O internal angle,

respectively. Distances are given in Å and angles in degrees. Eads stands

for the calculated adsorption energy. Positive values of Eads indicate a

bound system and vice versa. The energy difference between CO2

related peaks in the density of states is also given. All energies are in

eV. For comparison, the rightmost column reports the data for free

CO2 as obtained using the same computational setup

Short Long Free CO2

d(CO) 1.18 1.18 1.18

a(OCO) 180.0 179.8 180.0

d> 3.41 3.40

Eads 0.07 0.06

2su � 3sg 0.91 1.06 1.01

4sg � 2su 14.43 14.28 14.37

(1pu þ 3su) � 4sg 1.06 1.22 1.15

1pg � (1pu þ 3su) 3.49 3.50 3.52

Table 2 Adsorption energies (in eV) of Na atoms on top, bridge and

hollow sites at 1/8, 1/4 and 1/2 coverages

y 1/8 1/4 1/2

Top �2.25 �2.14 �2.03
Bridge �2.31 �2.20 �2.10
Four-fold �2.36 �2.25 �2.15
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EF, being mostly due to auto detachment of He�*(1s2s2)
species,18 does not provide a direct image of the Na partial
DOS. From the projected DOS of Na derived levels near EF it
is however possible to argue that there is a net charge transfer
from Na to W; this is further discussed in the next section.

V.2 CO2/Na interaction on W(011)

Fig. 4 reports MIES spectra of CO2 interacting with a 1.5 ML
thick film of Na on tungsten. Impinging CO2 becomes acti-
vated, and the species CO2(chem) characterized by peaks at
EB ¼ 6.4; 10.8 eV (labeled 1a2;4b2 and 3b2;1b1;5a1, respectively)
is produced exclusively (o3 L). As compared to CO2(phys), the
peaks are shifted towards lower binding energies by about 1.7
eV, and their distance is larger by about 0.5 eV. Moreover, the
two species, CO2(phys) and CO2(chem), display a rather
different dependence on the substrate temperature: while CO2

(phys) has desorbed around 120 K, CO2(chem) is rather stable,
and not before 400 K does its signature disappear from the
spectra. Chemisorption continues only as long as 3s charge
density is present at the Na1 cores, i.e. it stops when Na(3s) has
disappeared. Additional CO2 leads then to physisorption on
top of the Na-modified layer. This follows from the correlation
seen between the growth of the structure CO2(phys) at the
expense of CO2(chem) which finally disappears for410 L. The
physisorbed layer desorbs around 115 K whereby CO2(chem)
reappears (now displaying an additional third peak at EB ¼
13.8 eV), remaining visible up to T4 500 K. If the CO2 layer is
produced at 120 K (not presented), the initial stage of the
interaction is as at 80 K, but no physisorption takes place on
top of the chemisorbed layer. In principle, CO2(chem) could be
due to carbonate (CO3) formation. In fact, the CO2 interaction
with alkaline earth (M) films (M ¼ Mg, Ca, Sr, Ba) leads to
CO3 formation. It was suggested that in the early stage of
exposure CO2 becomes dissociated, and (M–O) bonds are
formed.30–33 Further exposure leads to CO2 chemisorption at
these surface-adsorbed oxygen atoms, thereby forming CO3

complexes. In the present case, no indication for the formation
of (Na–O) bonds is seen, and the spectra do not resemble
closely those from CO3 species. Thus, we tend to exclude CO3

species as the origin of CO2(chem).
The experimental situation studied in Figs. 2 and 3 provides

additional insight into the conditions under which CO2(chem)
is formed: the tungsten substrate, pre-covered by 1 ML CO2 at
80 K, displays only CO2(phys), i.e. a physisorbed film has been
produced. Exposure to Na leads to a decrease of the work
function by about 2 eV. In the early stage we notice the
complete absence of Na(3s) feature which would signal the
presence of the 3s electron at the Na1 core. The decrease of the
work function shows however that Na1 species become ad-

sorbed even at the earliest exposure stage. We conclude that the
Na(3s) electron is transferred to the CO2/W interface. On the
other hand, up to 0.5 MLE no chemisorbed species is formed
as a consequence of the transfer of the Na(3s) electron, neither
in MIES nor UPS. The structure CO2(phys) merely shifts
simultaneously with the work function whereby the energetic
distances between the spectral features remain conserved.
CO2 chemisorption does, however, occur for exposures

larger than 0.5 MLE, as manifested by the appearance of
CO2(chem), correlated with a decrease of the CO2(phys)
intensity. Thus, we are led to the conclusion that a minimum
Na supply, equivalent to about 0.5 ML coverage, is required to
start CO2

� formation. The co-deposition of alkali atoms and
CO2 on titania at room temperature leads to similar threshold
behavior, in this case for the CO3 formation.34–36 Above about
1.7 MLE Na atoms become adsorbed as neutral species as
manifested (see Fig. 2) by the appearance of the peak Na(3s),
about 2 eV below the Fermi level.
In Figs. 2 and 3 a shoulder can be noticed at the low-binding

energy side of the (1a2; 4b2) peak. We attribute this shoulder to
an additional spectral feature located at about EB ¼ 4.5 eV.
This is an indication that charge transfer takes place from the
Na–W system to the CO2 adsorbates, leading to the partial
population of previously unoccupied MOs during the chemi-
sorption process (see below).
When modeling the CO2–Na interaction, there are several

possibilities of adding a CO2 molecule to the Na–W supercell.
Placing CO2 in the middle of the diagonal corresponding to a
Na–Na distance of 7.81 Å (cf. Fig. 5) has been rejected because,
at full coverage, this site would be occupied by a Na atom and
because the interaction with neighboring Na results either in a
too long Na–O distance or in an unfavorable orientation.
Adsorption in the middle Na–Na atoms separated by 6.38 Å,
hereafter referred to as long–long, has been checked, but only
along the Na–Na direction. The perpendicular orientation
would imply a too long Na–O distance. Therefore, for the
interaction of CO2 along the 4.51 Å Na–Na distance situation,
the only possible way to compare to the situation correspond-
ing to CO2 interaction with the clean W(011) surface, described
in the previous section, implies placing the CO2 molecule in the
middle of the Na–Na atoms separated by 4.51 Å. In this case
one can still place the CO2 molecule following the Na–Na
direction (long and long-top orientations) or perpendicular to
it (cross). In these spacial dispositions, the unit cell is reduced
to a 4 � 2 supercell. Starting from these geometries the
molecular structure of the CO2 molecule has been allowed to
fully relax with no constraints. The final optimized structures
are reported in Table 3 and the long–long configuration is
depicted in Fig. 6.
The first important result is that the interaction along the

long direction is largely unstable. It results in a highly stressed

Fig. 5 Distances between adsorbed Na atoms in the 4 � 4 supercell.

Fig. 6 Final structures of the long–long conformation (see Table 4) of
the adsorption of carbon dioxide on Na-decorated W(011).

3870 P h y s . C h e m . C h e m . P h y s . , 2 0 0 5 , 7 , 3 8 6 6 – 3 8 7 3 T h i s j o u r n a l i s & T h e O w n e r S o c i e t i e s 2 0 0 5



structure with a very high energy. From the three remaining
structures, the one termed long-top involves an almost linear
CO2 molecule. The analysis of the DOS shows that this is very
similar to the configuration corresponding to the interaction of
CO2 with the clean W(011) surface. The CO2 energy level
pattern is the same as in the adsorption on clean tungsten
(see Fig. 1), with a very small split in the 1pu and 3su levels and
with the entire pattern shifted towards higher binding energies
by about 2.7 eV. The main interactions are with Na, but are
still sufficiently small for CO2 to maintain its gas phase
structure. Hence, the long-top interaction leads to a physi-
sorbed species which is only slightly more stable than the one
corresponding to the clean metallic surface because of some
electrostatic interaction with the adsorbed Na atoms. The two
remaining optimized structures, above defined as cross and
long–long, present a highly distorted CO2 molecule with a
OCO angle which for the cross conformation is now 1601 and,
hence, reminiscent of CO2

�. The cross structure is slightly
unstable with respect to the Na-covered W(011) surface plus
gas phase CO2 but it is, of course, stable with respect to
separated CO2, Na and the W(011) surface. In any case, the
vibrational analysis confirms that this structure is a minimum
on the potential energy surface, because all normal vibrational
modes of carbon dioxide present real frequencies. The analysis
of the projected density of states of this structure already
indicates charge transfer from the Na s-orbitals to the W
conduction band thus providing extra electron density which,
therefore, can be donated to the CO2 molecule. This is
confirmed by the projected density of states for Na adsorption
on the clean W(011) surface, where the extremely low projected
DOS of Na derived levels in the energy range around the
Fermi level suggests a net charge transfer from Na to W. This
is indeed the typical situation for alkali atoms adsorbed on
metal surfaces,37 also seen here for Na coverages up to about
0.3 MLE.

The long–long conformation is the most revealing one; the
corresponding structure is very close to that of gas phase CO2

�

with the OCO angle being 1231 close enough to the 135 for
CO2

�.2 The electron transfer from the substrate to the CO2

molecule is facilitated by the work function decrease. In fact,
the calculated value for the W(011) is 4.88 eV, in good
agreement with the experimental value of 5.05 eV.38 The
calculated value for a coverage of 0.5 ML is 1.81 eV implying
a decrease of almost 3 eV. This is in very good agreement with
the observed experimental decrease at 0.6 ML which is of 2.9
eV. Notice that this is similar to the structure found for CO2 on
a K covered Pt(111) surface.3 However, the model used to
represent the Pt(111) surface was more limited and a direct
comparison is difficult. Still, the close resemblance in the
structure of the adsorbed molecule and the conclusion that a
direct interaction between CO2 and the K is necessary to
stabilize the former are in agreement with present findings.
The mere electron transfer donation from the alkali metal to
the substrate is not enough and further stabilization is pro-
vided by the electrostatic interaction between the alkali cation
and the negatively charged CO2 molecule. Notice also that in
the work of Ricart et al.3 the structures, equivalent to the
present long–long and cross conformations, were found to be
almost degenerate in energy. Here, the long–long structure is
clearly the most stable one. This is because it maximizes the
interaction between the two charged adsorbed species. Notice
that the Na–O distance is comparable to that in the Na
carbonate structure. In this conformation, the interaction of
CO2 on the Na covered W(011) surface is accompanied by a
weak relaxation of the neighboring Na atoms which relax
outwards by B0.4 Å. The final perpendicular distance from
Na to the W surface is 3.04 Å, considerably longer than the
values corresponding to the other conformations (Table 3).
This can be viewed as a way to better accommodate the
charged carbon dioxide molecules.
Returning to the cross conformation, the splitting of the 1pu

and the 3su orbitals, as well as of the 1pg levels is concomitant
with the structural change of the adsorbed molecule.
Now, Table 4 reports the differences between consecutive
energy levels for both the cross and long-top cases. For
the cross case, the 1a2 � (1b1 þ 5a1) and 3b2 � 4a1 energy
differences are too small to match the experimental result. The
experimental splittings are 4.4 and 2.1 eV, respectively, whereas
the values derived from the calculated DOS are of 3.6 and 1.1
eV. The splitting of the 1pu, 3su and 1pg levels is also seen in
the LDOS of the long–long conformation (Fig. 7), but also a
larger charge transfer and the splitting of 1pu and the 3su

orbitals which now results in three clear peaks. Notice that for
the 1pg levels a broadening of this level appears. The energy
differences between these peaks are now (long–long case) 3.2
and 1.98 eV for the 1a2 � (1b1 þ 5a1) and (3b2 � 4a1)
separations, respectively. The last one is now closer to the
experimental value of 2.1 eV.
The inspection of the Walsh diagram of the CO2 molecular

orbitals and the Mullikan population on cluster models suggest
that for a bonding angle of 1231 emission from the partially
occupied anti-bonding p*(6a1) can be expected near the posi-
tion of the structure (1a2;4b2). Indeed, the structure denoted by
6a1 in Figs. 2 and 3 can be attributed to the ionization of the

Table 3 Structural parameters for the final optimized geometries of

CO2 on the Na decorated W(011) surface. This corresponds to the

cross, long and long-top conformations for the 4.51 Å direction (cases

A, B and C, respectively, see Fig. 7), and long–long for the 6.38 Å

direction (case D), all described in Fig. 5. d(CO) and d(OO) are the

interatomic distance whereas d(s–C) and d(s–Na) are the perpendicular

distances of C and Na to the surface, respectively. Distances (d) are

given in Å, angles (a) are given in degrees. Eads are given in eV

molecule�1 and calculated from the Na/W(011) system

Cross Long Long-top Long–long

d(CO) 1.20 1.49 1.17 1.29

d(s–Na) 2.62 2.49 2.66 3.04

d(s–C) 3.61 2,02 4.78 1.78

a(OCO) 160.14 58.32 179.48 123.15

d(OO) 2.36 1.47 2.34 2.27

Eads 0.58 5.23 �0.24 �1.34

Table 4 CO2 molecular orbital energy differences (in eV) in all the adsorption possible conformations on the Na decorated W(011) surface

Long-top Cross Long–long

2su � 3sg 0.93 2b2 � 3a1 1.17 2b2 � 3a1 1.98

4sg � 2su 14.31 4a1 � 2b2 14.00 4a1 � 2b2 10.95

(1pu þ 3su) � 4sg 1.17 3b2 � 4a1 0.93 3b2 � 4a1 1.98

1pg � (1pu þ 3su) 3.62 (1b1 þ 5a1) � 3b2 0.35 (1b1 þ 5a1) � 3b2 0.61

1a2 � (1b1 þ 5a1) 3.38 1a2 � (1b1 þ 5a1) 3.20

4b2 � 1a2 0.23 4b2 � 1a2 NA
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partially occupied p*-type 6a1 MO. In addition, one can also
speculate that the structure seen in the Na LDOS (Fig. 7)
between 1 and 2 eV gives rise to a peak appearing around 2 eV
in the MIES spectra when Na becomes adsorbed as neutral
species.

The charge transfer to CO2 found for the cross and long–
long structures merits some additional comment. In fact, one
may wonder whether the charge transfer is directly from the Na
atoms or is mediated by the surface. To answer this question,
Fig. 8 reports the projected DOS for the two structures
described above and for the long-top one which is taken as
an example of physisorbed CO2. Fig. 8 clearly shows that the
CO2 derived peaks shift towards higher energies (lower binding
energies) when going from the physisorbed long-top to the
cross and long–long chemisorbed structures. However, for the
three cases, the Na levels appear at the same energy. This is a
clear indication that, in all cases, Na atoms have the same
oxidation state. Therefore, the charge transfer can only be
through the metal surface. Notice that the Na 2p-level shifts
slightly upwards, but the reason is not a charge transfer, but a

change in the Fermi level. This qualitative agreement permits
to confirm that the species which is responsible for the experi-
mental MIES and UPS spectra of CO2 on Na-covered W(011)
is in fact a negatively charged adsorbed CO2 molecule. How-
ever, the quantitative disagreement in several respects reflects
limitations on the model. On the one hand, the peaks on the
DOS do only provide a qualitative guide to the ionization
energies, final state effects are neglected. Here, one must advert
that the computational model may not reproduce the experi-
mental situation entirely. This is reflected in the fact that
charge transfer is not enough. The Na coverage used is not
small enough and a partial metallic phase develops. A smaller
Na coverage will lead to a more ionic Na1 adsorbed
species,37,39 and hence there will be a supply of extra electrons
for the charge transfer, but, also, it would imply less positive
charge to stabilize the charged carbon dioxide atoms and also a
less favorable direct interaction of the CO2 molecules with
the Na adatoms. Nevertheless, the number of possible struc-
tures of adsorbed CO2 studied in the present work is far from
covering all possibilities. In any case, despite the energy level
differences being significantly larger than in the physisorbed
case, either CO2 on the clean W(011) surface or on the long-top
configuration for the Na covered W(011), the present
results provide evidence that the Na-induced species CO2

(chem), observed in the MIES and UPS spectra, is due to the
activation of CO2 which occurs through a partial charge
transfer from the substrate to the molecule and results in a
chemisorbed species.
The present theoretical and computational models explain

details seen in the spectral changes occurring during the Na
interaction with the CO2 layer deposited at 80 K (Figs. 2 and
3): According to theory, Fig. 2 starts with a layer of physi-
sorbed CO2 (structure CO2(phys)) whereby the C-atom has a
distance of 3.4 Å from the tungsten surface. Na exposure leads
to transfer of Na(3s) to the W conduction band (as manifested
by the observed work function decrease) and to the adsorption
of Na1 species between the CO2 layer and the substrate. The
resulting structures are of the type ‘‘long top’’, characterized by
a characteristic shift of the CO2 induced features toward larger
binding energies; at any rate, the initial phase of Na adsorption
leads to a physisorbed species. Theory correctly predicts the
shift of the spectral pattern towards larger binding energies as a
consequence of the Na–CO2 interaction. More Na supply is
required to allow for configurations suited for the formation of
CO2(chem), i.e. of CO2

� species, which becomes evident
around 0.5 MLE Na coverage, and leads to a peak pattern
compatible with the long–long structure. Theory correctly

Fig. 7 LDOS of CO2 (long–long conformation).

Fig. 8 LDOS of the CO2 levels (contribution of the oxygen orbitals)
and Na levels—cross, long-top (* projected densities of states) and long
–long conformations (‘projected densities of states).
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predicts that peak (1a2;4b2) occurs at low binding energies,
similar to that of 1pg in CO2(phys). Interestingly, there is no
indication that the cross structure is formed during the inter-
action of Na with the CO2 layer.

VI. Conclusions

The activation of CO2 by interaction with Na atoms on W(011)
has been studied by combining MIES, UPS (HeII) and first
principles calculations. CO2 physisorbs on pure W(011) in the
range 80 to about 120 K; the distance between the three CO2

spectral features is as in the gas phase (EB ¼ 8.4; 12.1; 14.1 eV).
However, CO2, offered to a Na monolayer on W(011), is
converted into a chemisorbed species whereby, according to
the first principles results, an initial transfer of 3sNa takes place
to the W substrate, followed by ‘‘back donation’’ of charge
from the substrate to the CO2. As compared to physisorbed
CO2, the spectral pattern is different (EB ¼ 6.3; 10.7; 13.9 eV),
and shows a global shift with respect to CO2. The first principle
calculations identify the chemisorbed species as distorted CO2

�

with an (O–C–O) bonding angle of 1231; these CO2
� species

are embedded into the Na adlayer. Chemisorption continues
until all available Na species are converted to Na1 species.
Additional CO2 offered to the system becomes physisorbed on
top of the chemisorbed species.

When a CO2 monolayer, physisorbed at 80 K, is exposed to
Na, the interaction leads initially to a decrease of the surface
work function and to a rigid, global shift of all CO2 induced
features towards larger binding energies by about 2 eV. First
principles calculations show that, initially, transfer of the
Na(3s) electron takes place to the substrate; but the spectral
pattern remains essentially the same as for physisorption. Only
beyond a minimum Na coverage of about 0.5 monolayers
chemisorbed species can be detected. First principles calcula-
tions show that ‘‘back donation’’ of charge to CO2 takes place
whereby the physisorbed CO2 species become converted to the
distorted CO2

� species also seen for adsorption on a Na film.
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(F.I.). F.V is grateful to MEC for a predoctoral grant. Com-
puter time was provided by the Centre de Supercomputació de
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