CO; Activation on Transition Metal Surfaces

J. Wambach? and H.-J. Freund!*

'DEPARTMENT OF PHYSICAL CHEMISTRY, RUHR UNIVERSITAT BOCHUM, D-44780
BOCHUM, GERMANY

’LABORATORY OF APPLIED PHYSICS, THE TECHNICAL UNIVERSITY OF DENMAR
DK-2800 LYNGBY, DENMARK

1. INTRODUCTION

The adsorption behavior of CO, on metal surfaces has been studied during the last decade in
quite some detail'>® and Table 1 summarizes some of the systems that have been investigated.

Table 1 Systems studied in the literature
System CO, physisorbed CO, chemisorbed reference

Ni(100) yes no 32
Ni(110) yes yes 1,2
Ni(111) yes no 33
Fe(110) yes no 6
Fe(100) yes yes 34
Fe(111) yes yes 5
Re(0001) yes yes 3,4
Rh(111) yes no 12
Pt(111) yes no 36
Pd(100) yes no 10
Pd(111) yes no 9
Cu(100) yes no 31
Cu(110) yes no 15
Ag(110) yes no 35
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We have restricted this collection to those studies carried out on non modified single
crystal surfaces. After the initial controversy whether CO, chemisorbs at all on clean metal
surfaces®”™, it has been realized that in some cases two states of molecular associative
adsorption may be observed for CO, on the clean metal surfaces: a physisorbed linear CO, state
and a bent chemisorbed CO;’ state. The chemisorbed, partially negatively charged species turns
out to be the precursor for CO, dissociation ', It is generally accepted now that electron
transfer drives the formation of the chemisorbed bent species but it is not clear where this
process happens at the surface. There are indications that low work function of the metal® in
conjunction with appropriate surface sites, such as steps or atomic roughness*! are important

in this respect. However there are surfaces without high step density where CO, chemisorption
takes place!*,

We shall review in this paper our view of CO, chemisorption on transition metals and
then go on to study chemical reactivity of the chemisorbed CO, towards coadsorbed species.

We begin by considering some basic properties of gaseous CO,.

2. BASIC PROPERTIES OF CO,

Figure 1 shows a schematical potential energy diagram of CO, and CO,” where the energy in
kcal/mol is plotted as a function of the C-O distance and the O-C-O bond angle'®.
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Figure 1 Schematic potential energy diagram of the system CO, and CO,

The ground state of the CO, system is shown at the back representing the linear system
with an enthalpy of formation of 393 kcal/mol*. The double-well ground state of the CO; is
shown in front representing a bent geometry with elongated C-O bonds and an enthalpy of
formation of 382 kcal/mol*, ie. about 0.5 eV higher than for linear CO,. This value
corresponds to the adiabatic electron affinity of CO, in contrast of the vertical electron affinity
which is considerably higher. The CO, molecule in its equilibrium geometry is metastable with
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a life time of 60-90 msec*** kinetically stabilized by a barrier of 10 kcal/mol (0.4 €V)* CO, can
be experimentally observed in the gas phase after thermal decomposition of solid oxalates**.
Therefore the vibrational spectrum is known*® and can be used in comparison to linear CO, as
a fingerprint to identify the CO, species. Similarly, the photoelectron spectra of gaseous CO,,
which has been measured® in comparison with the calculated spectrum of CO,™ may be
employed to identify the adsorbed species®.

The CO, moiety becomes unstable because the electron wants to autodetach’. If the
electron density of the extra electron is kept high, e.g. through the presence of a metal surface,
the linear geometry of the CO, molecule becomes unstable with respect to a bent geometry*.
Qualitatively, the so called Walsh diagrams® or "17-electron-rules" reveal this as has been
discussed previously*.

In addition, the stability of the CO,” may be considerably enlarged by forming (CO,),
dimers. The anionic dimer is stabler by 0.9 eV* and its structure has been suggested via ab initio
calculations as shown in Figure 2 *. The main point is that the dimer basically may be looked
at as a CO, "solvated" by a largely undisturbed neutral CO, molecule®**, The structure of the
dimer anion in relation of the structure of solid neutral CO, has been discussed in detail before*
and will not be repeated. We only note that solvation of the anion may be important in
stabilizing it on a metal surface® in particular at high CO, coverages.
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Figure 2. Schematic diagram of the intermolecular arrangement of the CO, moieties in the
(CO,),” dimer anion as compared with solid CO,.

3. CHEMISORBED BENT CO,

The signature of the chemisorbed CO," species has been primarily its vibrational spectrum®.
Table 2 collects the vibrational frequencies for some of those single crystal systems where the
species has been clearly identified'*******_ The absence of the asymmetric CO," stretching
frequency on Ni(110) has been taken as an indication that the molecular plane is oriented
perpendicular to the surface and the symmetry of the species in C,,. This was verified through
NEXAFS and DLEED’ measurements (see below). In all other cases studied so far the
asymmetric vibration was identified and C, symmetry has been assigned to the CO, species.
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Figure 3 shows a series of HEELS spectra as a function of temperature taken from the work Table 2 Vibrational frequencies of chemisorbed CO, in cm
of Bartos et al.". The lowest trace represents the situation at T=140 K. The peaks are assigned
to the two states of CO, and CO," as indicated. The small peak at 1350 cm™ will be discussed System Vumd Obend Vom vey  Reference
in detail below. The lowest frequency vibration can be assigned to the motion of the molecule
with respect to the surface. In the case of Ni(110) this frequency is at 403 cm™. This has been
used to argue that the CO, in C,, symmetry is bound as was proposed by cluster calculations CO,/Ni(110) 403 727 130
through its oxygen atoms and not its carbon atom to the Ni(110) surface®. The clear proof for
the oxygen coordination can be given through a comparison with formate bound to Ni(110)* CO,/Re(0001) 650 1230 1625 3,4
where it is obvious that bonding is established via the oxygen atoms because the carbon carries
a hydrogen atom. Table 2 contains the vibrational frequencies for HCOO7Ni(110) and it is CO,/Fe(100) 1232 1634 34
clear that the value for the low frequency vibration is in close correspondence to the system
CO,/Ni(110). CO,/Na/Pt(111) 820 1340 1600 55
— L . | ' ! : CO/Na/Pd(111) 282 744 1210 1530 9
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| Figure 4 X-ray photoelectron spectra of CO, adsorbed on Ni(110) in the range of the Cls

Figure 3 Electron energy loss spectra of CO, on Ni(110) as a function of temperature and Ols ionizations.
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At T=200K the physisorbed CO, has disappeared and there are already small CO signals
present on the surface. At T=270K CO, has completely dissociated and only molecular CO can
be found. Therefore CO,” may be regarded as the precursor for CO, dissociation on metal
surfaces’. HREEL spectra do not always reflect the relative coverages of physisorbed CO, and

chemisorbed CO,". The coverages can be judged better via X-ray photoelectron spectra as
shown in Figure 4 2.

At T=90K the Cls and Ols features due to physisorbed CO, dominate the spectra. The
CO," features are shifted to lower binding energies as expected. A detailed evaluation of

relative intensities can be used to prove that the stoichiometry of the anionic species indeed is
C.0=1:2.

Signalintensitot [bet. Enh. ,

$30 S0 550
lonenenecgie  [ev]

Signalintensitdt [bel. Einh.;
Signalintensitét [ bel. Einh. )

X
Ao

S0 %0 550 560 S0 s sk s
Photonenenergie (eV) Photonenenergie (ev]

igure 5 Schematic reaction scheme for CO, on Ni(110): From physisorbed CO, on the left

to chemisorbed CO; in the middle to the reaction product HCOO' of the reaction
between CO, and hydrogen on the right. At the bottom the corresponding
NEXAFS spectra are shown. The light incidence is marked in the figure.
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4. REACTIVITY OF CHEMISOBED CO,

CO,” on Ni(110) is stable in a temperature range up to T=150K. The molecule represents a
species with unsaturated valencies at the carbon atom. We may therefore envisage reactions of
the CO,” molecule with other atomic or molecular species from the gas phase or within the
adsorbate. A combination of two CO,” molecules is rather unlikely because the negative charge
should lead to strong intermolecular coulombic repulsion (see however reference 14). Figure 5
schematically shows at the top the reaction of CO, with hydrogen on Ni(110) to form formate®’.

This scheme is not meant to indicate that CO,” reacts with hydrogen from the gas phase
in the sense of a Eley-Rideal mechanism. In fact, we know that the reaction takes place via a
Langmuir-Hinshelwood mechanism®’. We have followed the reaction via HREELS and XPS
as shown in Figure 6.
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Figure 6 Electron energy loss spectra of a CO,/H, co-adsorbate as a function of
temperature. The assignment of the features is indicated by lines.

In Figure 6 we have plotted a series of HREEL spectra starting at T=90K.The surface has
been exposed first to 1L CO, and subsequently to 0.1L H,. The reverse exposure does not lead
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to reaction. At T=90K the spectrum is very similar to the spectrum at the bottom of Figure 3.
If we increase the temperature the physisorbed CO, disappears and the CO, bands increase.
Note, that even at low temperature there is a small peak around 1350cm™. At T=200K, when
CO, on the clean surface has already dissociated, it is still on the surface in the presence of
hydrogen. However, the peak at 1350cm™ has increased in intensity. Also, at off specular
scattering conditions a C-H vibration can be detected close to 2900cm™. A comparison with the
vibrational frequencies given in Table 2 indicate that the new bands are due to adsorbed
formate. It is mainly the symmetric stretching frequency that shifts by approximately 200cm™,
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,".
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Figure 7 High resolution x-ray photoelectron spectra in the Cls regime of a CO,/H,
coadsorbate as a function of temperature®”.

There is, however, a considerable difference in the structure of the formate adsorbate as
compared with the CO, adsorbate: NEXAFS data at the oxygen edge, shown in Figure §,
reveal the sharp m-resonances and the broad o-resonances of both the CO; and HCOOr
moieties>*. While for the case of CO; there is no dependence on the azimuthal direction of the
incoming light with respect to the relative changes of intensities upon variation of the polar
angle ®, the HCOO" species does exhibit a pronounced azimuthal dependence. The observed
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behavior 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 (110) of the formate species as opposed
to a random orientation of the CO, species. It would be interesting to understand this
difference, but sofar its origin is not yet clear. The formation of the formate species on the
surface may also be followed by XPS measurements®’. The spectra taken at high resolution are
shown in Figure 7.
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‘igure 8 Electron energy loss spectra of various adsorbates on Ni(110)

At the top we find coadsorbed CO, and CO, at low temperature. Then, upon temperature
increase the physisorbed species desorbs, and there are already indications for the formation
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of CO. At around T=180K the changing chemical shift indicates the formation of formate
which at higher temperature eventually dissociates and CO remains on the surface. It is thus
quite obvious from a series of measurements with a variety of different methods that CO, reacts
with hydrogen to form formate on the surface of a Ni single crystal.

Consequently, it is near at hand to try to react CO,” with other coadsorbed species”. A
particular interesting reaction would be between CO, and coadsorbed methyl groups to form
acetate with a carbon-carbon bond. We have created these CH, species by dissociative
adsorption of CH,I according to the literature®*!. Figure 8 shows the HEELS spectrum of an
exposure of 2L CH,I on a Ni(110) surface at T=95K*. The assignments of the bands is given
via comparison with literature data®. When the adsorbate is heated, CH,I dissociates, and
adsorbed I atoms and methyl groups are formed (see Figure 8) as indicated by the shift of the
C-H stretching frequencies. These methyl groups are reactive as indicated by the TD spectra
shown in Figure 9*°. We do observe not only desorption of CH; and CH, but also of ethane
leading to a sharp desorption signal with maximum around T=135K. We believe that the ethane
is actually formed on the surface. Note, that there are indications for ethane formation via a
very detailed analysis of the HREEL spectra (not performed here) but they are not conclusive.
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If we now preadsorb CO, and then coadsorb CH,I (see Figure 7) we do see the CO,
signals in the HEEL spectra (Figure 8) attenuated without simuitaneous desorption of CO,.
Concomitantly, we observe the formation of a carboxylic species, indicated by the observed
frequencies, but it is very difficult at present to differentiate between formate and acetate
formation. In order to identify uniquely the presence of acetate versus formate we would have
to identify the C-C stretching vibration. However, even for pure acetate adsorbates®** its
intensity is weak (see Figure 8), which renders the problem hardly solvable at present. Isotopic
labelling experiments and FTIR investigations on the same system are under way to shed more
light onto this question. There is one hint towards the formation of acetate in the recorded TD
spectra®. At rather low temperature, in the range where CO, becomes unstable with respect
to dissociation we find a peak characteristic of CH,CO (m/q=43), the major fragment in the
fragmentation pattern of CH,COOH. This points at least to the formation of a carbon-carbon
bond in the system; 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 HCOO (m/q=45) are similar those
seen in connection with formate adsorption®.

Summarizing the reactivity of CO,’, we find that at low temperatures CO,’ reacts with
coadsorbed hydrogen to form formate on the surface. The formation of acetate from CO, and
CH, is likely but not fully convincingly proven. In the latter direction more studies have to be
done in the near future, in particular in view of the possibility to synthesize acetic acid from
carbon dioxide and methane.
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