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Abstract

The review discusses how CO, surface chemistry has developed since the early 1950s. Emphasis is given to studies of
well-characterized surfaces of metals, oxides and some more complex systems involving in particular alkali modified
surfaces and also of coadsorbed molecules.

1. Introduction

Even though CO, is both very abundant and a cheap C1 feedstock, at present it is only used in four
industrially relevant technical processes [1]:

(a) CO, interaction with ammonia leads to the important nitrogen containing nutrient, urea;

(b) salicylic acid which is used in the production of pharmaceuticals and pesticides, etc. is formed by
the “Kolbe—Schmitt” process from CO, and sodium phenolate;

(c) cyclic organic carbonates are synthesized from CO, and epoxides which are used as solvents or
in the production of polyacryl “fibres”;

(d) methanolsynthesis involves CO, through the water gas-shift reaction. It was the realization that
CO, participated in synthesis that led to recent interest in CO, surface chemistry.

The main reason for the limited use of CO, as a chemical reactant is its rather low energy content
as compared, for example, with carbon monoxide [2]. However, when reactive hydrogen is used as
coreactant and the second oxygen in CO, is used to produce a stable product, as for example H,O,
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the thermodynamics are much more favourable [3].

CO(g) + 2H,(g) » CH,OH(l), AH = —128.5kJ mol !,
CO,(g) + 3H,(g) » CH,OH(l) + H,O(l), AH = —131.0kJ mol~ 1.

Therefore, thermodynamic arguments alone are not sufficient to explain the limited use of CO, in
technical processes — the reasons are more likely to be kinetic in origin. One possibility that has
emerged to overcome the kinetic barrier is to allow interaction of the molecule with a metal complex
in a homogeneous reaction or with a solid or a biological surface in heterogeneous reactions.
A comprehensive overview of CO, activation by metal complexes has been given by Behr [4]. In
nature, CO, fixation occurs through photosynthesis at the biological surface of the enzyme ribulose
1,5-biphosphate carboxylase/oxygenase (Rubisco). It is clear that the active site is a Mg(II) ion
embedded in a complex ligand field with oxygen atoms directly coordinated to the Mg centre [5].
Overviews of CO, activation in other biologically relevant processes as well as in heterogeneous
catalysis, in electrochemistry and other fields have been given [6,7], with Solymosi [8] recently
providing a comprehensive review of CO, interaction with clean and modified single crystal metal
surfaces and related work on real catalyst surfaces.

In this review we discuss experimental surface studies in the context of theoretical work and
various methodological approaches to tailoring the chemical reactivity of CO, towards a more
effective use as a C1 feedstock in catalytic reactions.

In the early 1980s there was, partly due to the oil crisis, considerable impetus for investigating the
potential of carbon dioxide as a reactant in hydrocarbon synthesis. A contributory factor was the
claim that in methanol synthesis using CO, CO,/H, mixture and the ICI copper supported on zinc
oxide catalyst, CO, (not CO) was the main source of methanol. More recently carbon dioxide has
been cited as one of the molecules that might enhance the green house effect and contribute to global
warming. There are two options available, either ensure that CO, emission into the atmosphere is
reduced through catalytic control or turn to advantage the availability of CO, generated in
industrial processes through using it as a raw material for novel routes to useful chemicals.

There is no doubt that it is the thermodynamic stability of CO, (see Section 1.1) that contributed
to the general lack of interest shown in the molecule’s chemistry. Both terms (AS and AH) of the
Gibbs free energy (AG) are not favourable for converting CO, to other molecules. The carbon-
oxygen bonds are relatively strong and substantial energy has to be supplied for their cleavage, as we
shall see further below. The entropy contribution through the term (— TAS) makes little contribu-
tion to the thermodynamic driving force for any reaction involving CO, so that the value of the
enthalpy change AH is a good guide to thermodynamic feasibility.

It is clear that progress in the use of CO, as a useful reactant will only emerge through the
judicious use of novel catalytic chemistry. A positive change in free energy however should not be
taken as a sufficient reason for not pursuing a potentially useful reaction involving CO,, the kinetics
might indeed be favourable, AG only providing information on the yield at equilibrium through the
relationship AG = — RTln K. Provided that the kinetics are favourable CO, reduction may also be
possible at metal surfaces where the free energy of oxide formation is highly favourable. The case of
interaction with zirconium is a case in point [9], the reaction Zr + 2CO,(g) —» ZrO, + 2CO(g) occur-
ring readily at high temperatures; a further example is CO, dissociative chemisorption at molyb-
denum surfaces where surface carbide and oxide occurs at 295K [10,11].
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1.1. Thermodynamic considerations

Any attempt to use CO, as a chemical feedstock must take into account its relative stability.
Thermodynamics provides us with information to discuss phenomenologically the issue in terms of
the Gibbs—Helmholtz relationship

AG=AH —TAS.

The formation of CO and oxygen from CO, is associated with a large positive AH (293.0kJ mol ™).
However a more favourable enthalpy of reaction under standard conditions (1 atm pressure for each
product or reactant and 298 K temperature) can be achieved if less stable reactants and more stable
products are involved. For example, the hydrogenation of CO, is thermodynamically more favourable
with AH® = + 41.2k]J mol ~!. The reverse water gas-shift reaction could be operated under

H,(g) + CO,(g) > CO(g) + H,0(g)

conditions which allow the entropy term to dominate; for example at 1500 K the reaction becomes
slightly exergonic (AG® = —1.07kJ mol~'). In Table 1 we compare the thermodynamic terms
(kJ mol 1) for several reactions with the reverse water gas-shift reaction at room temperature (see
Schmidt in [6]).

Hydrocarbons can also be used as reductants and the thermodynamics of such reactions are as
follows [6]:

CO,(g) + CH,(g)»2CO(g) + 2H,(g), AH®=191.8kJ mol™', AG® =288.0kJ mol ™'
or
CO,(g) + CH,(g)— CH,COOH(l), AH®= —162kImol !, AG®=557kJmol .

While the reforming reaction to produce syngas (above) has been studied by several groups [12,13]
and challenges have been discussed, the reaction to form acetic acid from CO, and methane (above)
has not generally been considered. However, recently, interest has increased in this reaction [ 14,15].
For the former, reaction technologies namely the SPARG process [16] and the CALCOR process
[17], which target different markets, have been developed. Both processes address the problem of
coke formation and catalyst stability by catalyst modification and high working temperatures
(>900°C). Also methanol synthesis from CO, and H, is being actively pursued [18] including
through the EC supported project at Bochum, Cardiff, Diisseldorf and Rome.

Table 1
Thermodynamics of reactions involving CO,

AH® — TAS® AG®
H,(g) + CO,(g) » CO(g) + H,0O(g) 41.20 22,6 18.60
H,(g) + CO,(g) - CO(g) + H,0(}) —2.80 22.8 20.00
H,(g) + CO,(g) - HCOOH(l) —31.20 64.2 33.00
2H,(g) + CO,(g) » CH,O(g) + H,O(l) —9.00 55.0 44.00
3H.(g) + CO,(g) - CH;OH(!) + H,0() -131.30 122.1 —9.20

4H,(g) + CO,(g) » CH,(g) + 2H,0()) —252.90 1221 —130.80
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1.2. Bonding in CO,: theory, computations and transition metal complexes

CO, in its electronic ground state is a closed shell linear system with 12; symmetry [19]. Its
electronic structure may be represented by a molecular orbital diagram as shown in Fig. 1. On the
right-hand side, schematic drawings of the molecular orbitals in a sequence as revealed by an ab
initio Hartree-Fock calculation [20] are shown, however, not to the energy scale. The atomic
orbitals on carbon and oxygen which are important in bond formation are 2s and 2p. In the linear
molecule six atomic orbitals consisting of 2s and 2p,, directed along the molecular axis, mix to give
six molecular orbitals of o symmetry. These are labelled 30,40, 50, and 26, 36,,40,. The threels
atomic orbitals are basically unchanged in the molecule and become 16,206, and 1c,. The 2p, and
2p, orbitals form three doubly degenerate n-orbitals labelled 1n,, 1n, and 2x,. The 17, molecular
orbital cannot contain any contribution from the carbon atom as the 2p atomic orbitals on the
oxygen atoms are out of phase. The n-orbital energies increase with the number of nodal planes and
they are arranged accordingly in Fig. 1.

CO, contains 22 electrons of which six occupy the core 1s orbitals. The remaining 16 valence
electrons are distributed over four ¢ orbitals (eight electrons) and two n-orbitals (eight electrons).
The highest occupied molecular orbital is the 17, orbital, the lowest unoccupied molecular orbital is
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Fig. 1. Walsh diagram of CO, orbital energies in linear and bent geometries.
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the 2, orbital. The six occupied orbitals may be classified as two 6-C-O bonds (36, 26,) and two
o lone pairs (4c,,35,). The 1n, represents the n-C-O bonds and 1x, the © lone pairs. In order to
judge the stability of the linear geometry, Fig. 1 shows, in a qualitative way, the energy positions of
the occupied and unoccupied orbitals upon bending the linear geometry [21]. It is obvious that all
c-orbital energies increase slightly or are unchanged from the linear to the bent configuration. In
contrast, the n-orbital energies show pronounced alterations. In the bent molecule the degeneracies
of all the n-orbitals are split. This is clear from Fig. 1, if we remember the two equivalent components
in and perpendicular to the plane of the paper. If the molecule bends in the plane of the paper (Fig. 1),
the energies of each molecular orbital are no longer equal. As Fig. 1 shows, the splitting is not very
large for 1n, and 1m,. However, for the 1n, the energies of both components increase indicating that
the linear geometry is more favourable for the orbitals. For the 2r,, one component becomes the 2b,
orbital (in plane) with energy almost unchanged upon bending. But the energy of the other
component of 2rt, (out of plane) falls sharply in the bent molecule, becoming the 6a, orbital. Mixing
of the 6a, molecular orbital with other bonding molecular orbitals of the same symmetry, leads to
the introduction of s character in 6a, and to an appreciable lowering of energy. Occupation of the
2n,—6a, molecular orbital is particularly important in determining the bond angle, since this is the
only valence orbital for which the bent molecule is strongly favoured. We may imagine that
processes at surfaces involve electron transfer from a substrate into the CO, molecule which in turn
would lead to occupation of this orbital via the formation of a CO, anion. On the basis of the Walsh
diagram [21] shown in Fig. 1, we would expect such an anion to be bent in its equilibrium geometry.
If the charge transfer goes in the other direction, namely from the CO, molecule to the substrate, we
would have to consider the formation of a CO, cation, which would, according to Fig. 1, remain in
the linear geometry. However, any excitation across the HOMO-LUMO gap in the CO, molecule
will lead to excited states of the CO, molecule with a tendency for the molecule to bend. Parallel to
lonization and/or excitation the bonding properties within the molecule are considerably changed.
Fig. 2 summarizes energetic as well as spectroscopic properties of the neutral and ionized species and
relates them to those of possible simple reaction products such as CO, carbon and oxygen [22-26].

It i1s clear from Fig. 2 that an energetically favoured reaction will involve the anionic species. All
other processes require energies which are orders of magnitude larger than those involving CO, . It
is therefore important in the context of the present study to consider the formation of CO, in the gas
phase in more detail. CO, is metastable against autodetachment of the electron [27,28]:

CO, »CO, +¢"

with an activation barrier of 0.4eV. The anion has an average life time of 60-90 us [27,28]. This
means, the anion may be identified spectroscopically after it has been formed either by electron
scattering or by other means such as irradiation of formates [29,35]. The reason for the relatively
high stability of the anion is the barrier due to the change in molecular geometry. Fig. 3 shows
a schematic potential energy surface of the electron attachment process [31], the schematic potential
energy diagram of CO, and CO, being plotted as a function of the C-O distance and the O-C-O
bond angle. The ground state of the CO, system is shown at R, = 1.15 A representing the linear
system with an enthalpy of formation of — 1650kJ mol ™' [2]. The double-well ground state of the
CO, at R = 1.24 A represents a bent geometry with elongated C—O bonds and an enthalpy of
formation — 1604kJ mol ™ !,i.e.about 0.5V higher than linear CO, [26]. This value corresponds to
the adiabatic electron affinity of CO, (Fig. 2) in contrast to the vertical affinity which is considerably
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higher [32]. The CO, molecule in its equilibrium geometry is thus thermodynamically metastable,
but stabilized kinetically. The vibrational spectrum of CO, is known [33] and can be used by
comparison with linear CO, as a fingerprint to identify the CO, species. Similarly, the photo-
electron spectrum of gaseous CO, [24], which has been determined, can be compared with the
calculated spectrum of CO, [34] and used to identify an anionic adsorbed species. Fig. 4 shows the
observed photoelectron spectra in the gas [35] and in the condensed phase [36,37] together with
calculations of decreasing degree of sophistication [34,38]. Calculations including the effect of
relaxation and correlation in the hole state do reproduce satisfactorily the observed ionization
energies, while Koopmans energies only give a qualitative account of the sequence and energies of
the ion states [34]. However, in the present case the Koopmans representation is sufficient to judge
qualitatively how the ionization energies change upon CO, formation. In the CO, case the
experimental spectrum of the gas phase species is not known. We expect of course a splitting of the
n-states due to breaking of the symmetry. The correlation between the CO, and CO, states is given
in Fig. 4. We may use this information in an assignment of the spectrum of adsorbed species [39].
The changes of the stretching frequences are particularly pronounced and may be used as
fingerprints. The lower values reflect the smaller average bond order of the C—O bond which is only
1.5in CO, as compared with 2 for CO,. This is also in line with the smaller bond enthalpy of the
C-O bond in CO, which therefore is more unstable against dissociation.

Hartree-Fock

CO; gas ]
6 wlles sallo law . vibrational spectrum
Q
lq‘ °’U ’ ” ] s (em™1CO,
T 8 Tl s V11424 sym
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Fig. 4. Comparison of measured (gas phase [35] and condensed phase [36,37] photoelectron spectra of CO, with
calculations [34,38]: The calculated ionization energies of CO; [34] as well as the vibration energies in neutral and anionic

CO, are given.



234 H.-J. Freund, M. W. Roberts/Surface Science Reports 25 (1996 ) 225-273

CO, is a molecule with several possible modes of coordination [40]. Fig. 5 schematically
summarizes the observed structures. They may be classified as due to coordination of the geomet-
rically undistorted CO, molecule to one or several metal centres, or as the coordination of a bent
CO, anion to one or several metal centres.

One might imagine that the undistorted molecule exhibits two bonding modes, namely via the
oxygen atom(s) forming a linear CO,—-metal bond or via the n-bonds of the CO, molecule. In
comparison with this, the bent molecule could exhibit three modes of coordination: (a) a pure carbon
coordination, or (b) a pure oxygen bidentate coordination, or (c) a mixed carbon—oxygen coordina-
tion. A large number of CO, transition metal complexes have been synthesized but only a few have
been characterized structurally via X-ray scattering [41-44]. Typical bond lengths in the respective
systems are given in Fig. 5. It is remarkable to note that structural characterizations have only been
reported for bent CO, coordinated to one or several metal centres. Typical examples are shown in
Fig. 5 [41-44]. The coordination mode in which only the oxygen atoms are involved in the bonding
has not been experimentally verified for transition metal complexes. Also, the example shown for the
pure carbon coordination [44] is probably stabilized via interaction of the oxygen atoms with the
surrounding ligands.

However, several quantum chemical ab initio calculations have been reported on the interaction
of a CO, moiety with a single metal atom [34,45-47]. In general it is found that the mixed
carbon—oxygen, as well as the pure oxygen coordinations, lead to more stable arrangements than the

0
undistorted: [->Me Me«-0=C=0 Me+-0=C=0-sMe
C
CO, Mea|
0
/0 MeQy 0
bent: MeeCY IC-Me Me |
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2213 A 1£)199 A
(51216 A
a 126° a notreported a 133
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Herskowitz et al. Beck etal. Aresta etal

Fig. 5. Modes of coordination of neutral and anionic CO, are schematically given. Experimental geometries from X-ray
structure determinations are given for comparison [41,42,44].
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pure carbon coordination. In any case the bond is always characterized as the coordination of
a CO, (bent) to a metal cation. The two coordinate bonds of the oxygen atom yield more
stabilization than the single C—metal bond [ 34].

1.3. Intermolecular interaction and CO, aggregate formation

Carbon dioxide has a relatively large quadrupole moment (— 3.2a.u.) [48] and thus exhibits
strong intermolecular interaction. These interactions become even stronger when an ionized atomic
or anionic molecular CO, moiety interacts with other neutral CO, molecules forming intermolecu-
lar aggregates. These latter aggregates may be viewed as models for a solvated cationic or anionic
species [49-53].

In the case of the neutral aggregates information on stability and structure has been gained by
molecular beam electric resonance spectrometry [49]. It is relatively easy to produce (CO,), clusters
with 2 <n < 5 in a molecular beam expansion system and observe them via mass spectrometry. In
a so-called refocussing experiment the question whether a molecule is polar or non-polar may be
investigated. For the simplest case of the CO, dimer the question whether the geometry is parallel or
a T-shaped arrangement has not been completely clarified experimentally, but there are very strong
indications that the molecule is polar pointing towards a T-shaped arrangement. Calculations
support this assignment only partly, in the sense that the two possible structures exhibit very close
energies [51].

Positively charged cluster ions (CO,), with 2 <n <10 may be synthesized by nucleation of
neutral CO, molecules to the cationic monomer in a superionic expansion [50]. The stability of
these clusters i1s considerably higher than those of the neutrals. The first neutral CO, is bound by
11.8kJ mol ! to the CO, cation, the second CO, molecule to the (CO,); by 13.8kJ mol !, the
third CO, molecule to the (CO,); by 11.7kJ mol ™!, etc. supporting the idea of a charged dimer
within a neutral cluster.

Parallel to the relatively high stability of the cationic clusters, the anionic clusters are also rather
stable [52]. In fact, while the monomer CO, is unstable with respect to electron detachment, the
(CO,), dimer appears to be stable by 0.9¢V and the stability increases with increasing cluster size.
The implications of this experimental finding are rather important for the present review in the sense
that electron transfer from a substrate towards CO, will be facilitated via solvation of the formal
anionic species. Studies at low temperatures may therefore favour CO, formation when CO,
clusters are likely.

There is relatively little known experimentally about the structures of the ionic clusters. Calcula-
tions suggest T-shaped structure for the cationic as well as for the anionic clusters [53]. In the latter
case, of course, the T-shaped structure is formed from a bent CO, anion which interacts via an
oxygen atom with a basically undistorted CO, molecule as shown in Fig. 6.

+
n

2. Early spectroscopic and classical studies of CO, adsorption

Eischens and Pliskin in 1957 [54] reported IR spectra for CO, adsorbed on a Cabosil supported
Ni catalyst and also with NiO. Fig. 7(a) shows the spectra recorded for the two substrates at about
1 Torr pressure of CO, in the IR cell in the 1350-1700cm ™' range and in the range of 2280—
2400 cm ~ ! for 200 Torr pressure at room temperature (Fig. 7(b)). The assignments are shown in the
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Fig. 6. Schematic diagram of the intermolecular arrangement of CO, moities in the (CO,), dimer anion as compared with
solid CO,.
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Fig. 7. Infrared spectra reported by Eischens and Pliskin [54] redrawn onto a wave number scale: (a) CO, on Ni cabosil
and NiO(poly) under 1 Torr pressure at room temperature.
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Fig. 7. (b) CO, physisorbed on NiO(poly) at 200 Torr pressure at room temperature.

figure. The bands at 1555 and 1415¢cm ™~ ! were assigned to a nickel carboxylate, while the bands at
1640 and 1405cm™! were attributed to the formation of carbonate species from CO, and
coadsorbed residues of oxygen. If the supported Ni is exposed to CO, at a temperature of 100°C,
bands associated with adsorbed CO are detected, indicating CO, reduction and/or contamination
by CO inadvertently present. The assignments of the carbonate bands is supported by the spectra
observed after CO, adsorption on the NiO samples. In fact, the observation of two bands in the
appropriate energy regime led Eischens and Pliskin to propose the formation of a monodentate
carbonate, because they argued that a symmetric CO, anion should only exhibit one single band.
Before considering further this conclusion, we mention that the bands observed in the region
2320-2380cm ™! are due to a mixture of physisorbed and gaseous CQO, [54]. Blyholder and Neff
[55], considerably later, reported results for silica supported iron which seem to indicate CO
formation at room temperature suggesting dissociative chemisorption of CO,. They also observed
the appearance of bands due to physisorbed CO,.

These studies initiated two lines of investigations: one was concerned with detailed investigations
of the carbonate bands, the other with the study of the nature of the metal carboxylate band formed
in CO, adsorption on the clean metal surface.

In 1958 Gatehouse et al. [ 56] studied the IR spectra of a variety of carbonates of different bonding
character and symmetry. On the basis of the normal mode analysis by Fujita et al. [57] for a cobalt
(I1T) carbonate complex and a series of studies by various laboratories, Little in his important book
“Infrared spectra of adsorbed species” [ 58] systematized the carbonate bands as shownin Fig. 8. For
a symmetrical CO, anion we expect a symmetrical streching mode at 1063cm ™! and a degenerate
asymmetric stretching mode at 1415cm ™!, The lowest energy band is due to an out-of-plane
bending n-mode of the CO; anion. The important message is that the degenerate asymmetric band
splits in a characteristic way depending on coordination and bond character. While in a monoden-
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tate situation the splitting is small, it increases in bidentate coordination with an even further
increase in covalently bonded (strained) organic carbonates. On the basis of such systematics, it was
possible to classify results observed with various oxide catalysts and we refer the reader for details to
the literature [59-61].

Earlier, and parallel to the work of Eischens and Pliskin [54], studies of CO, interaction with
metal surfaces were reported. The results were conflicting. As early as 1951 Crowell and Farnsworth
[62] found that a small fraction of a nickel single crystal surface irreversibly adsorbed CO, in the
temperature range up to 500 K, while other workers did not detect any adsorption on electrolytically
polished Ni surfaces [63]. Collins and Trapnell [64] found irreversible CO, adsorption on
evaporated Ni films at 200 K, while Hayward and Gomer [65] concluded that with tungsten CO,
dissociates to CO and oxygen at temperatures up to 900 K. From these measurements these authors
deduced a heat of adsorption of CO, of 750kJ mol ™! for “clean” tungsten surfaces.

Subsequent to the report by Eischens and Pliskin for the formation of nickel carboxylate in CO,
adsorption, a series of publications from different laboratories on this subject were published.
Eischens and Pliskin [66] as well as Quinn and Roberts [67] concluded from their studies that CO,
dissociates at room temperature at nickel to give chemisorbed CO and oxygen. In 1962 Suhrmann et
al. [68] published an interesting study of CO, adsorption on Niat various temperatures. Their work
function measurements at 77 K indicated a pronounced increase, depending on the preparation

conditions, up to the completion of a monolayer. Admission of further CO, led to a decrease in the
work function. At a temperature of 77 K (Fig. 9) the situation is similar except that the work function
maximum is shifted to higher coverages. At 195 K the maximum of the work function could not be
observed with the methods applied. The conclusion was that there is an increase in work function
corroborating the idea of a metal carboxylate with a dipole whose negative end points away from the
surface. Also, the dissociation of CO, at room temperature is compatible with these data. We shall
see below that more recent studies with single crystal Ni surfaces show many aspects that are in

accord with these conclusions.



H.-J. Freund, M. W. Roberts/Surface Science Reports 25 (1996 ) 225-273 239

]
04 |
s
o 02 - —
< v \_\‘ \—L’
01
0 10 20 30 40

n[ﬂ"‘%‘;‘eé]. 10%*

Fig. 9. Work function changes after exposing a Ni film to CO, at 77 K. o, A, V<& : four experiments to judge reproducibility
(after [68]).

The emergence of electron spectroscopy coupled with ultra high vacuum techniques in the early
1970s provided an opportunity to explore further the state of adsorbed CO, at metal surfaces [69].
The physical adsorption of CO, on gold at 80 K was one of the first to establish the surface sensitivity
of XPS and UPS for the study of molecules adsorbed at metal surfaces [69]. Furthermore carbon
dioxide (with carbon monoxide) was used as model systems to explore whether XPS and UPS could
discriminate between molecular and dissociative regimes of adsorption [11]. The O(ls) peak
characteristic of physically adsorbed CO, at a gold surface was at 533eV while the corresponding
orbital energies were (using He I radiation)at 6.9,9.6, 11.0and 13.1 eV. These compare with values of
13.7,17.6,18.0 and 19.4¢eV for gaseous CO, but which have to be corrected since the adsorbed state
is referenced to the Fermilevel of the gold substrate. The correctionis ~ 7 ¢V in this case. Adsorption
of CO, at molybdenum at 77K gave rise to two O(ls) peaks, that at 533eV was assigned to
molecularly adsorbed CO, the intensity of which decreased rapidly on warming and was negligible
at 200 K. The second O(1s) peak at 77 K was at a binding energy of ~ 530eV; the intensity of this
peak increased on warming and was the only one present at 295 K. Adsorption of CO, directly at
295K gave rise to just the single O(1s) feature at 530eV and a C(1s) peak with a binding energy of
283 eV. The conclusion was that with molybdenum the carbon dioxide was dissociatively chemisor-
bed [11] at room temperature to generate surface carbide and oxide characterized by C(1s)and O(1s)
binding energies of 283 and 530¢V,

CO,(g)~>C*" (a) +20° (a),

respectively. Adsorption of carbon monoxide was also characterized by similar C(1s) and O(ls)
values at 295 K and indicative of dissociative chemisorption [11].

3. Structural studies of CO, adsorbates
Information on adsorbate geometries, including interatomic distances, has been collected using

electron diffraction methods, and in particular LEED and diffuse LEED (DLEED) [70]. Other
spectroscopic methods such as ARUPS [71]and NEXAFS [72] have also been applied. In the latter,
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polarized light has been used to determine the symmetry of adsorption sites and thus deduce
structural parameters while electron energy loss spectroscopy (HREELS) has been employed to
determine adsorbate symmetries [ 73]. These methods have been mainly applied to CO,/Fe(111)
[74-76] and CO,/Ni(1 10) [39,77]. Fig. 10 summarizes the situation for CO,/Ni(1 10) and shows
the NEXAFS spectra near the oxygen K-edge. On the left of Fig. 10 are shown the spectra at low
temperatures [77]. The three features in the spectrum are due to coadsorbed neutral physisorbed
CO, and partially negatively charged chemisorbed CO‘Z_. The spectra are recorded as a function of
the polar angle 8 as defined in the inset. The chemisorbed species give rise to clearly pronounced n-
and - resonances while the o-resonance of the physisorbed species is very weak. Due to the overlap
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Fig. 10. Collection of NEXAFS spectra at the oxygen edge of CO, and HCO, adsorbates on Ni(1 10)at 77 K. Polar angle
of light incidence and azimuth are given. In the top panel the possible adsorbate structures are schematically represented.
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of the features a structure determination is very difficult. However, if the substrate temperature is
increased slightly one can selectively desorb the physisorbed species and study the isolated
chemisorbed CO,” species. The NEXAFS data at this temperature are shown in the central panel.
While the o-resonance is independent of the polar angle, the n-resonance is strongly attenuated
when the electric field vector is oriented perpendicular to the surface plane. Since the n-resonance
corresponds to the excitation from the O(ls) orbitals into the lowest unoccupied n-orbital, the
observed intensity variation is compatible with a molecular CO}~ species oriented with its plane
perpendicular to the substrate surface. We know from independent EELS data, to be discussed later,
that the symmetry of the adsorbate site is probably C,,, with the oxygen atoms interacting with the
substrate. DLEED data, on the other hand, cannot differentiate between carbon and oxygen
coordination. The present 6 dependent NEXAFS spectra have been taken in two azimuths, i.e.
parallel to the (110) and the (1 00) azimuths. As is clear from the experimental data there is no
preferential orientation of the molecular plane along one of the two azimuths. This allows for two
possibilities, namely a static adsorption model with no preferential orientation or a dynamical
adsorption model, where the molecular plane rotates freely. So far, we cannot decide between these
possibilities although temperature dependent measurements obviously going well below liquid
nitrogen temperatures should allow a distinction to be made. Interesting changes occur when we
“convert” CO5~ to formate, i.e. by addition of a hydrogen atom to the CO}~ carbon atom. The
NEXAFS data for a formate adsorbate on Ni(110) are shown in the right-hand panel of Fig. 10
[78], the polar angle dependences are very similar to those observed for COj ™ (a). However, in the
case of the formate adsorbate there are clear dependences on the azimuth. The n-resonance is large
when the electric field vector is oriented perpendicular to the (1 1 0) azimuth, indicating an orienta-
tion of the molecular plane parallel to the (1 10) azimuth. Since formate can only be coordinated to
the surface via the oxygen atoms, the bonding must occur as indicated on the right-hand side of the
adsorbate model. We do not know whether the molecule is coordinated to a single metal atom as
a monodentate or to two atoms as a bidentate [ 78,79]. This comparison between CO?Y and formate
points very strongly towards carbon coordination for the COZf chemisorbate, because this
coordination would allow for free rotation about the carbon-metal bond. However, since the
evidence from vibrational spectroscopy is rather strong for oxygen coordination also in the case of
the CO}~ chemisorbate, there is insufficient evidence for us to draw a final conclusion [80,81].
Beyond the system CO,/Ni(110) there is hardly any system for which comparable data are
available. NEXAFS data have been recorded, on the other hand, for carbonate adsorbates [82-84].
Much of the work has been performed on silver substrates namely Ag(1 1 0). The carbonate species is
readily formed by reaction of CO, with an oxygen precovered surface. It leads to an ordered LEED
pattern with (1 x 2) symmetry [83,84]. Several surface spectroscopic methods have been applied to
this particular structure and we discuss this further below focussing on structural aspects. Fig. 11
collects the C-K and O-K edge spectra reported by Madix et al. [82] in various excitation geometries
as indicated. The dependence of the intensity of the C(1s)— n* and C(1s)— o* transitions of the
carbonate on the orientation of the electric field of the incident light indicates that the species lies in
a plane parallel to the plane of the surface. The positions of the observed resonances agree with those
of bulk carbonates (e.g. CdCO,) [85] indicating similar bond lengths. The vibrational spectrum of
this species reveals a C, symmetry of the overall surface complex.

The conclusions based on the NEXAFS data are in the main corroborated by corresponding
investigations using angle resolved photoelectron spectroscopy [86].
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Fig. 11. NEXAFS spectra at the carbon and oxygen edges of carbonate (CO;) adsorbed on Ag(1 1 0). The geometries for
recording the spectra are indicated (after [82]).

4. Adsorption of CO, on metal surfaces
4.1. Adsorption of CO, at sp-metal surfaces

Although the earlier XPS studies of CO, adsorption had indicated that the molecule dissociated
at molybdenum film surfaces (Fig. 12) at low temperatures [ 11], other than characterization of the
physically adsorbed state (Fig. 13) at gold [69], there was no information available on CO,’s
reactivity at sp-metal surfaces. What stimulated us to investigate aluminium and magnesium
surfaces was that in both cases there was a strong thermodynamic driving force for oxide formation
and therefore to dissociative chemisorption. Furthermore there were strong indications that the
classical distinction between sp- and d-metals in chemisorption reactivity could not be sustained in
that both Zn(000 1) and Mg(000 1) surfaces had been shown to dissociatively chemisorb nitric
oxide at low temperatures [87].

The first report of a combined XPS and HREELS investigation of reactive CO, chemisorption
was at a Mg(000 1) surface [88]. At 85K only molecular adsorption is observed but on warming,
reactive chemisorption occurs leading to surface carbonate and oxide and characterized by O(l1s)
binding energies of 533 and 530.5eV, respectively. The C(1s) binding energy of the carbonate was at
about 292 eV. The C:O atom ratio calculated from the relevant C(1s) and O(1s) peak intensities was
1:3.2 i.e. close to the 1:3 ratio of the carbonate species. By taking photoelectron spectra at different
collection angles relative to the surface normal it was shown that carbonate and oxide have quite
different distributions within the surface region with the carbonate being confined largely to the
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Fig. 12. O(1s) photoelectron spectra of CO,/Mo(poly) as a function of surface temperature [11].

top-most atomic layer and the oxide present as an underlayer. The carbonate concentration was
calculated to be ~ 4 x 10'*cm ™2 and the oxide to be about 0.4 nm thick. The main loss features in
the HREEL spectrum were at 850, 1090, 1390 and 1630 cm ™ !. Although these losses are in general
agreement with what might be anticipated from carbonate species, it was not possible to judge whether
either bi- or unidentate carbonate species were present or whether it was a mixture of both types.

At polycrystalline aluminium surfaces very similar molecular events were observed in that
reactive chemisorption led to carbonate and oxide formation [89,90]. However, a feature of this
work was the unusual temperature dependence of the chemistry (Fig. 14). At low temperatures
(120K) both carbonate and oxide formation occurred and on warming, the intensity of that
associated with the oxide (531.8eV) increased at the expense of that assigned to the carbonate
(533.5eV). This transfer of intensity continued as the temperature was raised (Fig. 14) to 295K and
was a clear indication for the reduction of the carbonate to surface oxide. The C(1s) spectra
confirmed this in that there was a shift in the binding energy from intially at 291.3eV (CO;) to 285eV
(CO) and 282¢V (carbide).

It was, however, the unusual characteristics of the temperature dependence of the chemisorption
reaction that was a significant feature of the aluminium—carbon dioxide system. At 295 K the surface
was unreactive after extensive exposure to CO, (10000 L) at a pressure of ~ 10~ ° Torr; however, on
increasing the CO, pressure to 1 Torr there is extensive reaction at 295 K resulting in O(1s) and C(1s)
features identical to those observed at 295 K but after exposure at lower temperatures and low pressure
(~ 10~ ®Torr). The reaction showed all the characteristics associated with the participation of a
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Fig. 13. O(ls)and Au(4s) photoelectron spectra of CO,/Au(poly) [69] at 77 K. Various CO, dosages have been applied at:
(a) equilibrium and 2 x 107° Torr; (b) equilibrium and & 1078 Torr; (¢) 100 L; (d) 12000 L.

precursor state and the Freund—Messmer mechanism [34] was invoked where the dimer (CO, ---CO,)
present at 80 K but only at “high pressures” at 295K, was the key feature of the mechanism.

The high reactivity involving low energy pathways leading to the dissociative chemisorption of
CO, was surprising. Was this unique to magnesium and aluminium or was the low energy pathway
aconsequence of CO, reactivity being induced by X-rays or photoelectrons? Clarification of this was
sought through studies of both gold and bismuth surfaces [91].

AtaBi(000 1)surface CO, adsorbsat 80 K giving rise to O(1s) and C(1s) peaks at binding energies
of 535 and 291.5¢V respectively. The corresponding loss features are at 670, 1360 and 2370cm - *.
These are assigned to the bending mode §(OCOQ), and the symmetric stretching mode v (OCO)
which is in Fermi resonance with the first overtone of v,(OCO) respectively. All these loss features
have direct counterparts in vibrational studies of gaseous carbon dioxide. Clearly at 80K the
adsorbed carbon dioxide is essentially unperturbed compared with the gas phase — in other words
very weakly adsorbed. On warming to 295K desorption occurs to leave an atomically clean
Bi(000 1) surface. There is no evidence for any chemical reactivity induced by either X-ray or
photoelectrons. Very similar results were reported for Au(100) surfaces indicating that processes
analogous to the Freund—Messmer dimer reaction, but where electron attachment to physically
adsorbed CO, might be photon induced, did not occur. However, the presence of sodium at the
Au(100) surface led to high reactivity with carbonate formation occurring readily (see Section 7).
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Fig. 14. Quantitative analysis of C(1s) and O(1s) photoelectron spectra of a CO,/Al(poly) [89,90] adsorbate at various
surface temperatures. A C(1s) photoelectron spectrum at T= 295K is given as an example in the inset.

4.2. Interaction of CO, with transition metal single crystals

The interaction between CO, and metal single crystals has been studied extensively recently.
Table 2 summarises much of these results [39,64,74-76,81,87-164]. Following our discussion on the
possible pathways involved in the surface chemistry of CO, we consider the various key species
involved: physisorbed CO,; chemisorbed COi_; CO, dissociation, carbonate, and oxalate forma-
tion. Physisorption is found in almost all cases when the temperature approaches 80 K. The
chemisorbed species are only observed under very specific conditions: the surfaces have to be either
atomically rough, contain a high defec: density in order to stabilize the chemisorbed species, or are
alkali metal modified surfaces. As will be discussed in detail below, the chemisorbed species is
connected with the formation of COEZ—, the anionic molecule, which involves charge transfer from
the metal to the molecule. Therefore, the work function of the system should play an important role
in the sense that relatively open surfaces as well as steps exhibit relatively low work functions, and
thus favour electron transfer. The observation of CO” in certain cases, of course, does not exclude
its intermediate formation in other cases, where only reaction products, i.e. CO + O dissociation
products and/or carbonate formation is observed. It is as yet not clear which factors control the
reaction pathways followed but that various low energy pathways are available is beyond doubt. We
discuss in detail CO, adsorption on Ni(110), in order to illustrate how the application of various
surface sensitive methods can provide a detailed picture of the chemistry involved.
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Table 2

CO, adsorbates on metal surfaces
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CO,(phys.) CO, (chem.) Dissociation Carbonate Oxalate Ref.
Silver
Ag(110) X [92-94]
Ag(110)+ O X X [86,95]
Ag(powder})+ O  x X [96-98]
Aluminium
Al(foil) X X X [89,90,99,100]
Al(100) + Na X X X [101,102]
Gold
Au(poly) X [91]
Au(100) X [99,100]
Au(poly) + Na X X [91]
Bismuth
Bi(0001) X X X X [91]
Copper
Cu(film) X [103,104]
Cu(poly) X X [105,106]
Cu(powder) X X [107]
Cu(100) X at high p [108-110]
Cu(100) X X in reaction [99,100]
Cu(110) [111,112]
Cu(l111) [113]
Cu211) X X X X [106]
Cu(311) X x(?) X [114]
Cu(332) X x(7) X [115]
Cu(110)+0O X [116]
Cu(110)+ O X X [117]
Cu(211) oxidized x X [106]
Cu(110)+Cs X X X [111]
Cu(110)+Cs X X X X [117,118]
Cu(100)+ K X X [119]
Cu(110)+K X X X X [120]
Cu(110)+K X X X X X [112]
Iron
Fe(film) [121,122]
Fe(film, annealed) x X [74,75,121,122]
Fe(film) + O X [123]
Fe(100) X x [124]
Fe(110) X [74,75,121,122]
Fe(110) X X [125]
Fe(111) X X X [75,76,121,122]
Fe(100)+ K X X X X X [126]
Fe(110)+ K X X X X X [127,128]
Irdium
Irf(110)(1 x 2) X [129,131]
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Table 2 (continued)

CO,(phys.) CO;(chem.) Dissociation Carbonate Oxalate  Ref.

Magnesium

Mg(0001) X X [88]

Mg(0001) X X X X [106]
Nickel

Ni(100) X X [131,132]

Ni(110) X X X [39.81,131,133]

Ni(l11) X [134]

Ni(100) + X X [135.136]

Ni(110)+ X X [39]

Ni(l111) OdelZCd X X X X [137]
Palladium

Pd(100) X [138]

Pd(111) X [139- 142]

Pd(100) + X X X X [143]

Pd(111)+Na X [139-141]

0 <0.25

Pd(111)+ Na, X X [139 141]

#>0.25

Pd(i11)+K X X X [142]

Pdi11 1)+ K X X X [144]
Platinum

Pt(foil) X [145.146]

Pt{(FEM-tip) X {147)]

Pt(1 1 1) X [148-150]

Pt(111)+K X X X [150,151]
Rhenium

Re(0001) X X X [75,152-154]

Re(0001)+Cu  x X [153]
Rhodium

Rh(film) X [64]

Rh(poly) X [155]

Rh(Alumina-supp.) x [156]

Rh(FEM-tip) X [147]

Rh/B-impurities  x [157,158]

Rh(1 1) X [152,153,157,158]

Rh(11 )+ K X [159-163]
Ruthenium

Ru(@0 1)+ K X [164]

Work function measurements are shown in Fig. 15 [39]. At low coverage for CO,/Ni(1 10), but
also for other systems such as CO,/Fe(111), an increase in the work function is observed.
Depending on the substrate temperature, the work function passes through a maximum when going
to higher coverages. If the surface temperature is high enough, the work function only reaches
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Fig. 15. Work function changes after exposing a Ni(110) surface to various dosages of CO, at different surface
temperatures [ 39]. A single data point for T = 200K is also included.

a saturation value and does not decrease. This observation indicates that there are likely to be two
different species involved, one causing the work function increase and a second one, which is
adsorbed at higher exposure, leading to a work function decrease. Photoemission may be used
[12,13] to show that the second species present only at lower temperature is physisorbed CO, which
exhibits a photoelectron spectrum basically identical to the one found for condensed multilayers of
CO, [36,37]. The species giving rise to a work function increase may be identified as CO, on the
basis of vibrational spectroscopy. Fig. 16 shows a set of HREEL spectra as a function of surface
temperature. At lowest temperature and the chosen exposure of 1 L both species are present on the
surface. The spectral features are marked accordingly. Table 3 collects the frequencies for this and
a number of other CO, adsorbate systems. The frequencies of the physisorbed CO, species are not
listed because they agree to a large extent with gaseous CO, (see Fig. 4).
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Table 3

Vibrational frequencies (cm ™!} of CO, chemisorbates

System V= mol ) sym Ve Ve_n Ref.
CO,/Ni(110) 410 750 1130/1390 1620 [39,133]
CO,/Re(0001) (650) 1230 1625 [152-154]
CO,/Fe(111) 401 800 1064/1160 1360/1600 [54,76]
CO,/Fe(100) 1232 1634 [124]
CO,/Na+Pd(111) 282 744 1210 1530 [139-141]}
CO,/K+Pt(111) 820 1340 1600 [148-150]
LiCO, 750 1330 1569 [165]
HCOO ™ /Ni(110) 403 727 1353 (2904) [81]
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Angle resolved photoelectron spectroscopy suggests [39] that for CO, physisorbed at Ni(1 10)
the molecule is present with a strongly inclined geometry the axis almost parallel to the surface. This
is also in line with the EELS observation of a low intensity symmetric CO, stretching band as
compared with the bending vibration. In contrast to this the analysis of HREELS intensities for
physisorbed CO, on Fe(l11) suggests that CO, is adsorbed in a vertical geometry [76]. The
frequencies of the chemisorbed species on Ni(1 1 0) are considerably different from the physisorbed
ones. The observed changes are in line with the formation of adsorbed CO, asjudged by comparing
the frequencies in Fig. 4 and Table 3. The band near 400 cm ~ ! for the unmodified surface is assigned
to the frustrated molecule—surface vibration. The others are due to internal modes. Their frequencies
vary for the different systems. Unfortunately, for none of the systems the adsorption site is known,
indirect arguments being used to support a particular site. Comparison with the modes of
coordination in transition metal complexes is however useful. As alluded to above, ideally, pure
carbon or pure oxygen coordination leads to sites with C,, symmetry as indicated in Fig. 17. Mixed
carbon/oxygen coordination leads to sites with C, symmetry (see Fig. 17) but depending on the
surface geometry a clear distinction may not be possible. If we assume the idealized situation, then
the vibrational modes schematically shown in Fig. 17 may be classified as given according to their
irreducible representations. Under these circumstances the totally symmetric b, mode would not be
dipole active as long as the surface site has C,, symmetry. In C, symmetry all modes are active.

Angle dependent HREELS measurements should in principle allow a distinction to be made
between the symmetries. Unfortunately, only in a very few cases have off-specular measurements
been reported, with data for the CO,/Fe(1 1 1) system [76] being the most complete. Similar data are

C0,/®- POSSIBLE COORDINATION SITES

A /A CZV/CS
A @ & VIBRATIONS
SYMME TRIC BENDING ASYMME TRIC
STRETCH STRETCH
VS Vb VQS

Fig. 17. Schematic representation of the stretching and bending vibrations in bent CO; for the three types of CO;
coordination (see text). The irreducible representations of the vibrations are given for the sites of C,, and C, symmetries.
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available for CO,/Ni(1 10) [39], both sets of data indicating that a band at or slightly above
1600cm ! is only observable in off-specular scattering. Since this is the energy range where the
asymmetric stretch of CO, is expected when it is bound in C,, symmetry a tentative site assignment
may therefore be possible. However, in the case of CO,/Fe(l11) two CO, surface species are
present, which makes a definite analysis difficult. In the case of CO,/Ni(1 10) the situation is less
complicated in that there is only one species, CO5~, present. The band at 1390cm ™! with Ni(1 1 0)is
due probably to the high reactivity of CO%". There are two possibilities. First is the formation of
carbonate via the reaction of surface oxygen stemming from CO, with coadsorbed molecular CO,.
However, in this case, other intense bands are expected [ 587 which are not observed in the spectrum.
This renders this possibility rather unlikely. Secondly there is the possible formation of surface
formate from CO, and inadvertent hydrogen which may be on the surface (see below). Table 3
collects the observed vibrational frequences of this species for comparison. HCOO ™ is known to
adsorb within a local C,, symmetry [81] with pure oxygen coordination because the carbon is
hydrogen bound and thus blocked as coordination site. Its symmetric stretching mode is located
near 1350cm ™!, i.e. in the range of the extra feature. Interestingly, all other bands are very close to
the CO, frequencies which is not too surprising because the symmetric C- H motion will couple
most effectively to the symmetric O—CO mode. Since it may be shown that CO, readily reacts with
coadsorbed hydrogen to form formate on Ni(l1 10) [80] (see below) this explanation for the
observation of the feature in the spectrum is likely. On the other hand, the similarity of the formate
frequences with the CO, frequencies and the absence of the v,,,,, in specular scattering geometry are
both rather strong indications that CO, on Ni(1 10) resides in a C,, site. As mentioned above
calculations [34] indicate that the energy difference between pure oxygen and mixed carbon-oxygen
coordination is not very large. Therefore depending on the metal substrate and the sites provided by
the surface, adsorbates with C; and C,, symmetry may be found simultaneously. It appears that
Fe(1 11)issuch a case. Also, if the metal surface is modified, e.g. by coadsorption of an alkali metal,
CO, formation may be facilitated [8,91], but also reduced in adsorbate symmetry if CO, adsorbs
near the coadsorbed atom [139-141]. The cases listed in Table 3 indicate the presence of the
asymmetric stretch pointing towards a reduced symmetry of the adsorption complex.

To summarize at a Ni(110) surface CO, chemisorbs in a bent geometry and of the different
possible adsorption site symmetries the pure oxygen coordination with C,, symmetry is most likely.
The chemisorbed species is stable from below 100K to about 150 K. Above 150K the molecule is
highly reactive. With atomically clean Ni, Fe, Rh and Re single crystal surfaces CO, dissociates into
chemisorbed CO and oxygen. With Ni(1 10) there is evidence (Fig. 16) for dissociation from the
presence of strong CO losses and oxygen—surface vibrations. On other surfaces such as Pt, Pd, Os,
and Ag, CO, does not appear to chemisorb although physisorption occurs (see Table 2). However,
with these surfaces, reactions resulting in surface carbonate are observed frequently. The phenomena
discussed so far have been observed using HREELS, however other spectroscopic methods such as
XPS and Raman scattering do also provide a clear distinction between CO, and CO,. Fig. 18 shows
for the CO,/Ni(1 10) system C(1s) and O(1s) spectra [77]. The surface was exposed to CO, at 90K
and the two O(1s) peaks correspond to physisorbed and chemisorbed CO,. As expected for an
anionic species considerable chemical shift towards lower binding energy is observed with both
O(1s) and C(ls) ionizations. We discuss below the fact that the intensity ratio physisor-
bed/chemisorbed changes under the influence of photons due to light induced anion formation, but
only mention the relative intensities between oxygen and carbon signals. Since for physisorbed CO,
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Fig. 18. C(1s) and O(1s) photoelectron spectra of CO, on Ni(1 10) at 90K surface temperature [77].

the C:O stoichiometry is 1:2 and can be established experimentally we would anticipate for
chemisorbed molecular species it will also be 1:2 which rules out an assignment of carbonate for this
band, where the ratio would be C:O =1:3. XPS therefore supports the HREELS assignments.
Which factors influence the formation of chemisorbed CO,? This is a question that is relevant to the
dissocation of CO, in that it is likely to proceed via the intermediate state CO%. The electronic
configuration of the metal, its work function as a measure for the ease of electron transfer, and the
influence of local geometry will all be relevant. In order to judge the importance of these parameters
we consider some examples: All Ni surfaces physisorb CO, if the surface temperature is low enough
(Table 2), however only the (1 10) surface chemisorbs CO,. It is not very likely that this is due to
structural effects, because formate generated by the chemisorption of HCOOH(g) bonds to both the
(100) and the (1 10) surfaces. In this case, the relatively low work function of 4.5eV could play
a major role. This is about 0.5eV lower than the work functions of the (100) and (1 1 1) surfaces.
However, other surfaces with even lower work function (e.g. Cu) do not chemisorb CO, on any of the
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low index surfaces (100), (110) and (1 1 1). The introduction of steps and defects however leads to
CO, chemisorption as has been observed via surface enhanced Raman scattering by Akeman and
Otto [103,104]. These authors report clear evidence for CO5~ in their vibrational spectra. Further
evidence for the influence of steps and structural defects on CO, chemisorption has been reported by
Wedler and his group [74]. They showed in an interesting study of Fe(110), Fe(111) and
polycrystalline films that the more open (1 1 1) surface does, indeed, lead to CO, chemisorption. So
do polycrystalline iron films. Dwyer et al. showed later that Fe(100) also chemisorbs CO, [124].
Also relevant are the CO, ion scattering data observed with various surfaces by Heiland, e.g.
[134,144], where the CO, ion is formed in the scattering process. This is clearly related to the
charge-transfer ability of the surface.

In conclusion it is clear that with metal surfaces whether physisorbed CO, becomes chemisorbed
depends on the metal, its work function, and on structural parameters including the presence of
defects. The part the metal plays in this process becomes more obvious, when we consider whether or
not dissociative chemisorption of CO, occurs leading to CO(a) and O(1a). Carbon monoxide and
oxygen adsorption energies vary extensively with the metal and Fig. 19 shows a thermodynamic
cycle, collecting all relevant energies in going from separated metal and CO, to CO and oxygen
chemisorbed to the metal. Of course, independent of the metal the cleavage of one C—O bond in CO,
requires 5.45¢eV and if we now choose Ni as an example, 9.0¢V are needed to take an electron out of
the metal (¢y; = 5.2 V), transfer the electron to CO, (0.6eV), and then dissociate the CO, formed.
However, 9.54 eV are gained in the chemisorption of O ™ and CO to the Nisurface. Therefore, there is
an overall gain of 0.4eV in the process of CO, dissociation at nickel surfaces within the simplified
cycle. The process would on these arguments be expected to be highly metal specific and this is
indeed the case.
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Fig. 19. Energy cycle for CO, dissociation into adsorbed CO and oxygen on a Ni surface. Energies are given in eV [34].
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4.3. Adsorption of CO, at copper surfaces

Interest in the chemistry of carbon dioxide at copper was partly stimulated by the implications of
the discovery made by the catalysis group of Imperial Chemical Industries that CO, is the main
source of “carbon” in the synthesis of methanol using H,—CO-CO, mixtures and their copper—zinc
oxide catalyst [107]. The report of this discovery also coincided with publications relating to the
reactive chemisorption of CO, at magnesium and aluminium surfaces [88-90,99,100]. We, there-
fore, turned our attention to the copper—CO, system [106]. It is also relevant to mention that just
prior to this there had been considerable discussion as to whether or not CO, was dissociatively
chemisorbed at rhodium surfaces [ 166,167], the possible role of surface structure in the dissociative
chemisorption of CO, at Fe(110), Fe(111) and stepped Fe(1 10) surfaces [74], of alkali metal
promotion in the reactivity of CO, at rhodium and palladium surfaces [138,143] and of alkali
modified aluminium surfaces [101,102]. Although copper did not fit readily into the reactivity
pattern associated with other transition metals, it had been shown to exhibit high reactivity (low
energy pathway) for the dissociative chemisorption of nitric oxide and consequent formation of
N,O(g) and surface oxide [168]. In this case the thermodynamic driving force was surface oxide
formation and the kinetics were clearly favourable in that N,O formation occurred even at 80 K. The
issue that intrigued us was whether CO, chemisorption at copper might exhibit analogous
behaviour to that of nitric oxide and also of CO, with the sp-metals magnesium and aluminium
[89,90]. Alternatively it might show characteristics closer to the weak chemisorption observed with
CO at copper surfaces. Mitigating against the possibility of reactive chemisorption with copper, and
resulting in surface carbonate and oxide formation, was the smaller inherent thermodynamic driving
force compared with both magnesium and aluminium. Three different copper surfaces have been
investigated; Cu(1 00), Cu(2 1 1)and Cu(pc). At polycrystalline copper surfaces, Cu(pc), together with
physical adsorption at 80K, there is evidence for an ionic form CO~ (a); these two species are
characterized by C(1s) binding energies of 292 and 289 eV, respectively (Fig. 20). Very similar data
were reported for a Cu(2 1 1)-O surface with evidence for CO,(a) and COY (a) species characterized
by C(1s) and O(ls) peaks at 293 and 533¢V for CO,(a) and 289 and 531.5¢V for CO}  at low
temperature (130 K). No carbon species were detected by XPS on warming the adlayer to 295K
[106].

At the intrinsically less reactive Cu(1 00) surface it was established that after characterizing with
XPS, the physically adsorbed layer at 80 K, the adlayer was warmed to 160 K; XPS and EELS then
established that a CO’, (a) species was present with a C(1s) peak at 289 eV and loss features at 340,
800 and 1500 cm ~!. A Cu(1 00) surface exposed to CO,(g) at 80 K, but not characterized by either
XPS or HREELS at this temperature, revealed no XPS evidence for any carbon dioxide species after
warming the physically adsorbed layer to 130 K. This is positive evidence for the role of pho-
tons/electrons in CO, activation at copper surfaces. Extensive studies [ 169] using carefully purified
CO, have confirmed this and established that traces of oxygen at the parts per million level (or less)
can provide a highly efficient route to surface carbonate.

Although there is therefore unambiguous experimental evidence for the formation of anionic
COY (a) species at copper surfaces the relative contributions of X-rays, photoelectrons, surface
oxygen and surface structure to the activation of CO, at low temperatures is less clear. That
anionic-like CO, species are favoured when alkali metal atoms (Cs) are present is unambiguous (see
Section 7), furthermore when CO, is coadsorbed with molecules which are unreactive at copper
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Fig. 20. O(ls)and C(1s) photoelectron spectra of an oxygen predosed (50 L O,) Cu(211) surface (lowest trace) exposed to
100 L. CO, at 80K (second), and then subsequently heated to 130 K and 295K (upper traces) [106].

surfaces (e.g. NH;) low energy pathways are available to reaction products (such as carbamate
[170], Section 6). The concensus is that it is not too difficult to tip the energetics in favour of CO,
reactive chemisorption at copper surfaces.

Campbell and Ernst [171] considered the elementary steps in the forward and reverse water
gas-shift reaction CO + H,0— CO, + H,. The dissociation of CO, occurs with a probability
estimated to be about 107 ? per collision at 537K at a clean Cu(1 10) surface. In the presence of
chemisorbed oxygen the probability is greater, also the presence of H, is suggested to assist
dissociative chemisorption and surface reconstruction is a postulated mechanism for this.

5. Chemisorption of CO, at oxide surfaces

Spectral identification of carbonate and carboxylate on powder surfaces has played a major role
in the study of CO oxidation on oxide surfaces and there is a full, well documented literature on this
subject [58,60]. We refer to this literature for further details and concentrate here on the study of
CO, interaction with single crystal surfaces. Table 4 contains a collection of results for a variety of
substrates [172-199]. With all substrates a physisorbed layer is formed at low temperatures.
Heidberg and his group [177] have performed detailed studies of CO, adsorbates physisorbed on
MgO. The molecules form ordered structures which have been characterized by LEED and FTIR
spectroscopy. The structures may be compared with the studies of CO, on NaCl, also performed by
Heidberg’s group [200--205], and also by Ewing and coworkers [206]. In general chemisorption
leads to the formation of carbonate. Only with ZnO was the formation of CO, reported, i.e.
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Table 4
CO,(phys.) CO,(chem.) Dissociation Carbonate Oxalate Ref.
Barium oxide
BaO(poly) X X [171,172]
Calcium oxide
Ca0O(100) X X [173]
Chromium oxide
Cr,04(111) X X [174]
Manganese oxide
MnO(100) X [175]
Magnesium oxide
MgO(100) X [173,176-179]
MgO(100) X X [180,181]
MgO(*1117) [181]
Sodium oxide
Na,0(“1007) X X [182]
Na,O(“1107) [182]
Nickel oxide
NiO(100) X [183]
Titanium dioxide
TiO,(110) X X [184,185]
Zinc oxide
ZnO x but photo-r [186]
ZnO(10710) X X X [184,187-194]
ZnO(10710) X X [195]
ZnO(000T1) [196]
ZnO000T) X X [191]
ZnO(0001) X X [191,197-199]
ZnO(404 1) X [192,193]
ZnO(5051) X [192,193]

carboxylate structures [185,189-191]. Fig. 21 shows a schematic representation of the conclusions
drawn, indicating carboxylate structures formed via coordination of a bent CO5” molecule to
a metal centre. Carbonate structures may also be formed via coordination of a COS™ towards an
oxygen atom. Although this configuration will result in monodentate carbonates it has not as yet
been verified by vibrational spectroscopy. For CO, adsorption on Cr,0,(1 1 1) Kuhlenbeck et al.
[174] have observed the formation of a carbonate at low temperatures. Fig. 22 shows a correlation
of the frequencies found in this study with the results shown in Fig. 8. From this it is clear that the
frequencies are closer to those associated with a bidentate coordination. NEXAFS data [174] for the
same system indicate the CO; plane is oriented perpendicular to the surface which would be
consistent with a bidentate coordination. Stabilities of the carbonates on oxide surfaces have been
investigated using thermal desorption spectroscopy and other techniques. At a Cr,0,(1 1 1) surface
carbonate already forms at 100 K and it is stable to temperatures above room temperature [174,175]
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Fig. 21. Schematic representation of the structure of a CO, adsorbate on a ZnO surface as proposed by Gopel et al.
[185.189--191].
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Fig. 22. Correlation diagram of the carbonate vibrational bands observed after dosing a Cr,04(000 1) face to saturation
(80 K) with some of the data shown in Fig. 8 [174,175].

in Table 4. As mentioned above, CO, does not strongly interact with non-polar (1 00) surfaces of
rock-salt type oxides like MgO and NiO. Tanabe et al. [207] have studied the basic properties of the
oxides

MgO < CaO < SiO < BaO
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and found the order accordingly, where by basicity is meant the ability of the surface to donate
charge to the adsorbed molecule. In order to judge this result which was gained on powder samples,
it is important to exclude the influence of defects by studying single crystal surfaces. This has not yet
been studied in detail but Pacchioni et al. [173] have theoretically analysed the situation by
comparing MgO and CaO with respect to CO, and SO, adsorption. They find for CO, a weakly
bound complex on MgO while a chemically bound carbonate is formed by coordination to an
oxygen ion at the CaO surface.

The reason for the difference in reactivity may be understood from a theoretical study involving
decomposing the interaction energy into electrostatic polarization and charge transfer contribu-
tions. The crucial factor is not chemical in origin, but can simply be explained in terms of
the electrostatic stabilization of the surface anion. The O~ ion at the surface is stabilized by
the Madelung potential of the ionic crystal which is smaller with CaO than with MgO, thus
leading to a higher basicity and reactivity of CaO. The smaller Madelung energy parallels the
growth of the lattice constants. We may state that a regular site with CaO behaves like a defect site in
MgO.

6. Reactions of CO, with coadsorbed species

As discussed in detail above the anionic form CO%” is stable at Ni(110) surfaces at tempera-
tures up to 150K. The adsorbed state represents a species with unsaturated valencies at the
carbon atom and can be thought of as a radical anion. We may therefore envisage reactions
of the CO, with other atomic or molecular species either in the gas phase or as a surface species.
A direct combination of two CO, molecules is rather unlikely because the negative charge should
lead to strong intermolecular coulombic repulsion (see however [102,103,209]). It is however
feasible to consider a reaction between CO, and neutral CO,, i.e. within a solvation complex
(see above). Fig. 10 schematically shows the reaction of CO, with hydrogen on Ni(110) to form
formate [80].

In Fig. 23 a series of HREEL spectra is shown, the Ni(1 1 0) surface having been exposed firstto 1 L
CO, and subsequently to 0.1 L H,. The reverse exposure does not lead to reaction. At 90K the
spectrum is very similar to the spectrum at the bottom of Fig. 16. If we increase the temperature, the
physisorbed CO, desorbs and the intensity of the CO, bands increase. Note that even at low
temperature there is a small loss peak at about 1350cm ™!, At 200K, when CO, would have
dissociated at the clean surface, it is still present. However, the peak at 1350cm ™! has increased in
intensity, also, at off specular scattering conditions a C—H vibration is observed close to 2900 cm ™ !.
A comparison with the vibrational frequencies given in Table 3 indicates that the new bands are due
to adsorbed formate. Isotopic labelling experiments with D, prove that these are C—H vibrations.
When we compare the vibrational frequences in CO, and formate it is mainly the symmetric
stretching frequency that shifts by approximately 200 cm ~ ! in formate, while the asymmetric stretch
and the bending mode, as well as the molecule—surface vibration, are basically at the same frequency
as in the case of CO, . There is, however, a considerable difference in the structure of the formate
adsorbate as compared with the CO, adsorbate, which we discussed above: NEXAFS data at the
oxygen edge reveal the sharp n-resonances and the broad o-resonances of both the CO, and
HCOO™ moieties. While for the case of CO, there is no dependence on the azimuthal direction of
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Fig. 23. Electron energy loss spectra of CO, and H, coadsorbed on a Ni(l 10) surface at 90 K. The surface has been
subsequently heated to the temperatures indicated [80]. The spectra are recorded in specular scattering geometry unless
indicated.

the incoming light with respect to the relative changes of intensities upon variation of the polar angle
0,the HCOO ~ species does exhibit a pronounced azimuthal dependence. The observed behaviour of
the polar angle variations are on one hand in line with the orientation of the molecular plane
perpendicular to the surface plane for both species, and on the other hand in line with a preferential
azimuthal orientation along the (1 1 0) of the formate species as opposed to a random orientation of
the CO, species. It would be interesting to understand this difference observed. In how far this
structural flexibility has any relevance for the reactivity of CO, towards coadsorbed species is not
clear at present.

The formation of the surface formate species from CO, and hydrogen can also be followed by
XPS; the C(1s) spectra taken at high resolution are shown in Fig. 24. At the top we find coadsorbed
CO, and CO, atlow temperature. On increasing the temperature the physisorbed species desorbs,
and there are some indications for the formation of CO%,” . It is thought that the broad features in the
spectra overlapping the peaks are due to solvated CO, ie. aggregates between CO, and neutral
CO, in various quantities. At around 180 K the chemical shift indicates the formation of formate
which at higher temperature eventually dissociates and CO remains on the surface. It is thus obvious
from a series of measurements using a variety of different experimental methods that CO, can react
with hydrogen to form formate at a Ni single crystal surface.
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Fig. 24. ((1s) spectra recorded using monochromatized synchrotron radiation (Dragon beam line at NBL) after dosing
a Ni(1 10) surface with CO, and H, at 80K and subsequent heating [80].

This opened up the possibility of reacting CO, with other coadsorbed species. A particularly
interesting reaction is that of CO%,~ and coadsorbed methyl groups to form acetate and involving the
formation of a carbon—carbon bond. CH; species were generated by dissociative adsorption of
CH,1 [209,210]. Fig. 25 shows the HREELS spectrum for an exposure of 2L CH,I to a Ni(110)
surface at 95 K. The assignments of the bands are given by comparison with literature spectra
[209,210]. When the adsorbate is heated, CH;I dissociates with the formation of CH,(a) and I(a)
(Fig. 25) and reflected by the shift of the C—H stretching frequencies. These methyl groups are
reactive as indicated by the TD spectra (Fig. 26). We observe not only the desorption of CH, and
CH, but also of ethane leading to a sharp desorption signal with maximum around 135K. If we
preadsorb CH,I (see Fig. 25), we do see the CO} signalsin the HREEL spectra (Fig. 25) attenuated
without simultaneous desorption of CO, . Concomitantly, we observe the formation of a carboxylic
species, characterized by the vibrational frequencies, but it is very difficult at present to differentiate
between formate and acetate formation. In order to differentiate between acetate and formate species
we need to identify the C—C stretching vibration. However even for pure acetate adsorbates the C—C
intensity is weak (see Fig. 25), which does not help. Isotopic labelling experiments and FTIR
investigations for the same system are under way to shed more light onto this question. There is one
hint for the formation of acetate species in the recorded TD spectra. At rather low temperatures, in
the range where CO, becomes unstable with respect to dissociation we observe a peak characteristic
of CH,CO (m/q = 43), the major fragment in the fragmentation pattern of CH,COOH. This points
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Fig. 25. Electron energy loss spectra of various co-adsorbates of CO, and CH,I as well as of a pure CH;I adsorbate at
different temperatures and scattering conditions as indicated [209,210].

at least to the formation of a carbon—carbon bond but whether this bond is established between
CO, and CH, or CH; and CO is not clear at present. The TD spectra for CO, (m/q = 44) and
HCOQ (m/q = 45) are similar to those observed in formate adsorption.

An aspect of surface chemistry that has emerged only recently is that the reactivity of coadsorbed
molecules cannot readily be predicted from the known chemistry of the molecules studied separately.
This has been a particular feature of the chemistry observed when molecules are coadsorbed with
dioxygen with evidence for the participation of oxygen transients established — with the metal
determining which transient is likely to be significant [99]. Although CO, and NHj, are relatively
unreactive at a Cu (1 00) surface and not adsorbed at 295 K, when coadsorbed a carbamate species is
formed readily [170]. Ammonia is an effective electron donor and also when physically adsorbed
lowers the work function of a surface. A relatively simple model for the chemistry observed when
CO, and NH; are coadsorbed is that electron donation into the antibonding orbital of CO, leads to
the reactive, bent anionic form CO%~ with H-elimination from NH, giving NH,-CO,(a) [170]. The
HREEL spectrum (Fig. 27) exhibits all the features expected of a surface carbamate with the
core-level O(1s), C(1s) and N(1s) spectra exhibiting the following binding energies 531.3, 289 and
400¢eV, respectively. These binding energies are compatible with the functional groups CO, and
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Fig. 26. Thermal desorption spectra of various adsorbates involving CO, and CH,I for characteristic masses (m/e) as
indicated [209,210].

NH, being present at the surface.
CO,(g)—>CO5 (s)
NH,(g) » NH;(s)
CO% ™ (s) + NH,(s) = H,N-CO,(a) + H(a)

A further example of the chemical reactivity of CO, when coadsorbed is that a low energy
pathway to surface formate has been revealed through the coadsorption of carbon dioxide with
water at low temperatures at an Al(111) surface [208]. Both core-level and HREEL spectra
indicate the presence of formate with a characteristic v(C-H) stretch at 2960 cm ~ ! and §(OCO) and
v(OCO)losses at 840 and 15001600 cm ~ !, respectively. The vibrational spectrum was shown to be
indistinguishable from a model surface formate generated by the interaction of formic acid with
Al(111).

The role of surface formate in methanol synthesis over copper catalysts — including single crystals
of copper — has received much attention over the last decade. That surface formate can be generated
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Fig. 27. (A)Electron energy loss spectra of Cu(100) exposed to ammonia and ammonia/CO, coadsorbates [1707; (a) clean
surface at 80K; (b) 2 x 10! NH, mol cm ~? at 80 K; (c) exposure of (b) to 10 L CO, at 80 K; (d) exposure of (c) heated to
room temperature. (B) C(1s), N(1s) and O(1s) photoelectron spectra of a Cu(100) (clean (a)) surface exposed to NH, and
CO, at 80K and subsequently warmed to room temperature (b}; compare with (d) in Fig. 27 (A) [170].

from hydrogen—carbon dioxide mixtures over copper is controversial in that Burch et al. see
no evidence [211] for formate using FTIR in the case of a copper — zinc oxide catalyst while
(forexample) Taylor et al. [212] report spectroscopic evidence for surface formate at 2.3 bar pressure
and 363 K with Cu(100). In post reaction analysis of the surface, these authors observed loss peaks
in the HREEL spectra at about 800, 1300 and 2900cm ™! and assigned to 8(OCO), v (OCO) and
v(C-H).

7. Alkali metal activation of CO, at metal surfaces

Alkali metal activation of adsorbates has been extensively studied over the last decade using
surface sensitive spectroscopies; these studies were largely motivated by the need to understand their
role as catalytic promoters, whether in ammonia synthesis or hydrocarbon chemistry [213]. The
flurry of activity with relation to CO, chemistry started in 1986 with contributions from Berko and
Solymosi [143] and Paul [101] and somewhat later by Solymosi and Bugyi [159] and Paul and
Hoffmann [102]. More recently the experimental work, mainly HREELS, has been supplemented
by theoretical studies of possible reaction pathways for CO, reactions [111].
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There is unanimity in the view that alkali metal atoms, present at both transition and sp-metal
surfaces, effect activation of an adsorbed CO, molecule [111]. What is less clear is the precise nature
of the activated species and the reaction pathways followed subsequent to activation, although
COY is a key intermediate.

Early studies with rhodium were controversial in that so-called “clean” surfaces showed variable
activity in CO, dissociation, with Solymosi and Kiss [158] suggesting that boron impurities
promoted CO, dissociation whereas atomically clean rhodium adsorbed CO, only in the molecular
state. However, there was no ambiguity that a potassium modified rhodium surface led to the
activation of the CO, molecule with desorption temperatures increasing from 230K (clean surface)
to 342K (0« = 0.19). The precise nature of the strongly adsorbed CO, species was less clear but
charge transfer to an empty CO, n*-orbital was a reasonable suggestion particularly since alkali
metal atoms would be anticipated to lower the work function of the surface. The direct formation of
the CO, anion through interaction with a surface potassium atom was suggested; CO, could
subsequently generate surface carbonate or oxalate species which might decompose along various
pathways:

2CO, -»CO;™ +CO: carbonate formation
2C0O; - C,0;": oxalate formation
C,0.” - CO;™ 4+ CO: oxalate—carbonate transition

Solymosi and Bugyi [159] postulated that the high temperature state giving rise to CO, desorption
is probably a surface carbonate. Solymosi [8] returned recently to the rhodium—potassium system
with the advantage of high resolution spectroscopy (HREELS) and reported losses at 2350, 1630,
1340,840 and 640 cm ~ ! at 90 K for 6 = 0.72. Those at 840, 1360 and 1620 cm ~ ! they assigned to the
CO, (a) species. Other than the loss of features assigned to weakly (physically) adsorbed CO, at 2350
and 640cm ™' — very little change was observed in the HREEL spectrum up to 500 K. Above this
temperature the only loss feature present was at 1440 cm ™ ! and these authors suggest that an oxalate
to carbonate transition occurs between 255 and 500 K.

Very recently CO, adsorption and reaction on potassium promoted Fe(1 10) has been studied
using photoelectron spectroscopy and work function measurements [127,128]. The formation of
carbonate and oxalate species is reported. Also the authors find an interesting potassium coverage
dependent stability of carbonate. While for low coverages 0 < 0 < 0.2 carbonate decomposes
between 200 and 300K the decomposition temperature is increased to S00 K for higher potassium
coverages, 1.e. 0.26 < 0 <0.3.

The reactivity of alkali promoted Cu(1 1 0) surfaces to carbon dioxide has been studied [113,117],
Cs/Cu(1 10) in particular using a combination of XPS and HREELS (Fig. 28). At 80 K loss features
were present at 295, 660, 1460 and 1660cm ~ !, with a shoulder at 700cm ™ !. On warming to 298 K,
the intensities of the strong losses at 660, 1460 and 1660 cm ~ ! decrease rapidly and are replaced by
intense losses at 1510 and 350cm ™! and a weaker feature at 1060cm ™ .

There are three loss features we associate with physically adsorbed CO,, 660cm ! (strong),
1300cm ~ ! (weak), and 2350 cm ™ *. Only the 660 cm ~ ! loss is observed at 80 K and this is lost rapidly
on warming to 298 K, as also are the two relatively strong loss peaks at 1460 and 1660cm ~ ! which
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Fig. 28. Electron energy loss spectra of Cu(110) exposed to 3 x 10'* atoms cm ™2 Cs and 150L CO, at 80K and
subsequently heated to 110K (lower trace) and room temperature (upper trace) [117].

are assigned to CO’ ™ (a). These assignments are similar to those reported by Solymosi [8]. However
at the Cu(110)-Cs surface (Fig. 28) the behaviour of these two loss features (1460 and 1660 cm ™ !
assigned to the symmetric and asymmetric stretches of COj ") differ markedly from the temperature
dependence of the analogous features (1340 and 1620cm ™ ') observed by Solymosi at K-dosed
Rh(1 1 1). In the latter case these losses were still present at 500 K whereas with the Cu(1 10)—Cs
surface they had been replaced by a single intense carbonate feature at 1510cm ~ ! (b(C=0)). The XP
spectra add support to this assignment [117].

An interesting aspect of the Cu(1 00)-Cs—O system is its high reactivity to carbon monoxide - the
surface oxygen participating readily through a low energy pathway in the formation of CO% at
low temperatures and surface carbonate at higher temperatures [117]. In an attempt to understand
the role of cesium we reported recently an XPS investigation of the chemisorption of oxygen
by cesium multilayers at low temperatures [214]. Four oxygen states are delineated, with
increasing oxygen exposure at 80 K with each state having associated with it a distinct O(1s)
binding energy (Fig. 29). Initial interaction is dominated by the O°” species with an O(ls)
binding energy of 531.5eV but with increasing oxygen coverage this loses its identity and is
replaced by two major oxygen states, O>~ and O% , with binding energies of 530.3 and
533.4eV, respectively. The O°~ species is highly reactive to carbon monoxide at 80 K generating
the anionic state CO% "~ which has spectral features quite distinct from physisorbed carbon dioxide
but identical with those observed when CO, interacts with atomically clean cesium (Fig. 30).
Furthermore the O°~ state is reactive to CO, at low temperatures to generate a surface carbonate
whereas the CO%” surface species can be converted directly to carbonate by exposure to dioxygen at
80K (Fig. 30).



266 H.-J. Freund, M. W. Roberts/Surface Science Reports 25 (1996 ) 225-273

Cs+0, XPS(O%s)

Langmuir

20

10

0.5

PSS VS S N VAT S R R S N

525 530 535 540
binding energy [eV]

Fig. 29. O(1s) photoelectron spectra of a thick Cs film after various exposures to oxygen at 80K [214].

These studies [214] have enabled us to isolate each of the individual steps involved in the
formation of CO’” from carbon monoxide and the O®~ state at Cs surfaces; the transformation of
CO’,” to carbonate by dioxygen and the reactivity of the O®~ state to carbon dioxide to generate
surface carbonate species. The overall chemistry involves

0’ (a) + CO(g) - CO5 (a)
O°~(a) + CO,(g) > CO5 (a)
COj (a) +30,(g)—» CO5 (a)

a sequence of individual inherently simple step-wise processes.

Although there had been indications from studies of alkali modified surfaces that the bent anionic
adsorption state, CO, (a), might participate in the surface chemistry of CO,, the first HREEL
spectra were reported by Maynard and Moskovits [215]. These authors reported spectra (Fig. 31)
for the adsorption of CO, on silver surfaces modified by cesium, potassium and lithium. Loss
features were observed at 760, 1260 and 1600cm ™! and assigned to the bending §(OCO) and
symmetric stetch (v,) modes of CO, (a) while that at 1600 cm ~ ! is the antisymmetric (v,) stretch of the
CO, ion. These compare with 1460 and 1660 cm ™! observed for CO, interaction with a Cu(1 10)—
Cs surface (Fig. 28). There is also intensity at ~700cm ™' which overlaps with a feature due to
physisorbed CO, at 660cm ™! (Fig. 28).
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Fig. 30. (a) O(1s) and C(1s) spectra for Cs multilayers after: CO exposure at 80 K (spectrum 1) — there is no evidence for
adsorption; exposure to oxygen at 80 K resulting in O°~ formation (spectrum 2); exposure of O°~(a) to CO(g) at 80 K with
formation of CO%™ (spectrum 3) [2147. (b) O(1s) and C(1s) spectra after exposure of O°~ species to CO, at 80 K; formation
of CO%™ species [214]. (c) Partial conversion of CO%~ species to CO%~ on exposure to O, at 80 K: C(1s) spectra [214].

8. Summary and conclusions

The surface chemistry of carbon dioxide received relatively little attention during the period
19601980 when at the same time carbon monoxide dominated the surface science literature. The
lack of interest in carbon dioxide chemistry can be attributed to its thermodynamic stability but the
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Fig. 31. Electronic energy loss spectra for a cesium modified silver surface after various exposures to CO, at low
temperature: evidence for a CO5~ species, (a) 1 L, (b) 2 L, (c) 4 L, (d) 7 L [215]. Note close similarity with assignments for the
Cu(110)-Cs system [117] and Fig. 28.

realization that it was the key reactant in methanol synthesis in the early 1980s offered significant
impetus to surface science studies. In this review we see how studies reported in the 1950s largely with
metal powder and evaporated films provided some hints on its reactivity and infrared evidence for
carboxylate structures involving a “bent” carbon dioxide molecule. The latter has been central to the
understanding of the reactivity of carbon dioxide and the interpretation of vibrational and
photoelectron spectra at single crystal metal surfaces over the last decade.

The formation of the bent anionic form of carbon dioxide has been addressed from a theoretical
viewpoint with solvation of the CO}~ species playing a significant role in its chemistry. The solvated
species (CO3™ ---CO,) is the essential precursor in the facile formation of such reaction products as
carbon monoxide, carbonate and oxalate with spectroscopic (HREELS and XPS) evidence provided
for each step in the reaction.

Electron transfer from the surface to form CO%~ can be influenced by both the presence of alkali
metals (such as cesium and potassium) and surface structure. There is little distinction that can be
made between the chemical reactivity of transition and sp-metals but the presence of alkali metal
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promoters confers high chemical reactivity in all cases. The particular reaction pathway chosen
being dependent on the alkali metal coverage. The reactivity of oxidized multilayers of cesium
provides evidence for specific oxygen states that are highly reactive to both CO and CO, to give
CO% and CO, respectively.

The coadsorption of CO, with other molecules — ammonia and methyl iodide for example
- provides low energy pathways to products where again the bent CO’, anionic species is crucial to
the mechanism. The challenge is now to design catalysts that can provide ways in which CO, can be
utilized as a C1 feedstock with hydrocarbon — carbon dioxide reactions being one of the most
interesting challenges.
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