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Adsorption sites and microstructures of CO2 on Fe„111… derived from specular
and off-specular HREELS
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The dependence on surface temperature and adsorbate pressure of static and time-dependent HREEL~high-
resolution electron-energy-loss! spectra provides direct experimental evidence for molecular adsorption of CO2

on Fe~111! at 100 K in one linear state and two bent states. The data demonstrate that these adsorption states
can be distinguished unambiguously by their binding energies and their thermal stabilities. Comparison of
HREELS data taken under specular geometry with those taken at off-specular angles allows a complete
determination of the individual symmetries and microstructures of CO2 in these states.

DOI: 10.1103/PhysRevB.63.165416 PACS number~s!: 68.35.Ja, 82.80.Pv, 68.43.2h
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INTRODUCTION

The understanding of surface reactions on an atomic
molecular scale is one of the central themes in surface
ence. It requires, even for the reaction of a simple adsor
system, detailed information, preferably obtained experim
tally. It needs the identification of all the involved specie
their stable adsorption states, their transient intermedia
and their geometric and electronic microstructures, as we
an investigation of the reaction paths between these and
determination of sticking-, desorption-, and transition-r
constants. Note that the transition between different ads
tion states means a change of the chemical and electr
configuration with or without moving to different adsorptio
sites ~i.e., on top or bridge positions!. A complete picture
requires, furthermore, the detection of a possible adsorb
induced surface reconstruction, and a knowledge of the
spective binding and activation energies as well as the vi
tional frequencies of the involved species.

In basic research it is therefore important for an expe
mentalist to look for a suitable system, and for methods t
provide as much as possible of the information descri
above with data accurately enough to derive valid adsorp
models, which in turn can be used as input into correspo
ing theoretical considerations. These conditions are ex
lently matched by the system CO2 /Fe~111!, as first demon-
strated by the pioneering work on the interaction of CO2 with
solid state surfaces carried out by Behner and co-worker1,2

Moreover, the Fe~111! surface is the most reactive of th
low-index iron surfaces, and therefore the most interes
surface for an understanding of the fundamental react
that occur in catalytic processes such as, per exam
Fischer-Tropsch-synthesis.3

Different from a previous paper on CO2,
4 in this paper we

present a determination and identification of the differ
adsorption states of CO2 on Fe~111!, together with an analy-
sis of their geometries as second part of a project includ
kinetic aspects. Further results on different topics like bin
ing energies and desorption-adsorption kinetics will be p
lished in forthcoming papers.
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EXPERIMENT

A. System

The experimental setup is schematically shown in Fig
It was developed by our group5,6 on account of the fact tha
charged particle spectrometers cannot be used under p
pressures of reactive gases above 1028 mbar for more than
about 20 min without a degeneration of their specificatio
The system can roughly be described as a combination
regular high-resolution electron-energy-loss spectrom
with a synchronized molecular beam source that produ
adsorbate pulses~rise time,1022 s) or a continuous adsor
bate flux with an almost rectangular intensity distributi
between the sharp beam edges. At the sample, the flux ca
increased to about 0.3 L/s as measured by means of a
tube. This corresponds to an effective adsorbate pressu
about 331027 mbar (1 L>1026 mbar s) at the surface. In
the continuous beam mode this flux produces a station
background pressure below 5310210mbar.

A specially designed sample holder allows programma
sample heating to temperatures between 100 and 800 K

FIG. 1. Schematic diagram of the experimental setup.
©2001 The American Physical Society16-1



py
a
in
d
h
r
g
d

le
V
e

es

ed
b

nt
fo
a

e
d
tio
le
r

m
va
I f

w

t
O

od
th

,
t
tw

th

so-
nly
n-
af-

eV
f a

90-

hich

o-
in-

ling
eaks

G. HEß, CH. BAUMGARTNER, AND H. FROITZHEIM PHYSICAL REVIEW B63 165416
ing the ~high-resolution electron-energy-loss spectrosco!
~HREELS! measurements without affecting the specific
tions of the spectrometer by electromagnetic noise for
stance. In addition, desorbing species can be measure
multaneously and in phase with the HREELS signals, wit
mass spectrometer mounted in specular geometry with
spect to the beam source. For the investigation of hetero
neous catalytic reactions, a second gas can be applicate
means of a directed capillary doser.

B. Sample preparation

The main contaminants of the commercially availab
polisheda-Fe~111! crystals are S, C, P, and O. Prior to UH
cleaning, the sample was therefore annealed for four we
at 970–1120 K at 1 bar of hydrogen, ensuring that th
contaminants were below our Auger detectability~0.02 ML!.
Subsequently, the sample was sputtered and annealed, r
ing the segregation of bulk sulfur, until the sample could
heated for 30 min to 1000 K without showing contamina
in the Auger spectrum. Prior to each measurement the
lowing cleaning procedure was applied: first, the sample w
argon bombarded~150mA s, 5 keV! and annealed to 1050 K
for 10 min at 231028 mbar of hydrogen. Subsequently th
surface was saturated with ethylene at 100 K, and heate
800 K in order to produce hydrocarbons and CO as reac
products, which desorb at this temperature. Such a comp
cycle was generally sufficient to prepare the sample fo
new measurement.

RESULTS AND DISCUSSION

A. Thermal stability

Figure 2 shows a series of HREEL spectra taken from
Fe~111! surface saturated with CO2 at 100 K. Each spectrum
was recorded at 100 K after annealing the sample for 3
at the indicated temperature. Please note that all rele
losses observed in the present study are listed in Table
reference.

Considering only the relevant peaks for the moment,
start with the discussion of the loss at 290 meV in Fig. 2~a!.
Since there is an almost quantitative agreement between
frequency of this loss and the stretching mode of linear C2
observable in gas-phase infrared spectra,7 it is reasonable to
interpret this loss also as an excitation of the stretching m
of CO2 of a linear molecule that is almost unperturbed by
adsorption to the Fe~111! surface.

Inspection of Fig. 2~b! taken after heating to 150 K
clearly shows that the 290-meV loss and the one at abou
meV have vanished completely, suggesting that these
losses characterize the same CO2 state. This state will be
denoted in the following asa-CO2 or thea state.

The loss appearing in spectrum 2~b! at about 225 meV is
interpreted as the excitation of a stretching mode of CO,8 and
indicates a catalytic dissociation of CO2 into O and CO al-
ready below 150 K. At 300 K the surface is free of CO2 and
contains only CO and probably O and C.

The disappearance of the CO loss at 225 meV, and
strong increase of the loss around 50 meV in Fig. 2~e! taken
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at 370 K, indicates that at this temperature also CO is dis
ciated completely, so that finally the surface contains o
iron oxide and iron carbide species. The validity of this i
terpretation will be demonstrated below by spectra taken
ter exposing the clean surface directly to CO and O2.

A comparison of Fig. 2~b! ~150 K! with Fig. 2~c! ~210 K!
leads to the following conclusions: since the loss at 145 m
disappears upon annealing to 210 K, it is characteristic o
further CO2 state, which will be called theb state. It is ob-
viously more stable than the one associated with the 2
meV loss, but not as stable as a third state, theg state, char-
acterized by the three losses at 170, 133, and 95 meV, w
are visible up to 210 K.

Additional information on the dissociation process is pr
vided in Fig. 3. It shows the characteristic relative loss

FIG. 2. Series of HREEL spectra taken at 100 K after annea
the sample at the indicated temperature for 3 min. The dashed p
indicate the presence of CO and/or O on the surface.
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TABLE I. Listing of all energy losses observed and assigned in this study.

Frequency\v ~meV! Remarks

a state
sym. stretch 155/170 Fermi resonance weakly bond, linear, oriented perpendicular to surface,

dipole active, desorbs upon heating@Fig. 8~a!#

asym. stretch 290
bent 80

b state
sym. stretch 145 dipole active symmetricly bent; converts to ag state and probably dissociates

upon heating@Figs. 8~b! and 8~c!#

asym. stretch 198 not dipole active
bent 95

g state
sym. stretch 133 dipole active asymmetricly bent, dissociates upon heating@Fig. 8~d!#

asym. stretch 170 dipole active

CO
stretch 225 dipole active observed as dissociation product~Fig. 2! and after adsorption of

pure CO~Fig. 4! the 190 and the 250-meV losses were
only observed after exposure to CO~Fig. 2!

stretch 190 dipole active
stretch 250 dipole active

oxygen, carbon 30–65 dipole active final state after heating to 370 K@Fig. 2~e!#, the oxygen signal is verified
by exposure to oxygen~Fig. 4!
m

d
v
n

m

he
,
te

eV
-
e
-

xi-
e

le
not

tes
n-
e
e
m,

ng
at

rgy

by

the
n
axi-

ay
ent

ion
tu
tensities of all three adsorption states of CO2 as functions of
surface temperature during a temperature-program
HREELS experiment~ramp rate 0.2 K/s!. It should be noted
here that the cross section for the excitation of a loss
determined by the generally weakly coverage-dependent
namic dipole moment associated with the corresponding
brational mode; therefore, the relative loss intensities are
an absolute measure, but only proportional or at least
notonous to the corresponding population.

In order to quantify the contribution of desorption on t
disappearance of the losses with increasing temperature
desorbing CO2 was monitored using the mass spectrome
~MS! simultaneously with HREELS.

FIG. 3. Comparison of the population of the different adsorpt
states as a function of the linearly increased surface tempera
The surface was saturated with CO2 at 100 K.
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It is obvious that the MS CO2 signal (m/e544), which
appears only during the sudden decrease of the 290-m
intensity, clearly indicates that only thea state is substan
tially emptied by desorption. Below it will be shown that th
dissociation of CO2 from this state can be neglected com
pletely.

Another interesting feature exhibited in Fig. 3 is the ma
mum of the population of theg state at 160 K. Its appearanc
may be interpreted by the assumption that the CO2 molecules
in the g state occupy the same sites as in the less stabb
state, so that they block each other, and that there is
sufficient thermal energy for fast conversion from theb state
to theg state at 100 K. Thus, at this temperature, both sta
will be populated competitively mainly according to the i
dividual sticking probabilities into these states, causing thb
state to become overpopulated while the population of thg
state stays below the amount given by thermal equilibriu
which is mainly determined by the difference of the bindi
energies of the two states. This distribution stays frozen
100 K. Thus increasing the temperature or thermal ene
causes the surplus of the CO2 molecules in theb state~145
meV! to decrease either by dissociation or more probably
thermally activated conversion to theg state, in order to
approach thermal equilibrium. The conversion increases
population of theg state until, at about 160 K, dissociatio
dominates the process, causing the appearance of a m
mum.

The maximum of the population of theg state in Fig. 2
seems to occur at a temperature well above 150 K. This m
be due to the nonsteady heating procedure in the experim

re.
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of which the data are shown in Fig. 2, but it is important
see that the Figs. 2~b! and 2~c! both exhibit a largerg-state
intensity than Fig. 2~a!.

As mentioned above, a special measurement was ca
out to interpret the loss at 225 meV that appears after hea
to 150 K, as well as the loss at about 65 meV that appear
all the spectra of Fig. 2. For this reason, the clean sam
were exposed to 5 L CO at 200 K~the lower spectrum of
Fig. 4! and to 1.3 L O2 at 100 K~the upper spectrum or Fig
4!. The fact that in the oxygen spectrum only one single l
appears at about 65 meV clearly indicates that losses app
ing at this energy are characteristic of atomic oxygen. N
that the small intensity at 65 meV in Fig. 2~a! is rather due to
contamination than to dissociation of CO2 at 100 K, as will
be shown below.

Different from oxygen, CO obviously adsorbs into thr
molecular states indicated by three stretching modes in
4. in agreement with findings of Seipet al.8 It should be
noted that, in contrast to exposure to pure CO, dissocia
of CO2 results in atomic oxygen and CO. This may expla
why only one CO state at 225 meV is observed in Fig. 2
contrast to Fig. 4, which exhibits three losses at 194, 2
and 252 meV.

Conclusively, Figs. 2 and 3 provide clear evidence of
least three molecular adsorption states of CO2 on Fe~111!,
which can be unambiguously distinguished by different th
mal stabilities.

B. Desorption energies

Figure 5 exhibits a comparison of two loss spectra b
taken at a surface temperature of 100 K but under differ
permanent pressures of CO2. The CO2 flux is about 0.1 L/s
in upper spectrum@Fig. 5~a!#, and less than 1024 L/s in the
lower spectrum@Fig. 5~b!#. Note that the low flux spectrum
is magnified by a factor of 3. At first glance it can be se
that there is no difference in the intensities of the losse
50, 95, 133, and 145 meV in contrast to the losses at 2
170, 155, and 80 meV. The latter are increased by a facto

FIG. 4. HREEL spectra taken after exposure to 1.3-L O2 at 100
K ~upper spectrum!, and to 5-L CO at 200 K in comparison.
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5 at high flux. This indicates that the loss at 170 meV,
signed to theg state@Fig. 2~c!#, obviously also comprises
intensity, which can be associated with the weakly bonda
state. Thus, besides the 290-meV loss, we also associat
losses at 80, 155, and 170 meV with the lineara state.

The response of the system to pressure jumps is rev
ible. This means that switching between the two fluxes w
reproduce both spectra within our experimental accuracy,
dicating that at 100-K catalytic dissociation of CO2 can be
neglected completely. Therefore, the change of the inte
ties of the losses related with thea state has to be explaine
by fast desorption from this state due to the small bind
energy of the molecules to the surface.

The binding energy of the two bent states is so strong
the CO2 molecules adsorbed in these states dissociate ra
than desorb. It is obvious that this much stronger chem
bond to the surface causes a deformation~bending! of the
CO2 molecule.9–11

A more complete picture of the Fe-CO2 system may be
developed with the help of the following concept. Genera
a linear three-atomic molecule has asymmetric and symm
ric stretching modes and two degenerated bending mo
Thus its infrared spectrum should comprise only three dis
guishable modes similar to the infrared spectrum of a b
three-atomic molecule with only one bending mode.12 Actu-
ally, gas-phase infrared data of molecular~linear! CO2 ex-
hibit four modes at 80, 155, 168, and 290 meV, with t
symmetric stretching mode being split into 155 and 1
meV, due to a Fermi resonance with the second harmoni
the bending mode.13 This suggests identifying the 155- an
170-meV losses with the split-symmetric stretching mo
and the prominent peaks at 80 and 290 meV with the e
tation of the bending mode and the asymmetric stretch
mode of the linear state.

FIG. 5. HREEL spectra both taken at 100 K under a perman
CO2 pressure of 1027 mbar ~upper spectrum!, and less than
10210 mbar ~lower spectrum!.
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Obviously, the other losses at 50, 95, 133, and 145 m
and also part of the 170-meV loss, are characteristic o
second and third adsorption state of CO2. Their assignment
might be possible if one assumes that the CO2 molecules in
the stable adsorption states behave similarly to bent free m
ecules. A brief analysis shows that the frequencies of th
asymmetric stretching modes are always higher than thos
their symmetric stretching modes.12 This enables us to inter
pret the three remaining losses of theg state in Fig. 2~c! as
follows. The 133-meV loss can be assigned as the symm
stretching mode, the 170-meV loss as the asymme
stretching mode, and the 95-meV loss as the bending m
of a bent CO2 species that exists at the Fe~111! surface up to
210 K. Since the intensity of the loss at 95 meV decrea
disproportionally compared to the losses at 133 and 170 m
~Fig. 2!, it can be concluded that this loss comprises
intensities of the bending modes of both species, which c
not be resolved within our experimental resolution.

The only remaining loss, which has not yet been assign
is the 145-meV loss. Since it can be assumed that the
quencies of a stretching mode decrease with increasing b
ing energy to the surface,14 we assign this loss as the sym
metric stretching mode of theb state. The missing
asymmetric mode will be identified below.

C. Symmetry

In addition to the identification of the different adsorptio
states in regard to their thermal stabilities and their bind
energies as a first step in the characterization of an ads
tion system with vibrational spectroscopy, it is also desira
to clarify their symmetries in order to derive microstructure
which describe the geometric configurations of the differ
CO2 states on the surface. These data are essential bas
puts, for instance, into inelastic low-energy electro
diffraction and other more general theoretical investigatio
This kind of information may be obtained by angle-resolv
HREELS.15 For a first orientation, Fig. 6 shows a compa
son of an in-specular spectrum with an off-specular sp
trum. Both measurements were taken at 100 K after hea
to 110 K for 3 min. The heating was done to obtain so
amount of CO on the surface, which in turn ensures an
tensity at 225 meV that represents the dipole-active
stretching mode. During the whole measurement the Fe~111!
surface was permanently exposed to a CO2 flux of 0.1 L/s
that corresponds to about 1027 mbar. The impact energy o
the scattering electrons was 5 eV in both spectra, and
off-specular angle was 20°, as indicated. As can clearly
seen, there are substantial differences in regard to the in
sities as well as to the number of losses. Since in HREE
the background is mainly produced by dipole scatteri
these differences are partially due to a strong reduction of
unstructured background in the off-specular case, and by
excitation of modes with dipole moments oriented paralle
the surface, which is only possible via impact scattering15

Most important in this respect is the appearance of a los
198 meV in the off-specular measurement. We interpret
loss as the excitation of the missing asymmetric stretch
mode of theb-CO2 state by the symmetric stretching mod
at 145 meV.
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A quantitative data reduction of a series of off-specu
data is exhibited in Fig. 7. This shows the ratios of the o
and in-specular intensities of characteristic losses versus
off-specular anglew. Such a plot allows to distinguish be
tween modes that are excited via dipole or impact scatter
Since the stretching mode of CO will be excited only
dipole scattering, even if the molecule is oriented paralle
the surface,14 its intensity is used as a reference for the b

FIG. 6. Selected off- and in-specular spectra in comparison
order to obtain a CO signal~225 meV!, both measurements wer
taken at 100 K after heating to 110 K for a short time. The imp
energy of the scattering electrons was 5 eV, in both spectra and
off-specular anglew was 20°, as indicated.

FIG. 7. Ratios between the off- and in-specular intensities
characteristic losses vs the off-specular anglew.
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havior of a mode that is excited by dipole scattering only.
order to be sure to find some CO intensity, the surface t
perature was increased to 110 K for a few minutes, as m
tioned above. It is easy to see that all losses behave
dipole-excited modes except the one at 198 meV. Its int
sity is almost independent of the off-specular scatter
angle, and may therefore be excited by pure impact sca
ing, indicating that the corresponding vibration is associa
with a dynamic dipole moment oriented parallel to the s
face. This is in contrast to all other modes, which show
brational amplitudes oriented almost perpendicular to
surface.

D. Structures

In the following the mode assignment and this o
specular information will be used to derive the microstru
tures of the three different adsorption states populated w
CO2 on the Fe~111! surface at 100 K. The almost quantit
tive agreement between the two losses at 290 and 170
and asymmetric and symmetric stretching modes of the
linear CO2 molecule, strongly suggest associating the wea
bonded state of CO2 with a linear configuration. Also since
these two modes are excited by dipole scattering, it se
reasonable to relate this state to a linear molecule orie
perpendicular to the surface. This is schematically shown
Fig. 8~a!.

FIG. 8. Schematics of the microstructures of the three ads
tion states derived from their different spectroscopic behavio
angle-resolved HREELS.
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Next we have to look for a configuration that explains t
appearance of a loss at 198 meV in the off-specular meas
ments, which we assigned as the asymmetric stretching m
of theb state, together with a loss at 145 meV, interpreted
the symmetric stretching mode of this state. The only c
figurations of a CO2 molecule with a dipole-active symme
ric stretching mode and a dipole-inactive asymmetric stret
ing mode are the symmetrically bent ones shown in Fi
8~b! and 8~c!.

The configuration of theg state may be derived from th
fact that its two corresponding stretching modes at 170
133 meV are both dipole active. A simple configuration,
which both stretching modes have perpendicular dyna
dipole moments, is shown in Fig. 8~d!, with the molecule
asymmetrically bound to the surface.

Conclusively, this yields spectroscopic evidence of t
existence of two bent CO2 configurations, in agreement wit
our thermal stability measurements. The maximum in Fig
is now easy to explain by a thermally activated convers
from the symmetric configuration@Fig. 8~c!# to the asymmet-
ric configuration@Fig. 8~d!#. Under this concern the configu
ration of Fig. 8~b! is not very probable in agreement wit
simple molecular-orbital theory16 which shows that the exis
tence of a bond between CO2 and the surface via the two
oxygen atoms is not very likely.

SUMMARY

An analysis of the differences between loss spectra
served in in- and off-specular geometries~an example is
shown in Fig. 6! allowed us to derive a complete picture
the microstructures of CO2 adsorption states on Fe~111! sur-
faces. According to this analysis, CO2 occupies one linear
state~a state! with characteristic losses at 80, 155, 168, a
290 meV, and at least two bent states with different lo
symmetries. It was also possible to observe the complete
of eigenmodes for each state with HREELS, and to assign
energy losses. The asymmetrical bentg state is related to
losses at 95, 133, and 170 meV, while losses at 95, 145,
198 meV characterize the symmetrical bentb state. Tem-
perature programmed HREELS measurements reveal ex
mental evidence of desorption from the CO2 linear state
only, while molecules adsorbed in the bentb and g states
dissociate into CO and O. This observation suggests a lo
activation barrier for dissociation than for desorption f
both states. The appearance of an intensity maximum in
TP-HREELS data~Fig. 3!, characteristic of the occupation o
the most stableg state, led to the conclusion that conversi
processes take place between the two bent states.
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