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The adsorption or formation of CO, on surfaces is important in a variety of industrial and environmental
applications such as methanol synthesis, exhaust cleaning, CO, capturing/sequestering, fuel cell
poisoning, fuel synthesis, etc. For most of these processes, a deeper understanding of the kinetics and
dynamics of CO, adsorption on surfaces could help to optimize the performance of catalysts. Historically,
most surface science studies have focused on CO rather than CO, as the probe molecule, i.e., fundamental
knowledge about CO, adsorption is still needed. This paper will focus on summarizing a few
fundamental properties of CO, adsorption on a number of selected model systems recently studied in our
group. In particular, metals (Cu, Cr) and metal oxide (ZnO, TiO,, Ca0) single crystals as well as so-called
model catalysts (Cu-on-ZnO, Zn-on-Cu) and nanocatalysts will be considered. The similarities and
differences between metals and metal oxides will be highlighted as well as the effect of surface defects.
An attempt to tie the different systems together by proposing structure-activity relationships rules will
be made. Kinetics experiments and molecular beam scattering data are summarized, some of which have
been modeled by Monte Carlo simulations and density function theory.
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1. Introduction

What motivates a physicist, trained in traditional experimental
surface science, to study CO, chemistry? Historically [1], surface
science focused on metal single-crystal surfaces using CO as the
probe molecule to gain a deeper understanding of the electronic,
vibration, kinetic, and dynamic properties of surfaces. Well, CO,
may be the next more complicated probe molecule. In addition to
this pragmatic view (gaining better knowhow through the
collection of larger data sets), there are numerous important
applications that could stem from a deeper mechanistic under-
standing of the interaction of CO, with various surfaces. (1)
Disregarding an initial controversy, the main source of carbon in
the synthesis of methanol (MeOH) from syngas is CO5 [2,3]. Thus,
the adsorption of CO, on the catalyst surface is the first elementary
reaction step in the sequence of hydrogenation reactions that lead
finally to the formation of MeOH (Fig. 1). MeOH, obtained by
utilizing CO,, is an important feedstock in the chemical industry
and can also be directly used as a fuel in direct liquid fuel cells.
Recycling the greenhouse gas CO, from the atmosphere to build an
economy based on MeOH has been proposed [4]. As a realistic
model system for MeOH synthesis, the adsorption of CO, has been
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studied on clean ZnO single-crystal surfaces [5,6] as well as on Cu
nanoparticles deposited on ZnO (Cu-on-ZnO) [7,8] by a variety of
groups since industrially (among other systems) ternary ZnO-
Al;03-Cu powder catalysts are used. Our results (mostly kinetics
and molecular beam scattering experiments) [5] are summarized
in Section 4.2. Studying the effect of hydrogen and CO,
coadsorption is the next logical step [9,10] (see Section 4.2.2). A
related model system is bimetallic surfaces. Thus, Section 3 will
discuss the work done on copper single crystals, and Section 5
considers ZnCu surface alloys using CO, as the probe molecule [11-
13]. Alloy sites have been considered as the active sites in the
synthesis of methanol. (2) Closely related to the venue of this
conference is the geological sequestration of CO, as well as its
capture in the exhaust gas of power plants (Fig. 2). Ca is used for the
latter; and an interesting class of minerals, perhaps suitable for CO,
sequestration, consists of Ca compounds [14]. Section 4.3 will
summarize our studies of CO, adsorption on CaO(1 0 0) surfaces
[15]. Regarding metal oxides, the effect of surface defects (oxygen
vacancy sites) as well as the formation of surface carbonates are
interesting mechanistic details. CaO is an excellent model system
in this regard. A variety of further applications for CaO are known,
including catalytic gasification of Ca-containing coal [16,17], NO
storage catalysts used for operating combustion engines at lean
(oxygen-rich) conditions with alkaline-earth oxides as promising
catalysts, the capture of SO, by CaO [16], the dimerization of, for
example, methane [18], the reduction of NO by CO [19], and the
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Symbols and acronyms

SAR structure-activity relationships

HAS He atom scattering

AES Auger electron spectroscopy

CNTs carbon NT

DFT density functional theory

FTIR Fourier-transform infrared spectroscopy

HREELS high-resolution electron energy loss spectroscopy
HOPG  highly oriented pyrolytic graphite

LEED low-energy electron diffraction

MCS Monte Carlo simulations

MIES metastable impact electron spectroscopy
NEXAFS X-ray absorption fine structure

NT nanotubes

STM scanning tunneling microscopy

TDS thermal desorption spectroscopy

TiNTs  TiO, NT, inorganic NT

UPS UV photoelectron spectroscopy
UHV ultra-high vacuum

uv ultra violet

XPS X-ray photoelectron spectroscopy
Ts adsorption temperature

o impact angle

So initial adsorption temperature

E; impact energy

® coverage, surface particle density

S(®) coverage dependent adsorption probability

decomposition of chlorinated hydrocarbons [20]. For the decom-
position of NO, CaO has been considered as a less expensive
catalyst than systems based on noble metals [21]. Some work
conducted on the prototype of a metal oxide, rutile TiO,(1 0 0), will
be summarized for completeness in Section 4.1; this discussion
focuses on CO, adsorption [22,23]. (3) CO, is generated in the
combustion of coal, which often includes inorganic impurities such
as Ca and Fe (Fig. 3). Section 6.2 will discuss kinetics studies about
CO, adsorption on Fe-oxide nanoparticles supported on HOPG as a
model system for particulate matter that is released in the plume
of coal combustion plants [24,25].

In addition to applications, as one motivation, surface science
research on CO, aimed to address fundamental questions such as
the following: (1) What are the fundamental differences in the
catalysis of metal and metal oxide surfaces? How well can more
complex surfaces be understood? (2) How do the adsorption
kinetics and dynamics change when we go from a metal surface to
a related metal oxide film [26]? (3) Is the adsorption kinetics

. traditional ]
| ol exhaust, plume > CO,
| combustion .
separation
plant

A

[ surface reactions |
with, for example, CaO

Fig. 2. CO, capturing.

porous char

mineral
inclusions

metal
clusters

Fig. 3. Coal particle with inorganic impurities.

correlated in a simple way to the adsorption dynamics (gas-surface
energy transfer processes)? For example, CO, binding energies on
oxides are typically larger than for metal surfaces. What about
adsorption probabilities governed by gas-surface energy transfer
processes? (4) Oxide surfaces consist of very characteristic defects
such as oxygen vacancy sites. How is the catalytic activity affected
by these defects? Can we tune the reactivity of metal oxide
surfaces by varying the defect density? Can these (model) defects
serve to better understand powder catalysts or nanoparticles that
have a large defect density? (5) How does the oxidation state of a
system such as FeO, affect the kinetics/dynamics of surface
reactions? (6) How does the size (and shape) of supported metal
(metal oxide) clusters relate to chemical activity? Again, a deeper
understanding of the mechanism would allow for catalyst tuning,
etc.

This mini review will mainly summarize the work done in
2004-09 at NDSU on CO, chemistry using molecular beam
scattering and traditional kinetics techniques. Metal single crystals
(Section 2), metal oxide films (Section 3) and single crystals
(Section 4), bimetallic surfaces (Section 5), and nanostructured
catalysts (Section 6) will be considered. The obtained results are
discussed along with studies from other groups; however, due to
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Fig. 1. Simplified reaction schematics for the synthesis of methanol [117].
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strict text size limitations of the conference proceedings, for more
complete surveys, see Refs. [27-31]. Similarly, details about
experimental and theoretical techniques are omitted [32,33]. Very
briefly, the first step in all surface reactions is the adsorption of at
least one reactant on the catalyst. Molecular beam scattering
allows understanding of the gas-surface energy transfer processes
governing this adsorption process (referred to as adsorption
dynamics). Thus, the potential energy surface can be mapped.
Often complementary information is obtained by kinetics techni-
ques such as TDS, a simple temperature ramping technique.
Whereas TDS is a simple and readily available technique,
molecular beam scattering systems are rather rare in the surface
science community. This may be related to the fact that the
equipment is not available commercially and that these multi-
chamber UHV systems are somewhat more maintenance intensive.

2. Interaction of CO, with metal single-crystal surfaces—the
case of CO,/Cu(110)

2.1. Kinetics

CO, adsorption kinetics has been studied thoroughly on
Cu(110) [34,35] and other metal surfaces (see e.g. Ref. [36]).
Copper surfaces are prototypical due to the importance of Cu in the
methanol synthesis which is one possibility to recycle CO,.
According to prior work, CO, desorbs at ~90 K in the monolayer
range (see Table 1), obeying 1st order kinetics. Strong CO,-CO,
lateral interactions have been identified from TDS peak shifts [34]
that lead to a continuous transition from monolayer to multilayer
desorption peaks in TDS curves. Except for water adsorption, this
effect has rarely been seen, and the very narrow width of TDS
curves that amount only to 4 K is rather uncommon. In studies on
powder samples as well as stepped Cu surfaces [37], the
dissociation of CO, has been reported. DFT calculations [38]
indicate that the reactivity toward CO, adsorption follows the
commonly observed trend, Cu(1 1 0) > Cu(100) > Cu(111), which
is in agreement with the coordination of the different crystal-
lographic orientations.

2.2. Dynamics

Despite a large database about CO adsorption dynamics on a
variety of systems [39-44], astonishingly few projects deal with
the adsorption dynamics of CO, on metal surfaces [27,28]. We are
aware of only one study, see Ref. [45]. That fact may simply be
related to the rather small binding energies [46] compared with
metal oxide surfaces [5,6,28], which renders experiments with CO,
on most metal surfaces experimentally more difficult than those
for CO. The modeling of related molecular beam scattering data
of the Zn-on-Cu(1 1 0) system [13] requires, however, detailed

knowledge about the interaction of CO, with clean copper surfaces.
For Cu(1 1 0), the initial adsorption probability, Sp, is quite small
and decreases exponentially from 0.43 to a value close to the
detection limit (~0.05) within the accessible impact energy range
[13]. Sp is independent of Ts and ¢;, i.e., the adsorption is non-
activated, and total energy scaling (see Section 4.2) is obeyed. At
large temperatures, the coverage dependent adsorption prob-
ability, S(®), agrees with precursor-assisted adsorption
dynamics—the molecule is trapped above occupied sites before
adsorption on clean surface sites takes place. However, at lower
surface temperatures, adsorbate-assisted adsorption (S increases
with ®) has been observed. This is a typical adsorption scenario,
except for the very narrow temperature range where the
adsorption dynamics shows a cross-over from adsorbate-assisted
(S increases with @) to Kisliuk-like (® ~ const) behavior (Fig. 4).
The adsorbate-assisted adsorption effect may be considered as an
analog to an autocatalytic reaction. The efficiency of the energy
transfer in gas-surface collisions should be related to the
corresponding mass match. The matching of projectile and target
masses is certainly perfect for trapping CO, molecules above
already adsorbed CO, and is less favorable for CO,-surface
collisions. The probability for the first event is proportional to
the coverage, i.e., S increases naturally with ®. In addition an
interesting feature is seen for the Cu system. The adsorbate-
assisted adsorption effect is only dominant at large coverages of
the surface species. With increasing temperature the saturation
coverage decreases which generates a cross-over from adsorbate-
assisted (at low temperature and high coverage) to Kisliuk
adsorption dynamics (at lower coverage and greater temperature).

3. Metals vs. thin oxide films—the case of Cr(11 0) vs.
Cr,05(0001)

In this project, we compared directly the chemical activity of a
metal surface and its surface oxide toward CO, adsorption [26].
The Cr(110) surface can simply be distinguished from the
Cr,03(000 1) surface oxide by the appearance of a square or
hexagonal LEED pattern, respectively, as well as by TDS curves
consisting of a single or double peak. The latter is consistent with
an oxygen-terminated oxide surface [47]. At low temperatures,
CO, physisorbs on both surfaces. Sy, is for both systems
independent of Ts and decreases exponentially with increasing
impact energy. Therefore, non-activated adsorption is concluded,
and precursor-mediated adsorption with a trapping probability
which decreases as E; increases.

The surface oxide is more reactive than the metal toward CO,
adsorption judging by the binding strength of the probe molecule
(Table 1). However, Sy is systematically smaller for the oxide
compared with the metal. In some cases, considering simply the
gas-to-surface mass match is very successful in explaining trends

Table 1
Kinetics and dynamics parameters of CO, adsorption for the systems discussed. Eq denotes the heat of adsorption for pristine and defect sites. Sq refers to the initial adsorption
probability.
System Eq4 in kJ/mol pristine Eq4 in kJ/mol defects So Ref.
Metals Cu(110) 21.4 23.7 0.43 [13]
Zn-on-Cu(110) <21 0.45 [11]
Cr(110) 333 0.69 [26]
Metal oxides ZnO 344 43.6 0.73 [5-10]
TiO, 43 48 0.56 [22,23]
Ca0(001) 28 —80 0.60 [15,25,119]
CrOx-on-Cr(110) 30.5 395 0.58 [26]
Nanostructures Cu-on-ZnO 26 40 0.4 [7,8]
FeO,-on-HOPG 3348 0.7 [24]
TiO, nanotubes 35 [110]
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Fig. 4. (Top) Schematics of an adsorption isotherm experiment. Shown (thin line) is
the beam profile (no adsorption) and the effect of a surface intercepting the beam
(thick line). Integrating and normalizing these isotherms yield the coverage
dependence of the adsorption probability. (Bottom) Coverage dependence of the
adsorption probability of CO, on Cu(1 1 0). The cross-over from adsorbate-assisted
adsorption (S increases with coverage) to Kisliuk adsorption dynamics (S ~ const) is
observed within a very narrow temperature range [13].

observed experimentally. The matching of the CO, to Cr masses
(44/52 =0.85) is better than the one for CO, and oxygen (44/
16 =2.75). Although metal and metal oxides have certainly
different electronic structures, considering the simple mass-
matching model Sy for the O-terminated surface oxide should be
smaller than for Cr(110), as indeed is observed. However,
comparing a larger data set does not lead to a fully consistent
picture [48]. Therefore, static and dynamic corrugation effects
[49,50] as well as the effect of lateral interactions have been
considered. For both systems and as commonly observed, the
coverage dependence of the adsorption probability is, at low E;,
independent of coverage (Kisliuk-shape) and S(®) increases
initially with coverage (adsorbate-assisted adsorption) at large
E;, indicative of precursor-mediated adsorption. The adsorption
dynamics have been modeled by MCS [51].

4. Interaction of CO, with metal oxide single crystals
4.1. CO> adsorption on rutile TiO5(110)

4.1.1. Surface defects and kinetics

Rutile TiO,(110) is the prototype of a metal oxide model
system [52]. In particular, surface defects on TiO,(1 1 0) have
attracted the interest of many research groups [53-55] since
defects are often the active sites in catalytic processes. However,
creating defects in a well-controlled manner is challenging:
sputtering [6,56,57], electron or UV exposure [58], reduction with
hydrogen or CO [59], and annealing above 600 K have been used. It

is believed that ion sputtering removes preferentially surface
oxygen. As initially shown by Henderson [55], Yates [54], et al., CO,
is a perfect probe molecule to quantify the effect of oxygen vacancy
sites on TiO,(1 1 0) by TDS. A single CO, TDS peak appears on the
oxidized surface [54,55] that was assigned to adsorption on
fivefold coordinated Ti*" sites. Annealing in UHV resulted in a
second high-temperature TDS peak, assigned to adsorption on Ti>*
oxygen vacancy sites [54]. According to an HREELS study [55], CO,
adsorbs molecularly in linear geometry on Ti*" sites; adsorption
geometry on defect sites has not been identified for single crystals.
Measurements on powders and theoretical studies [60] suggest,
however, bent CO,~ species exist on the oxygen vacancy sites of
metal oxides. Even the oxidized surface consists, according to STM
results [61], of ~10% oxygen vacancy sites. Please note that oxygen
vacancy sites can be readily hydrogenated by H,O uptake from the
residual background gas [61,62].

4.1.2. Molecular beam scattering (adsorption dynamics)

Molecular beams use neutral probe particles, i.e., this
technique is particularly well suited for studying less conducting
samples. However, astonishingly, only a very few studies have
characterized the gas-surface energy transfer processes for metal
oxide surfaces. Molecular beam scattering experiments with CO,
on metal oxides have, to the best of our knowledge, been
conducted only by our group. For example, we studied the
adsorption dynamics of CO, on rutile TiO5(1 1 0) as a function of E;,
Ts, hydrogen, and oxygen preexposure, as well as the density of
defects as varied by annealing and Ar* sputtering [22,23]. So
decreases linearly with E; and is independent of Ts. The adsorption
dynamics are dominated by the effect of precursor states leading
to Kisliuk-like S(®) shapes over the E; and T, range studied. The
shape of the S(®) curves was essentially independent of the defect
density. Interestingly, oxygen vacancy sites reduce the initial
activity (i.e., So) of the surface toward CO, adsorption. Pre-
adsorbed oxygen preferentially blocks defects sites, which leads
again to an increase in Sop. Thus, the oxygen vacancy sites heal out.
Hydrogen preadsorption results in a physical site blocking with Sy
decreasing with preexposure. In contrast to oxygen, hydrogen
does not preferentially adsorb on defect sites. In summary, the
catalytic activity of this model system can be tuned in principle by
controlling the surface defect density.

4.2. CO; adsorption on clean and hydrogen covered ZnO and
the effect of defects

4.2.1. Surface structure

The Zn-terminated ZnO surface, ZnO(0 0 0 1), is characterized
by a bulk terminated (1 x 1) structure, as evident from HAS [62]
and most LEED [63] studies. In addition, STM measurements
presented evidence of distinct defect structures [63,64], which lead
to the electrostatic stability of the polar Zn-ZnO surface. HAS data
suggest the formation of a (1 x 1) H overlayer by dosing hydrogen
or water [65-67] on ZnO. However, extensive exposure of atomic
hydrogen results in a breakdown of the surface, leading to the
formation of hydroxyls.

4.2.2. Adsorption kinetics

Chemisorption of CO, well above room temperature has been
thoroughly studied on ZnO surfaces [68-73]. Physisorption of CO,
on ZnO surfaces has been studied in less detail [74]. Similarly to
kinetics studies conducted on TiO,, for ZnO the effect of surface
defects is nicely seen in TDS experiments (Fig. 5) [5,6]. Two TDS
structures are evident. Preexposing hydrogen leads to the
disappearance of the high-temperature feature whereas sputtering
increases the intensity of this peak. Thus, the high-temperature
TDS peak is assigned to CO, adsorption on defect sites, and the
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Fig. 5. (Top) CO, TDS (thermal desorption spectroscopy) on ZnO(0 00 1). At low
exposures, only high-energy binding sites (defects) are populated (o, peak). With
increasing exposure, pristine sites (¢«; peak) are also covered by CO,. (Bottom)
Hydrogen preferentially adsorbs on defect sites. Thus, preadsorbing hydrogen
suppresses the defect peak in subsequent CO, TDS experiments [6].

low-temperature peak corresponds to CO, decorating pristine sites
on the ZnO(0 0 0 1) surface.

4.2.3. He atom thermal desorption spectroscopy

The effect of surface defects can be studied in an elegant way
using molecular beam scattering techniques [75]. The cross-
section for diffuse HAS on defects is very large. Thus, the specularly
backscattered He atom signal solely samples the pristine sites on
the surface. In contrast, measuring adsorption isotherms (i.e.,
adsorption probability curves) results in data representing an
average of all available adsorption sites. Using seeded beams (He
mixed with CO,) and detecting He reflectivity and CO, adsorption
probability curves simultaneously allows the effect of defects and
the adsorption dynamics to be characterized in a single experi-
ment. A typical result is shown in Fig. 6. The adsorption probability
curve indicates saturation of the surface with CO, obeying
traditional precursor dynamics. However, the expected decay of
the He atom signal with CO, exposure (the thin line in Fig. 6
calculated for a cross-section of 100 A%) should be much faster than
detected. Thus, the CO, molecules adsorb preferentially on defect
sites and remain therefore invisible for the backscattered He
atoms. Therefore, the He signal decays slowly. When terrace sites
also start to fill up with CO,, the He signal starts to drop. The
combination of adsorption probability measurements and HAS

diffuse
scattering

surface

smooth arca defect defect

Lo} i
= .
= =
= 08f 1=
£ z
_ %]
= 5
2 06 1E
e 2
=S =
- =]
8 =
2 04f 4 e
g 2
(=}
=02 4=
e} £
= £

0.0} -

0.0 02 04 0.6 08 1.0
CO, coverage (ML)

Fig. 6. (Top) The specularly backscattered He atom intensity samples the clean and
defect-free areas of the surface. (Bottom) Combination of adsorption transients and
He atom reflectivity curves using seeded beams (CO, in He) [9].

unequally reveals preferentially adsorption of CO, on defect sites.
This type of experiment can also be performed while ramping the
surface temperature: He atom TDS [76].

4.2.4. Cooperative precursor effects

Uncommon adsorption dynamics have been seen for CO,/ZnO
at large impact energy [5]. The shape of S(®) deviated from the
simple Kisliuk model: S(®) remains initially constant and then
starts to increase before the surface saturates and S(®) drops
naturally to zero (Fig. 7). In the traditional Kisliuk model, as well as
in related MCS [77-79], trapping of a particle in an extrinsic
precursor state requires solely that the point of impact be
occupied. In other words, one adsorbed molecule already defines
the precursor state. Clearly, critical coverage of CO, on the surface
is required before S starts to increase with & (Fig. 7). A model
consistent with these findings assumes a “cooperative” precursor
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Fig. 7. Cooperative precursor effects—CO, adsorption on ZnO(000 1) [5].
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effect [48]: at least one nearest neighbor site (see the hatched
sphere in the inset of Fig. 7) that is adjacent to the point of impact
(labeled by the cross) needs to be occupied for successful trapping
of the molecules in the extrinsic precursor state. This cooperative
effect suppresses initially trapping in the precursor state and
reproduces the bimodal shape observed experimentally. The result
of the corresponding MCS is depicted as a solid line in Fig. 7.

4.2.5. Mapping the potential energy surface

Understanding the details of gas-surface energy transfer
processes requires understanding how the parallel and normal
components of the momentum of the gas-phase species affect the
reactivity of the system. In other words, how does So depend on the
impact angle? In addition, how do internal degrees of freedom
(vibrations, rotations) of the projectile affect surface reactions? For
example, vibrational excited alkanes break down when adsorbed
on the CaO surface [80].

The simplest impact scenario would predict total energy scaling
in the case of rather rough metal oxide surfaces; i.e., So should be
independent of the impact angle; So(E;, ;) ~ So(E;, 0°). For less-
corrugated surfaces, however, normal energy scaling [50,81],
which obeys So(E;, o) ~ So(E; cos™ («;), 0°) with n =2, should be
observed. Smaller n values indicate generally an effect of parallel
momentum of the gas-phase species on the energy transfer
processes. Intermediate cases with 1 < n < 2 [82] may be caused
by an interplay of different energy transfer mechanisms that
dominate the adsorption dynamics in different impact energy
ranges. For example, the magnitude of the barrier height for
activated adsorption might vary along the surface (“energetic
corrugation”) or the barrier height may remain constant, but local
variations of that barrier might appear (“geometric corrugation”)
[83].

So(e;) curves obtained for ZnO(0 0 1) along the [0 0 1] azimuth
direction, parametric in E;, but for a constant temperature, show a
small dispersion. Sy is independent of «; for E; < 0.56 eV. However,
above that threshold, Sy starts to decrease slightly with ;.

Anisotropy effects in Sop were more distinct for CO adsorption on
TiO2(110) due to the large surface corrugation. Although a
decrease in Sp with «; has indeed been observed at large E;, along
both high symmetry azimuth directions approx. identical numer-
ical values of So have been determined. Interestingly, for large E;
approx. normal energy scaling is obeyed along both high symmetry
azimuth directions. However, total energy scaling at low impact
energies. Those results point to an interplay of energetic and
geometric corrugation effects, respectively. Therefore, normal
energy scaling can also be observed for highly corrugated surfaces.

Most of the models briefly described above focus solely on Sp.
However, the whole shape of adsorption probability curves can
also be distinctly influenced by surface corrugation. For example,
in the case of CO, adsorption on ZnO(000 1), the adsorbate-
assisted adsorption effect disappears as the impact angle increases.
Or, for CO/TiO»(110) and along the highly corrugated [1-10]
azimuth, adsorbate-assisted adsorption has been observed and
was most distinct at glancing angles of incidence; however, along
the less-corrugated [0 0 1] azimuth direction standard precursor-
mediated adsorption (S~ constant) was present [84]. For CO/
Cu(110), a system that also shows the adsorbate-assisted
adsorption effect [42], however, the impact angle hardly influences
the shape of S(®).

4.3. CO, adsorption on alkaline-earth oxides—the case of CaO(100)
and the formation of carbonates

A possible formation of surface carbonates (adsorbed COs) at
UHV conditions is a long-standing topic of studies on metal oxide
surfaces. Carbonate formation has been proposed for a number of

Fig. 8. Carbonate formation involving lattice oxygen [15].

(oxygen-terminated) metal oxide surfaces (including ZnO and
Cr,03), often with somewhat conflicting evidence. A perfect model
system in this regard is the catalytic highly active CaO metal oxide.

CO, adsorption on CaO leads, according to XPS and NEXAFS
data, to the formation of CO3®. In contrast to metal surfaces where
carbonates form (in most cases thermally activated) in oxygen-CO
or oxygen-CO, coadsorption phases, CO;% formation on metal
oxides can involve lattice oxygen (Fig. 8). For example, CO,
chemisorbs on oxygen sites of the CaO(100) surface, yielding
carbonate-like species [85]. Carbonates have also been detected in
UPS and MIES experiments on CaO thin films [86,87]. For CaO
powders, CO, desorption temperatures as high as ~1100 K have
been seen, as the result of carbonate decomposition [16,88]. In an
early IR study, the formation of bidentate and monodentate
carbonates was proposed on powder samples. In this case, isotope
scrambling indicated that surface oxygen is involved in the CO5?
formation [89]. The formation of carbonates on CaO has also been
theoretically confirmed [90,91].

A comparison of CO, and CO adsorption is interesting.
According to recent DFT calculations [15], CO does not adsorb
on O-lattice sites. CO mainly adsorbs via the C-atom on Ca-sites. In
contrast, the most stable adsorption configuration of CO, is via the
C-atom adsorbed on O-sites of CaO, i.e., carbonate-like species
form (Fig. 8). CO, does not adsorb either via the O-atom or on Ca-
sites. Recent TDS experiments indeed revealed the weak interac-
tion of CO with CaO(1 0 0) single crystals, but CO; is strongly bound
to the surface. The carbonates appear to decompose into CO, as
evident from multi-mass TDS; oxygen desorption has not been
seen. The trends seen for Sy are again consistent with predictions
by a simple mass-match model. Accordingly, the Sy of CO is
systematically larger than the Sy of CO,.

5. Interaction of CO, with bimetallic surfaces-the case
of Zn-on-Cu(110)

The formation of a brass surface alloy has been observed in
studies about the MeOH synthesis reaction [3,92] on metal-oxide-
based catalysts. Therefore, studying the effect of ZnCu surface
alloys on adsorption processes more directly appears pertinent. In
addition, the Zn-on-Cu system by itself can be regarded as a planar
model catalyst since MeOH formation rates comparable with
binary powder catalysts [92-94] have been determined. Interest-
ingly, a maximum in the MeOH formation rate has been detected
within a narrow Zn coverage range [95,96]. Furthermore,
synergistic effects such as the formation of an intermediate
bidentate formate species, adsorbed on Cu-Zn bridge sites, have
been reported [93]. Bimetals, as model systems, also have the
advantage that charged probe particles can be used without
difficulties arising from changing the supports.
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Fig. 9. (Top) Illustration of the capture zone model for supported metal nanoclusters. (Left) CO adsorption on clean ZnO(0 0 0 1) and Cu clusters supported on ZnO(000 1)

[103,118]. (Right) CO, adsorption on the same systems [5,7,8,10].

The Zn-on-Cu(1 1 0) system also has been studied by molecular
beam scattering techniques [11]. The main result here was a
reduced CO, saturation coverage on the Cu(1 1 0) support when
decorated with Zn. This result is surprising at a quick glance.
Regarding the binding energies of CO, (Table 1), Zn clusters on a
Cu(1 1 0) support should not block adsorption sites for CO, since
the binding strength of CO, is stronger on zinc than on copper [5].
On the other hand, the formation of a surface alloy can affect the
binding energies of probe molecules. This apparent (kinetic) “site
blocking effect” indicates a lowering of the CO, binding energy on
the alloyed surface compared with the clean Cu(1 1 0) support.
Surface alloy formation on this system has also been confirmed in a
MCS study [12].

6. Interaction of CO, with nanostructured surfaces

6.1. Probing the Cu-on-ZnO model catalyst by means
of CO; adsorption

The growth morphology of Cu vapor deposited on ZnO(000 1)
has literally been studied by all surface science techniques [97].
Agreement has been obtained [98,99] about the growth mode at
small and large Cu coverage, ®¢,. Accordingly, 3D Cu clusters
dominate the growth at large ®¢,, whereas 2D islands form at very
low ®¢, [100]. If gas-phase species adsorb on this so-called model
catalyst, the following elementary adsorption pathways are
possible (Fig. 9). (1) Diffusion of the adsorbate along the bare
support until it desorbs. (2) Direct adsorption of the probe on the
metal deposits. (3) Diffusion along the support and capture of the
probe molecule by the metal deposits.

The third possibility requires more attention and is typically
discussed in the framework of the capture zone model. Even if the
coverage of the probe molecule on the support is very small (e.g.,
5 x 1073 ML), its lifetime (surface residence time) can amount to
several ms. Therefore, a large number of adsorption sites (e.g.,
~107) can be sampled via surface diffusion before the adsorbate
desorbs. Thus, even molecules that do not hit directly the metal
deposits can diffuse along the support and adsorb on these high-

energy binding sites. The blue squares in Fig. 9 indicate the so-
called capture zone.! The capture zone is larger than the
geometrical size of the deposits, leading in turn to an enhancement
in Sy compared with the values predicted by the ratio of the
deposits to support areas.

The capture zone effect has indeed been observed for a variety
of systems including CO adsorption on ZnO(0 00 1). Depositing
very small amounts of Cu on the ZnO support increases Sy distinctly
compared with the clean support. In fact, 0.05 ML Cu are enough to
raise Sp to the values determined for a copper single crystal (Fig. 9
left-hand side). In contrast, this effect is absent when using CO- as
the probe molecule (Fig. 9 right-hand side). The Sq of CO, for Cu-on-
ZnO(0001) is systematically smaller than for the clean
Zn0O(0 0 0 1) support. Note that the Sp of CO, on Cu single-crystal
surfaces is also smaller than for ZnO(0 0 0 1). Therefore, in this
case, an enhancement of Sy for CO, by the Cu deposits cannot be
expected. Considering, however, the small Cu coverage that
already alters distinctly the support properties, a modification of
the electronic properties of the support by the Cu deposits appears
plausible. Indeed, some evidence for CO, adsorbing preferentially
along the rim of the Cu clusters has been obtained [7,8].

For planar catalysts, molecular adsorption of small adsorbates
such as CO, does not lead to a temperature dependence of So.
However, effects of T; on Sy can be seen for model catalysts [101-
103]. Both the surface residence time and the diffusion lifetime
decrease with increasing T, i.e., the size of the capture zone should
decrease as Ts increases. This leads to a predicted decrease in Sg
with T.

6.2. CO5 adsorption on HOPG supported FeO, nanoparticles

Iron oxide particles have been identified as a component of
particulate matter in the plume of coal combustion plants, which
may have serious implications for human health [104]. Thus,
studying the adsorption of typical combustion gases appears

1 For interpretation of the references to color in this sentence, the reader is
referred to the web version of the article.
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useful. Iron oxide clusters are complicated by the large number of
different oxide phases [105] and their complex morphology
[106,107]. In Refs. [24,25,108,109], iron was vapor deposited on
HOPG and oxidized by annealing in O, to vary the oxidation state of
the Fe-oxide clusters. Depending on the oxygen pretreatment, CO
TDS curves consist of two peaks (indicating formation of y-Fe,03/
Fe304) or one TDS peak (consistent with the dominance of a-Fe,03
clusters). Thus, the oxidation state of Fe distinctly affects the
adsorption kinetics of CO [109]. In CO, TDS data, three structures
are seen, which are assigned to physisorbed CO, and carbonate
decomposition. The adsorption dynamics of CO, and CO adsorption
on FeO,/HOPG have been characterized in Refs. [24,25,109] Due to
size restrictions, only the references are given here.

6.3. CO, interaction with nanotubes—TiNTs and CNTs

The main application of TiNTs, which can be synthesized in the
anatase or rutile polymorph as polycrystalline or amorphous NT,
is in the field of photocatalysis [110]. The variety of different
crystal structures while keeping the tubular structure of the
nanotubes makes TiO, an attractive system to study a SAR. For
example, we collected kinetics data for CO, adsorption [111]. The
TDS data of CO, indicate systematically larger binding energies for
the amorphous system. The width of the TDS peaks is large,
indicating a number of kinetically distinct adsorption sites. By the
way, the pore structure of coal may be approximated by CNTs,
which have well-defined diameters. Despite the small binding
energies of CO, on CNTs, the sorption (sequestration) capacity
appears twice as large as for activated carbon [112,113]. For a
detailed literature survey about UHV surface chemistry studies on
NT, see Ref. [114].

7. Summary and conclusions

Carbon dioxide adsorption on 10 different systems, ranging
from metal single crystals and metal oxides to nanostructured
catalysts (Table 1), recently studied at NDSU by molecular beam
scattering and kinetics techniques, has been considered. Some
trends seen in our projects are briefly outlined in the following.

Kinetic SAR. A correlation of adsorption kinetics to structural
features of surfaces has frequently been seen. Regarding metal
oxides, oxygen vacancy sites lead typically to larger binding
energies than adsorption on pristine sites and hence to a larger
concentration of reactants on the surface (“The bad sites—defects—
are the good sites”). Thus, a kinetic structure activity relationship
(SAR) is present for CO, adsorption on ZnO, TiO,, and CaO.

Dynamic SAR, So. The effect of surface defects on the gas-surface
energy transfer processes (dynamic SAR) has not been addressed
very often. Indeed, the variations in the initial adsorption
probability, So, with defect density, are typically rather small.
Whereas binding energies for CO, increase, the S of CO, appears to
decrease with increasing defect density. (‘“Adsorption kinetics and
dynamics are not necessarily directly correlated.”)

Dynamic SAR, S(®). Interestingly, the shape of S(®) curves is
more distinctly affected by the presence of defects than So. In
particular, the (“autocatalytic”) adsorbate-assisted adsorption
effect is weakened by defects, strong surface corrugation, and
the parallel momentum component of the gas-phase species.
Typically an energy threshold is seen, which suggests a dynamic
effect rather than the influence of lateral interactions. (“The shape
of S(®) is a very sensitive indicator of surface defects.”)

Mass-match models. Some molecular beam scattering results are
in agreement with simple mass-matching considerations. For
example, Sy (at the same impact parameters) of CO on Zn-ZnO,
So(CO/Zn), is smaller than for O-ZnO (So(CO/Zn) < Sp(CO/0)) and
So(CO3/Zn) > So(CO/Zn) for Zn-ZnO. Similar trends are evident for

Cr and Cr-oxides. (“As a very simple rule of thumb, the better the
mass match, the larger Sy.”)

Capture zone effect. Metal clusters lead to an enhancement in Sy
that is larger than expected from the geometric size of the metal
deposits. This hold true, as long as the metal is more reactive than
the support. However, details about the temperature dependence
and shape of S(®) are not always consistent with simple capture
zone models.

Reactivity trends. Unexpectedly, even alkanes decompose on
Ca0 as well as carbonates form efficiently. Indeed, theoretical
studies predict great catalytic activity of alkaline-earth oxides.
Accordingly, a higher activity of CaO compared with, for example,
MgO, is related to a lower Madelung potential, which leads to a
more delocalized electron distribution of surface oxygen. There-
fore, a more efficient overlap with the orbitals of adsorbing
molecules becomes possible. (“Along the alkaline-earth oxide
series reactivity may scale with variations in the lattice constant.”)
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