
CO2 adsorption on Na precovered Cr2O3(0001)

O. Seiferth, K. Wolter, H. Kuhlenbeck, H.-J. Freund *

Department of Chemical Physics, Fritz-Haber-Institut der Max-Planck-Gesellschaft, Abteilung Chemische Physik,

Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany

Received 16 October 2001; accepted for publication 28 December 2001

Abstract

CO2 adsorption and reaction on Cr2O3(0 0 0 1) is considerably modified by the presence of Na on the surface. De-

pending on Na coverage, different modes of interaction and reaction have been observed. At low coverage Na adsorbs

by transferring an electron to the Cr2O3(0 0 0 1) surface. In this case, the formation of bent CO�
2 (carboxylate) can be

observed similar to what was observed for the clean Cr2O3(0 0 0 1) surface [see Surf. Sci. 421 (1999) 176]. Distinct

differences with respect to physisorbed CO2 are identified. CO2 desorbs as an intact molecule from the Na-covered

surface at temperatures higher than that found for the clean surface. NaCO2 salts form and also Na2CO3 can be

observed. Carbonate forms via disproportionation of two CO2 molecules into carbonate and CO with the latter being

released into the gas phase. The intermediate formation of an oxalate species, its geometry on the surface, and

CO�
2 � CO2 solvation are discussed. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Studies on CO2 activation and reaction are often
motivated by the desire to find new avenues for the
use of CO2 in chemical reactions [1]. Reasons are
that CO2 emission has turned out to be critical in
connection with burning fossil fuels and also with
a number of industrial processes. CO2 represents a
C1-building block that is readily available for
chemical reactions. However, it is employed in
only four industrial processes [2,3]: in urea syn-
thesis from CO2 and ammonia, in the ‘‘Kolbe–

Schmitt’’-process to synthesize salicylic acid from
Na phenol, in the synthesis of cyclic organic car-
bonates via reaction of CO2 with epoxides as well
as via the water gas equilibrium partly also in
methanol synthesis.
The reason for the limited use of CO2 in syn-

thesis is, of course, its high latent heat and the
rather high kinetic activation the molecule would
need to be more useful [4]. In this connection a
bent CO�

2 intermediate, which can be identified on
clean metal surfaces as well as on alkali promoted
surfaces is thought to play a key role [5]. There are
two comprehensive review articles on CO2 surface
chemistry in the literature [5,6]. While for metal
surfaces a considerable literature exists on these
processes, a similar data base for oxide surfaces
does not exist.
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An early study reported sodium carbonate for-
mation in the system Na/Cr2O3(0 0 0 1)/Cr(1 1 0)
without discussing the details of adsorption and
reaction of the molecules [7,8]. Recently, Moller
and his group have studied CO2 interaction with
Na/TiO2(1 1 0) [9] and showed photoemission data
consistent with the formation of a bent CO�

2 spe-
cies on the surface that reacts further with oxygen
resulting in the formation of carbonates. In the
present paper we discuss the results of thermal
desorption spectroscopy and vibrational spectro-
scopy studies on the CO2 interaction with Na/
Cr2O3(0 0 0 1)/Cr(1 1 0) in order to reveal some of
the issues raised above and compare the reactivity
of the Na promoted system with that of the clean
surface.

2. Experimental

The experiments have been performed in a dou-
ble chamber UHV system with a base pressure
of 10�10 Torr [10]. The samples are prepared and
initially characterized by LEED and Auger elec-
tron spectroscopy in a preparation chamber. This
chamber also contains a quadrupole mass spec-
trometer for residual gas analysis and thermal
desorption spectroscopy. For the latter, the open-
ing of a Feulner cup is positioned in front of
the sample at close distance to prevent desorption
from the sample holder from interfering with the
measurement. For infrared spectroscopy the sam-
ple is moved on a manipulator to a separate
chamber with KBr windows where reflection–
absorption measurements using a modifiedMattson
type (RS-1) Fourier transform spectrometer can
be performed. The interferometer and the optical
path are pumped. The infrared detector is situated
in a separate housing. We use a small-band-MCT
(Hg(dTc)) system with liquid nitrogen cooling. All
single beam spectra were recorded with a spectral
resolution of 2 cm�1 accumulating 500 scans for
each spectrum. The transmittance spectra were
calculated from the single beam spectra, recorded
before and after adsorption of CO2. The sample
was a Cr(1 1 0) single crystal with 2 mm thickness
and 10 mm diameter. Via sputter-anneal cycles the
nitrogen impurity was vastly reduced and a sharp

(1 1 1) LEED pattern of the clean Cr(1 1 0) surface
was obtained. The oxide film was prepared as re-
ported in the literature [8,11,12] and exhibited a
hexagonal ð1� 1Þ LEED pattern. The film has
been shown to be about 30–50 �AA thick and the
structure of the film surface has been established
on the basis of qualitative LEED I–V studies
[13,14]. The surface is Cr terminated after flashing
at 1000 K. Under oxygen rich conditions the sur-
face is terminated by Cr ¼ 0 groups instead of Cr
ions [8].

3. Results and discussion

Na deposition on Cr2O3(0 0 0 1)/Cr(1 1 0) has
been discussed before and we refer to the publica-
tions for the calibration procedure concerning
coverage [8,11,12,15]. It is important to realize
that, similar to the case of Na deposition on metals,
the work function as a function of coverage un-
dergoes a strong and in the early stage linear de-
crease, reaches a minimum at about one monolayer
and then increases until it reaches the limiting value
of the alkali metal work function itself [8,11]. This
value is reached almost at about two monolayers.
It has been deduced that the Na atoms initially
adsorb by transferring an electron to the substrate
forming a non-metallic overlayer [8,11,15]. After
a transition phase, presumably involving cluster
formation they finally form a metallic overlayer.
The latter has been confirmed by investigating the
electron energy loss spectrum of Cr2O3(0 0 0 1) in
ranges of the so-called Fuchs–Kliewer (FK) pho-
nons [7]. The FK phonons are completely attenu-
ated after deposition of two monolayers of Na but
their intensity recovers after the metallic Na over-
layer is converted into a dielectric one by reacting it
with water or CO2. In the case of reaction with CO2

a Na2CO3 overlayer forms as we shall see in the
discussion below [7].
Fig. 1 shows a series of thermal desorption

spectra for various Na coverages. At the bottom,
the CO2 TDS spectrum for Na-free Cr2O3(0 0 0 1)/
Cr(1 1 0) is given for comparison [16].
The features observed on the clean surface have

been assigned: the desorption between 280 and 400
K originates from a chemisorbed CO�

2 carboxy-
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late species bound to the Cr sites on the surface
through its carbon atom [16]. The low tempera-
ture features at 120 and 180 K are due to linear
physisorbed CO2 in different environments on the
surface, i.e. on patches free of CO�

2 or in the multi-
layer and on patches with co-adsorbed CO�

2 in the
monolayer [16].
Upon Na pre-dosage the original CO�

2 feature is
strongly attenuated and even before full mono-
layer Na coverage is reached it is fully suppressed.
At monolayer coverage there is only the low tem-
perature feature for physisorbed CO2 left. Simul-
taneously, high temperature features between 630

and 750 K develop. This high temperature features
prevail for even the highest Na coverages and re-
solve into several sharp peaks in the spectra at the
top. Note that parallel to the trace on mass 44
(CO2) we show in each case the trace for mass 28
(CO). CO can be formed from CO2 in the mass
spectrometer or it can also be formed on the sur-
face via reaction of CO2. Therefore, whenever the
trace in mass 44 is tracked by the trace in mass 28,
CO is formed in the mass spectrometer indicating
that, indeed, CO2 desorbs from the surface.
However, for higher Na coverages there are extra
features in the trace of mass 28 indicative of either
adsorbed CO or CO being formed on the surface
via reaction. The former can be excluded on the
basis of the IRAS data discussed below.
It is quite obvious to associate the CO2 de-

sorption in the range between 630 and 750 K with
the decomposition of sodium carbonate although
the corresponding temperature for bulk Na2CO3

according to

Na2CO3 ! Na2Oþ CO2" ðin vacuumÞ

has been determined to be 1250 K (see [17] and
literature therein).
A possible explanation for the observation of

CO desorption at monolayer Na coverage which
will be substantiated on the basis of IRAS data is a
disproportionation reaction between CO�

2 moieties
or NaCO2 salts on the surface [18–20]:

2NaCO2 ! Na2CO3 þ CO"

The CO released into the gas phase is then ob-
served, of course, before the formed Na2CO3 which
is a surface species (different from bulk Na2CO3)
decomposes and releases CO2. At high sodium
coverages the situation is again different and the
combination of the TDS results with spectroscopic
measurements is needed to proceed with the anal-
ysis (see below).
In order to illustrate the peculiarities of CO2

adsorption in the various coverage regimes, we
compare 0.5, 1.0, 1.5, and 2.0 monolayer sodium
coverages: a low coverage before the work func-
tion has reached its minimum, an intermediate
coverage at the work function minimum, a cover-
age before the layer reaches full metallicity at the

Fig. 1. Series of TDS spectra taken after CO2 adsorption at 90

K (40 L) on clean and Na precovered Cr2O3(0 0 0 1)/Cr(1 1 0)

surfaces with a heating rate of 1 K/s. Na coverage was prepared

with the sample at 90 K. Partial pressures of masses 28 and 44

have been recorded simultaneously. On the right hand side the

desorption above 450 K is presented on an enlarged intensity

scale.
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work function of the alkali metal, and a coverage
typical for a fully metallic overlayer.
Fig. 2 shows IRAS spectra of a saturation cov-

erage of CO2 (30 L at 90 K) on Na precovered
Cr2O3(0 0 0 1)/Cr(1 1 0) for different Na coverages.
For comparison, again, the spectrum of the CO2

covered oxide surface without sodium pre-cover-
age is included [16].The spectra have all been re-
corded at 90 K without heating the substrate. The
spectra are dominated by the intense bands of the
CO2 asymmetric stretch (near 2360 cm�1) charac-
teristic for the linear physisorbed CO2 molecule
[21]. The high-energy signal (peak plus shoulder)
for the clean surface is associated with the two
desorption features at 120 and 180 K mentioned
above as has been discussed in Ref. [16]. In line
with the observation of only one low temperature

TDS signal for the Na precovered surfaces only
one strong CO2 asymmetric stretch is observed
for these systems. The high intensity of the band
is indicative of an adsorption geometry with the
molecular axis perpendicular to the surface, as also
discussed in Ref. [16].
Between 1000 and 2000 cm�1 for the clean sur-

face there is only one broad signal at 1289 cm�1

which has been assigned to a bent CO�
2 species that

desorbs at 330 K. The expected second band near
1600 cm�1 is not visible in this case due to surface
selection rules as extensively discussed in connec-
tion with powder spectra in Ref. [16].
In contrast to this simple spectrum, the spectra

taken after CO2 adsorption on the Na precovered
surfaces are much more complex. There are several
broader bands detected with a dependence of rel-
ative intensities and bandwidths on the Na pre-
coverage. The bands are located between 1100 and
1900 cm�1. In view of literature data for CO2-
alkali coadsorption on metal surfaces a series of
adsorbate species including CO�

2 [22–34], C2O
2�
4

[30,32,35,36], and various types of CO2�
3 [17,37–

40], but also CO [24,28,29,32,41–44], must be dis-
cussed. We shall attempt an assignment in the
following on the basis of temperature dependent
IRAS data for the various Na coverages. Fig. 3a–d
exhibit spectra recorded after heating the system to
the temperatures given and then cooling the sur-
face again down to 90 K. The discussion is pri-
marily based on Fig. 3b, i.e. the monolayer Na
coverage but essentially the results can be trans-
ferred to the other coverages.
Fig. 3b shows spectra of a system that has been

exposed to 1 monolayer of Na at 90 K and then to
a saturation coverage of CO2 at the same tem-
perature. The spectrum at the bottom is identical
to the one shown in Fig. 2 exhibiting absorption
bands at 1328, 1470, 1655 and 2358 cm�1. After
heating above 120 K the asymmetric stretch of the
physisorbed species disappears. Note that the
weak band observed at higher temperatures is due
to re-adsorption of CO2 after cooling the sample
down to the temperature of 90 K at which all
spectra have been recorded.
The band at 1470 cm�1 gains intensity upon

heating the system and it shifts to higher frequen-
cies. After heating to 660 K it is the only remaining

Fig. 2. Series of IRAS spectra of CO2 (30 L at 90 K) adsorbed

on clean and Na precovered Cr2O3(0 0 0 1)/Cr(1 1 0) surfaces.

Na coverage was prepared with the sample at 90 K.
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signal with a sharp maximum at 1514 cm�1.
Heating to higher temperatures leads to a disap-
pearance of this band. This behavior correlates
very well with the high temperature desorption
feature discussed above. The frequency of the band
can be compared with the asymmetric stretch of
bulk Na2CO3 which has been observed at 1440
cm�1 [17]. The deformation mode is weakly ob-
served at 880 cm�1 [17]. The difference between
the vibrational frequencies is very likely due to
the interaction of the carbonate with the Cr2O3-
(0 0 0 1)/Cr(1 1 0) surface as opposed to the inter-
actions within bulk Na2CO3. The fact that only
one high frequency band is observed with consid-
erable intensity indicates that the CO2�

3 -plane is
preferentially oriented perpendicularly to the oxide
surface: the 1140 cm�1 signal of CO2�

3 in bulk
Na2CO3 splits into a high- and a low-energy com-
ponent for surface-coordinated CO2�

3 , with the

amount of splitting depending on the coordination
to the surface (monodentate or bidentate) [37].
According to Fujita and Nakamoto [38,40] the
high-energy band of a twofold coordinated CO2�

3

ion would be of A1 symmetry and thus be observed
for a surface-bound species if the CO2�

3 plane was
oriented parallel to the surface normal. The other
A1 modes have so low intensities that they cannot
be observed. The different vibrational spectrum of
the surface-coordinated species as compared to
bulk Na2CO3 is well in agreement with the differ-
ent chemical stabilities (see above).
We now turn back to the spectrum of the sam-

ple prepared at 90 K. Apart from the signal of the
physisorbed species, in particular the band at 1655
cm�1 exhibits high intensity. It’s intensity, however,
only changes little upon increasing the tempera-
ture of the sample surfaces. Nevertheless, the sig-
nal becomes sharper and a pronounced shoulder at

Fig. 3. Series of IRAS spectra taken at various Na coverages exposed to 30 L CO2 at 90 K, followed by heating the surface to the given

temperatures. All spectra were recorded at 90 K. (a) Na coverage: 0.5 monolayers, (b) Na coverage: 1.0 monolayers, (c) Na coverage:

1.5 monolayers, (d) Na coverage: 2.0 monolayers.
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1610 cm�1 appears. Between 540 and 660 K the
feature vanishes abruptly. This happens in the
range of temperatures where intense CO desorp-
tion has been observed in TDS that does not
correlate with CO2 desorption (see above) indi-
cating that the transformations are connected and,
considering the concomitant increase in the CO2�

3

feature at 1514 cm�1, correlate with a precursor to
surface carbonate formation.
The rather weak feature at 1328 cm�1 in the

spectra at 90 K show a similar trend in intensity as
the band at 1655 cm�1 upon increase of surface
temperature. We therefore associate both features
with the same chemical species.
To arrive at an assignment of the species we

resort to Table 1 which collects literature data [22–
36] on vibrational spectra of CO2-alkali coadsor-
bates on metals, and on reference compounds such
as alkali-CO2 complexes prepared during matrix
isolation and alkali-oxalates. In most studies band

pairs in the ranges 1300–1350 cm�1 and 1600 and
1650 cm�1 have been assigned to symmetric and
antisymmetric stretching frequencies of NaþCO�

2

surfaces complexes. The presence of both bands
favors a Cs symmetry of the complex (see also the
discussion in Ref. [16] for the CO2–Cr2O3(0 0 0 1)/
Cr(1 1 0) complex on the clean surface). It is pos-
sible that these complexes are solvated at low
temperature by physisorbed linear CO2 molecules.
Such solvation phenomena have been discussed
for matrix isolated species [30] and for the first
time in connection with surfaces in an early theo-
retical study [45]. There, also the connection was
postulated to the above mentioned dispropor-
tionation reaction:

CO�
2 � CO2 !

e�
2CO�

2 ! CO2�
3 þ CO"

This idea was later adopted in several studies to dis-
cuss carbonate formation [6,22–25,46–51]. There

Fig. 3 (continued)
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are various and conflicting reports on the stabil-
ity of the species. On clean metal surfaces and also
on clean Cr2O3(0 0 0 1)/Cr(1 1 0) the CO�

2 species
leads to CO2 desorption at temperatures of up to
250 K [21–34]. On alkali promoted surfaces the
desorption temperature is about 500 K. In several
papers the signal near 1650 cm�1 is not assigned to
CO�

2 but rather to CO formed [24,28,29] from the
disproportionation reaction. Alkali-CO complexes
are expected to show frequencies between 1600–
1650 cm�1 on the basis of a review by Bonzel [41]
and comparison to alkali-CO compounds [42–44].
It is quite possible that part of the intensity of the
band near 1650 cm�1, in particular the shoulder at
1610 cm�1 is due to CO bound in such complexes.
However, clearly not the entire intensity can be
traced back to such species. Note that the bands at
1328 and 1655 cm�1 disappear together at tem-
peratures above 540 K together with the before
mentioned CO desorption in TDS. It is therefore
likely that the precursor for carbonate formation
is, indeed, the NaþCO�

2 complex. Paul and Hoff-
mann [32,34] proposed the intermediate formation
of an oxalate species according to

2NaCO2 ! Na2C2O4

A clear distinction between CO�
2 and C2O

2�
4 is

rather difficult on the basis of vibrational spectra
[32]. Also, the reaction temperature according to:

Na2C2O4 ! Na2CO3 þ CO

has been reported to be 700 K [17]. The fact that in
the present case we observe temperatures around
600 K is not inconsistent with the decomposition
of oxalate to carbonate and CO, but as stated
above a clear differentiation with respect to the
existence of NaþCO�

2 monomers is not possible.
Note that the CO�

2 on the Na precovered surface
shows a considerably higher stability than the
corresponding species on the clean Cr2O3(0 0 0 1)/
Cr(1 1 0) surface [16].
How do these findings relate to the other Na

coverages? The general trends are similar in all
spectra. However, there are shifts and changes in
relative intensities. It seems that with increasing
Na coverage the stability of the formed Na2CO3

increases as judged by the TDS and IRAS data.
Also, for higher coverages there are weak signals
near to 1160 and 1240 cm�1. Hoffmann et al. [32]
proposed that those should be assigned to CO2�

2

on the basis of matrix isolation data on K2CO
2�
2 .

The present data cannot be taken to support or
disregard this assignment.
Finally, a comment is necessary concerning the

behavior of Na deposits themselves upon heat
treatment. Early investigations by Bender et al.
[10–12] had already shown that Na can migrate
into the Cr2O3 oxide bulk. In the present case
we find that upon heating a layer deposited at
90 K to temperatures between 295 and 420 K,
i.e. below the lowest temperature for Na desorp-
tion from the surface, that Na2CO3 formation is

Table 1

Vibrational frequencies (in cm�1) as observed for CO2� and oxalate species in a variety of systems

Species System d(OCO) ms(OCO) mas(OCO) Literature

CO�
2 CO2=KþRh(1 1 1) 840 1340 1630 [22]

CO2=Naþ Pd(1 1 1) 744 1210 1530 [23–25]

CO2=Kþ Pt(1 1 1) 820 1340 1600 [26–29]

Li–CO2 799 1330 1570 [30]

Cs–CO2 1346 1608 [31]

(C2O4)
2� (C2O4)

2� aq. sol. 766 1300 1555 [35]

Na2C2O4 salt 774 1320/1338 1640 [36]

K2C2O4 salt 766 1308 1625/1650 [32]

Li2þ2 (C2O4)
2� (matrix) 807 1315 1662 [30]

CO2/K-monolayer Ru(0 0 1) 806 1342 1600–1725 [32]

CO2/K-monolayer Ru(0 0 1) 765 1345 1625 [32]

CO2/K-monolayer Co(1 0 1 0) 1312 1625 [33]

CO2/Na-monolayer Al(1 0 0) 920 1350 1650 [34]

O. Seiferth et al. / Surface Science 505 (2002) 215–224 221



widely suppressed after offering a saturation cov-
erage of CO2 to the heated layer. Therefore it is
rather important to always prepare a fresh film
before TDS and IRAS spectra are taken, and a
comparison is made. In fact, a surface that holds
implanted Na, possibly and probably in the
form of the mixed oxide: Na2O � Cr2O3 behaves
completely different from the fresh surface. For
example, Na2CO3 formation is completely sup-
pressed. This is demonstrated in Fig. 4, where a
two monolayer thick Na layer has been heated to
540 (Fig. 4a) and 720 K (Fig. 4b) before exposure
to CO2. Fig. 4a shows basically two bands, one
at 2355 cm�1 typical for the physisorbed species,
and one at 1292 cm�1. The latter disappears above
160 K. After preheating to 720 K, only the phys-
isorbed species is observed. From a comparison
with the data for the clean Cr2O3(0 0 0 1)/Cr(1 1 0)
surface [16] we believe that after heating to 540 K
the surface exposes Cr ions which can bind CO2 as
bent CO�

2 , however with a slightly reduced thermal
stability as indicated by the temperature series.

Remember, that on the clean surface the CO�
2

species has desorbed at about 280 K [16]. Obvi-
ously, these sites are no longer available after
higher temperature treatment.

4. Summary and conclusion

The absorption and reaction of carbon-dioxide
has been investigated for a sodium precovered
Cr2O3(0 0 0 1)/Cr(1 1 0) surface and compared with
results for the clean Cr2O3(0 0 0 1)/Cr(1 1 0) surface
[16] which has been studied earlier.
It is found via TDS and IRAS measurements

that CO2 exists as physisorbed linear CO2 on the
Na-predosed surface only at temperatures below
200 K. Already at 90 K, however, also chemi-
sorbed species exist on the surface. A detailed anal-
ysis of the vibrational spectra identifies these
chemisorbed species as NaþCO�

2 complexes exist-
ing on the surface in C2 symmetry or as Naþn CO

�
2

compounds. Their stability is considerably higher
than the CO�

2 species bound to Cr ions on the
clean Cr2O3(0 0 0 1)/Cr(1 1 0) surface. These latter
species form a surface complex with C2 symmetry,
instead. The NaþCO�

2 complexes on the oxide
surface are similar to those observed earlier, first
by Solymosi et al. and also by others, on alkali
promoted metal surfaces. These NaþCO�

2 com-
plexes are difficult to differentiate from possibly
formed oxalate C2O

2�
4 species which may also be

present on the surface. Both species could be taken
as precursors for the observed formation of so-
dium carbonate at elevated temperatures, starting
above 540 K according to

2NaCO2 ! Na2CO3 þ CO"

or

Na2C2O4 ! Na2CO3 þ CO"
The concomitant desorption of CO has been ob-
served in TDS measurements at temperatures
considerably below Na2CO3 decomposes on the
surface, i.e. above 700–800 K. Features around
1610 cm�1 could possibly be assigned to sodium–
CO complexes on the surface. The carbonate shows
considerable interaction with the Cr2O3(0 0 0 1)/
Cr(1 1 0) surface, since the spectra are consistent

Fig. 4. Series of IRAS spectra taken of a Cr2O3(0 0 0 1)/

Cr(1 1 0) surface covered with 2 monolayers of Na at 90 K,

heated to: (a) 540 K and (b) 720 K and then exposed to 30 L

CO2 at 90 K, followed by annealing at the given temperatures.

All spectra were recorded at 90 K.
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with a preferred orientation of the carbonate
molecular plane, i.e. perpendicular to the Cr2O3-
(0 0 0 1)/Cr(1 1 0) surface, suggesting a bidentate
configuration on the basis of the observed fre-
quencies.
It is pointed out that Na interacts with the

supporting oxide very strongly at elevated tem-
peratures, i.e. at room temperature and above by
probably forming mixed Na2O � Cr2O3 oxides.
This influences the chemisorption of CO2 in a very
pronounced way. It is therefore crucial for mea-
surements of the kind presented here, that before
each experiment the sample is freshly prepared.

Acknowledgements

The present study was carried out in part while
Oliver Seiferth was still a graduate student and
Hans-Joachim Freund a professor at Ruhr-Uni-
versit€aat Bochum, Lehrstuhl f€uur Physikalische Che-
mie I. We are grateful to the Ministerium f€uur
Wissenschaft und Forschung des Landes Nordrh-
ein-Westfalen and the Deutsche Forschungsgeme-
inschaft for financial support. Oliver Seiferth
thanks the Studienstiftung des Deutschen Volkes
for a fellowship.

References

[1] J. Paul, C.-M. Pradier, Carbon Dioxide Chemistry: Envi-

ronmental Issues, The Royal Society of Chemistry, Lon-

don, 1994.

[2] K. Weissermel, H.J. Arpe, Industrielle Organische Chemie,

Verlag Chemie, Weinheim, 1976.

[3] A. Behr, Carbon Dioxide Activation by Metal Complexes,

Verlag Chemie, Weinheim, 1988.

[4] W.M. Ayers, Catalytic Activation of Carbon Dioxide, Am.

Chem. Soc.,Washington, 1988.

[5] H.-J. Freund, M.W. Roberts, Surf. Sci. Rep. 25 (1996) 225.

[6] F. Solymosi, J. Mol. Catal. 65 (1991) 337.

[7] C.A. Ventrice Jr., D. Ehrlich, E.L. Garfunkel, B. Dill-

mann, D. Heskett, H.-J. Freund, Phys. Rev. B 46 (1992)

12892.

[8] B. Dillmann, F. Rohr, O. Seiferth, G. Klivenyi, M. Bender,

K. Homann, I.N. Yakovkin, D. Ehrlich, M. B€aaumer, H.

Kuhlenbeck, et al., Faraday Disc. 105 (1996) 295.

[9] J. Nerlov, S.V. Christensen, S. Weichel, E.H. Pedersen, P.J.

Møller, Surf. Sci. 371 (1997) 321.

[10] O. Seiferth, PhD Thesis, Ruhr-Universit€aat Bochum, 1997.

[11] M. Bender, PhD Thesis, Ruhr-Universit€aat Bochum,

1995.

[12] M. Bender, D. Ehrlich, I.N. Yakovkin, F. Rohr, M.

B€aaumer, H. Kuhlenbeck, H.-J. Freund, V. Staemmler,

J. Phys. Cond. Matter 7 (1995) 5289.

[13] F. Rohr, M. B€aaumer, H.-J. Freund, J.A. Mejias, V.

Staemmler, S. M€uuller, L. Hammer, K. Heinz, Surf. Sci.

372 (1997) L291.

[14] F. Rohr, M. B€aaumer, H.-J. Freund, J.A. Mejias, V.

Staemmler, S. M€uuller, L. Hammer, K. Heinz, Surf. Sci.
389 (1997) 391.

[15] W. Zhao, G. Kerner, M. Asscher, X.M. Wilde, K. Al-

Shamery, H.-J. Freund, V. Staemmler, M. Wieszbowska,

Phys. Rev. B 62 (2000) 7527.

[16] O. Seiferth, K. Wolter, B. Dillmann, G. Klivenyi, H.-J.

Freund, D. Scarano, A. Zecchina, Surf. Sci. 421 (1999) 176.

[17] Gmelin, Handbuch der anorganischen Chemie, Natrium,

Verlag Chemie, Weinheim, 1966.

[18] C. Floriani, Pure Appl. Chem. 55 (1983) 1.

[19] T. Herskovitz, L.J. Guggenberger, J. Am. Chem. Soc. 98

(1976) 1615.

[20] J. Chatt, M. Kubota, G.J. Leigh, F.C. March, R. Mason,

D.J. Yarrow, J. Chem. Soc. Chem. Commun. (1974) 1033.

[21] G. Herzberg, Molecular Spectra and Molecular Structure,

van Nostrand, Princeton, 1950.

[22] F. Solymosi, G. Klivenyi, Surf. Sci. 315 (1994) 255.

[23] D. Ehrlich, S. Wohlrab, J. Wambach, H. Kuhlenbeck,

H.-J. Freund, Vacuum 41 (1990) 157.

[24] S. Wohlrab, D. Ehrlich, J. Wambach, H. Kuhlenbeck,

H.-J. Freund, Surf. Sci. 220 (1990) 243.

[25] J. Wambach, G. Od€oorfer, H.-J. Freund, H. Kuhlenbeck,

M. Neumann, Surf. Sci. 209 (1989) 159.

[26] J. Segner, C.T. Campbell, G. Doyen, G. Ertl, Surf. Sci. 138

(1984) 505.

[27] C.T. Campbell, G. Ertl, H. Kuipers, J. Segner, J. Chem.

Phys. 73 (1980) 5862.

[28] Z.M. Liu, Y. Zhou, F. Solymosi, J.M. White, J. Phys.

Chem. 93 (1989) 4383.

[29] Z.M. Liu, Y. Zhou, F. Solymosi, J.M. White, Surf. Sci. 245

(1991) 289.

[30] Z.H. Kafafi, R.H. Hauge, W.E. Billups, J.L. Margrave,

J. Amer. Chem. Soc. 105 (1983) 3886.

[31] Z.H. Kafafi, R.H. Hauge, W.E. Billups, J.L. Margrave,

Inorg. Chem. 23 (1984) 177.

[32] F.M. Hoffmann, M.D. Weisel, J. Paul, Surf. Sci. 316 (1994)

277.

[33] R.L. Toomes, D.A. King, Surf. Sci. 349 (1996) 65.

[34] J. Paul, F.M. Hoffmann, L.L. Robbins, J. Phys. Chem. 92

(1988) 6967.

[35] K. Ito, H.J. Bernstein, Can. J. Chem. 34 (1956) 170.

[36] M.J. Schmelz, T. Miyazawa, S.-I. Mizushima, T.J. Lane,

J.V. Quagliano, Spectrochim. Acta 9 (1957) 51.

[37] A.A. Davydov, Infrared Spectroscopy of Adsorbed Species

on the Surface of Transition Metal Oxides, John Wiley &

Sons, New York, 1990.

[38] J. Fujita, A.E. Martell, K. Nakamoto, J. Chem. Phys. 36

(1962) 339.

O. Seiferth et al. / Surface Science 505 (2002) 215–224 223



[39] J.A. Goldsmith, S.D. Ross, Spectrochim. Acta 24A (1968)

993.

[40] K. Nakamoto, Infrared and Raman Spectra of Inorganic

and Coordination Compounds, 3rd ed., Wiley, New York,

1978.

[41] H.P. Bonzel, Surf. Sci. Rep. 8 (1987) 43.

[42] O. Ayed, L. Manceron, B. Silvi, J. Phys. Chem 92 (1988)

37.

[43] L. Manceron, J.P. Perchard, Surf. Sci. 220 (1989) 230.

[44] A. Zecchina, D. Scarano, Surf. Sci. 166 (1986) 347.

[45] H.-J. Freund, R.P. Messmer, Surf. Sci. 172 (1986) 1.

[46] B. Bartos, H.-J. Freund, H. Kuhlenbeck, M. Neumann, H.

Lindner, K. M€uuller, Surf. Sci. 179 (1987) 59.

[47] A. Berk�oo, F. Solymosi, Surf. Sci. 171 (1986) L498.

[48] F. Solymosi, L. Bugyi, J. Chem. Soc. Faraday Trans. I 83

(1987) 2015.

[49] J.A. Rodriguez, W.D. Clendening, C.T. Campbell, J. Phys.

Chem. 93 (1989) 5238.

[50] A.F. Carley, M.W. Roberts, A.J. Strutt, J. Phys. Chem. 98

(1994) 9175.

[51] G.U. Kulkarni, S. Laruelle, M.W. Roberts, Chem. Com-

mun. (1996) 9.

224 O. Seiferth et al. / Surface Science 505 (2002) 215–224


