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Indications for metal-support interactions: The case of CO,
adsorption on Cu/ZnO(0001)
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Molecular beam scattering has been combined with TDS to provide consistent evidence for metal-support interactions (MSI).
CO, adsorbs on the Cu cluster and populated the perimeter of the clusters. The Cu-free areas of the support remain essentially

clean. Hence, a synergistic effect such as MSI is present.
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1. Introduction

Although we present strictly a surface science study,
the results obtained and the selection of the system are
interesting for applications such as heterogeneous
catalysis. For example, zinc oxide is one component of
the technical methanol synthesis catalyst, with CO, as
the main source for carbon in CH3OH (see e.g. [1, 2]).
The nature of the active site remains still under con-
troversy; Cu™? ions, [3] metallic copper, [4, 5] alloy
formation, [2, 6-11] and defects [12] have been consid-
ered as possible candidates. In particular, the interaction
of the Cu-metal deposits with the ZnO-support, and
whether or not they chemically modify the support, are
still rather unexplored. Molecular beam scattering tech-
niques, as applied in the present study, could help gain a
deeper understanding of possible synergistic effects such
as a metal support interaction (MSI) [13-17].

Fortunately, the growths morphology of Cu on the
Zn-terminated ZnO(0001) surface has thoroughly been
studied by literally all surface science techniques,
including electron spectroscopy [18], surface vibration
spectroscopy [19], kinetic, and imaging techniques [20]
as well as by theoretical [21, 22] studies. Although a
dispute is still active with regard to details of the growth
morphology, mostly agreement has been reached [22, 23]
about the growth mode at the small and large Cu cov-
erage, Oc,. Accordingly, two-dimensional islands with
diameters of 5-10 A dominate the growth at very low
Ocu, and three-dimensional Cu clusters form at large O¢,
Therefore, we focus on the effect of very small and large
coverages of Cu on the adsorption dynamics of CO,.

A related molecular beam-scattering study about CO/
Cu—ZnO(0001) has been presented elsewhere (see [24]).
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Briefly, due to the large difference in the binding energy
of CO on copper and the ZnO support, the adsorption
dynamics of CO was dominated by the Cu deposits.
Astonishingly, a direct adsorption mechanism of the
Langmuirian type, with the adsorption probability, S, of
CO decreasing with coverage, ©, i.e., S~ 1 — 0O, has
been observed.

Thermal desorption spectroscopy (TDS) curves of
CO, adsorbed on the clean support, ZnO(0001), consist
of two structures which could be identified as adsorption
on pristine and intrinsic defect sites with binding ener-
gies of 34.4 kJ/mol and 43.6 kJ/mol (see [25]), respec-
tively. For Cu(110), binding energies of ~25 kJ/mol
have been obtained for CO, (see [26]); reference data for
other crystallographic orientations are not available. In
contrast to CO, the binding energies of CO, on the
copper deposits and the support are unfortunately too
similar to allow sampling solely the effect of the Cu
deposits. Therefore, a superposition of effects arising
from the support, the deposits, and synergistic effects
(metal support interactions) needs to be considered
simultaneously.

In the presented study, the reactivity of the Cu-on-
Zn0O(0001) system towards adsorption of CO, at small
and large Cu coverage has been characterized by
adsorption probability and a set of TDS measurements.
We propose that the CO, molecules adsorb on the Cu
clusters and populate the rim of the Cu cluster leaving
the ZnO support mostly clean. Therefore, a metal sup-
port interaction is present.

2. Experimental procedures

The measurements have been conducted by a home-
built, triply differentially pumped molecular beam sys-
tem (see [27] for details). The supersonic beam is
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attached to a scattering chamber which currently con-
tains two mass filters (Stanford Research RGA100 and
Pfeiffer QME200) — one of them equipped with an
aperture for TDS, a Low Energy Electron Diffraction/
Auger Electron Spectroscopy system (LEED/AES), a
sputter gun, and a home-built metal evaporator. Copper
has been vapor deposited on the surface at a tempera-
ture, T, of 300 K; the annealed temperature thereby
never exceeding 350 K. The equivalent Cu coverage has
been estimated from AES and CO-TDS measurements
(see [24]). The impact energy, E;, of the CO, molecules
could be varied within 0.12-0.9 eV by seeding 3% CO,
in He, combined with a variation of the nozzle tem-
perature within 300-750 K (see [27]). It is important to
note that the TDS measurements are experimentally
critical in regard to contributions from the sample
holder, etc. Therefore, a number of precautions have
been taken. First, the mass filter used for TDS is
equipped with an 8 mm (O.D.) aperture and the sample
(10 x 10 mm crystal) to detector distance amounts to
only ~2 mm. Second, the sample holder consists of a 4-
pin ceramics feed-through with the air side connected to
a stainless steel rod which acts as the reservoir for IN,
(cf., e.g. [28, 29]). Thus, no bulky parts have been used in
designing the sample holder, and the metal pins on
which the sample is mounted stick directly into the 1N,
reservoir. This allows for good cooling performance (~
80 K, see [25]) and eliminates the risk of contributions
from the sample holder to the TDS signal. Finally, CO,
has been dosed on the sample with the molecular beam
system, which keeps the CO, background pressure while
dosing the gas below 5x 107 mbar. The reading of the
thermocouple has been calibrated in situ by TDS mea-
surements of n-butane (assuming a multilayer desorp-
tion peak at 108 K) [27], [30] and HCOOH with TDS
peaks at 200 K (multilayer peaks according to [20]) and
575 K (CO, on HOOH [20]). A linear correction of the
readings of the thermocouple was required, with a dis-
crepancy increasing with temperature, which is in
agreement with a calibration procedure used before on
metal oxide samples [20]. The cleanliness and crystallo-
graphic order of the sample have been checked by AES
and LEED (see [25]).

3. Presentation of the results

Figure 1 depicts typical examples of adsorption
probability measurements. [31] of CO, on Cu/ZnO(0001)
at small Cu coverage (0.05 ML) (thick solid line), as
compared with reference data (from [25]) for the clean
Zn0O(0001) support (thin solid line). The upper panel
shows the raw data, and the lower one the integrated
curves. The adsorption temperature is well below CO,
thermal desorption [25]. Therefore, the coverage is nor-
malized to 1 ML, indicating saturation of the surfaces at
the given measuring conditions. Due to the synergistic

effects of the deposits and the support (see below), that
normalization cannot, however, lead to determining an
absolute surface particle density. In the case of CO,—Cu/
Zn0O(0001), the uptake (figure 1a) and S(0©) (figure 1b)
curve, respectively, consist clearly of two regimes (indi-
cated by the dashed lines). The transient starts with a flat
part (S~ const.) which is followed by a linear decrease in
S with increasing coverage (S=1 — O for ® > 0.8 ML)
(figure 1b). This curve shape contrasts the one seen for
the clean ZnO(0001) surface, which is characterized by
an overall increase in S with O, referred to as adsorbate-
assisted adsorption (see the solid lines in figure 1 and [27]
for details about CO,—Zn0O(0001)). For both systems, .S
decreases to zero in approaching saturation of the model
catalyst with CO,, as is common for many similar sys-
tems. The temperature and impact energy-dependence of
S(0©) curves follows essentially the same trend, i.e., two
regimes are detectable for CO,—Cu/ZnO(0001). A full
account of the measurements will be presented elsewhere.
Note, however, that the area above the S(©) curves (and
below the dotted line) is larger by approx. 55% for the
clean support as compared with Cu/ZnO(0001). That
area corresponds to the amount of adsorbed particles.
Thus, the saturation coverage of CO, on ZnO(0001) is
significantly larger than for Cu/ZnO(0001) since the CO,
flux has been kept constant while measuring both tran-
sients.

Figure 2 summarizes the results of the TDS mea-
surements. The spheres depict CO,-TDS for Cu/
ZnO(0001) parametric in Cu pre-exposure and consist of
a narrow peak at 103 K (o3 peak) and a broad structure
in the temperature range of 110-170 K (o4 peak). The
thin, solid line is given as a reference and had been
obtained for CO,—Zn0O(0001). The «; and «, peaks can
be assigned to CO, desorption from pristine and
intrinsic defect sites, respectively (see [25] and Section 1).
Finally, the inset depicts the TDS results of coadsorp-
tion experiments with n-butane. The Cu/ZnO(0001)
system has been saturated first with CO,. Afterwards n-
butane has been dosed and the adsorbed amount of it
subsequently has been determined by n-butane TDS.
The result of that coadsorption experiment (open
spheres) is depicted in comparison with n-butane TDS
for the clean (thin, solid line) surface; for details see
figure 2b in ref. [25] AES measurements obtained after
TDS and King and Wells measurements indicated a
negligible amount of carbon on the surface.

4. Discussion

4.1. (a)The adsorption probability measurements
(adsorption dynamics)

The bimodal shape of the S(©) curves, as obtained on
the CO,/Cu—Zn0O(0001) surface, differ clearly from the
one measured for the Cu-free support, a result which
indicates already a metal support interaction. Note that,
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Figure 1. Adsorption probability, S, measurements. (a) Raw data, i.e.

, S vs. exposure time for CO,—Cu/ZnO(0001) (thick solid line) and for

ZnO(0001) (thin solid line). (b) Integrated curves, i.e., S vs. coverage. The thick line denotes S(©) of CO, for Cu/ZnO(0001) and the thin line for
ZnO(0001). Additionally indicated are the different adsorption regimes (dashed lines) for CO,—Cu/Zn(0001). The area above the curves and below
the dotted line correspond to the amount of adsorbed CO, molecules. (measuring parameters as indicated).

in the case of ZnO(0001), a so-called adsorbate-assisted
adsorption (S increases with ©) has been observed (see
thin line in figure 1), which is the result of a strong
extrinsic precursor effect (see [27] for details). Therefore,
in the case of CO,/Cu—ZnO(0001), and at a quick
glance, the most simple explanation [32] for the bimodal
shape (see the thick, solid line in figure 1), might be
assuming a dominance of the adsorption dynamics by

adsorption events on the zinc oxide support, leading to
precursor-mediated adsorption. The Cu deposits might
simply act as defects, leading to a turnover from
adsorbate-assisted (seen for ZnO(0001)) to Kisliuk-like
(S ~ const.) adsorption dynamics (seen for CO,/Cu—
ZnO(0001) up to 0.8 ML)—cf., the Monte Carlo Sim-
ulations in ref. [33]. We might then argue that after
saturating the support, the Cu particles start to fill up,
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Figure 2. Thermal Desorption Spectroscopy (TDS) curves. (a) CO,—Cu/ZnO(0001) for small (0.05 ML) Cu coverage. (b) CO,—Cu/ZnO(0001)
for large (1.29 ML) Cu coverage. (c) CO, on clean ZnO(0001). (d) n-butane TDS obtained for the CO, saturated Cu/ZnO(0001) surface (0.05 ML
Cu). (e) n-butane TDS obtained for the clean ZnO(0001) surface. (Heating rate 1.6 K/sec, 5 L n-butane).

leading to a linear decrease in S with © above 0.8 ML).
That assumption would be consistent with the direct
adsorption mechanism (S ~ 1 — ©) observed for CO
adsorption on the nano-sized Cu particles [24]. Addi-
tionally, the binding strength of CO, on copper single
crystals is smaller (25 kJ/mol, see [26]) than on the sup-
port (34.4 kJ/mol [25]). Thus, an initial adsorption on the
support might be favored kinetically. However, the TDS
results (see figure 2) contradict that simple model.

4.2. (b)The TDS measurements (adsorption kinetics)

In comparison with kinetic data on Cu single crystals
and the clean ZnO(0001) support, the low temperature
TDS peak (at 102 K) can be assigned to desorption from
the Cu deposits [26]. Note that the area of the a3 peak
increases only by ~35% within 0.05-1.29 ML of Cu.
This result is in agreement with STM data (see Section
1) which indicate that the height of the Cu clusters
increase with Cu exposure rather than their lateral
dimension (above the critical coverage of ~0.2 ML Cu).

The broad structure (o4 peak at 110-170 K) is asso-
ciated with CO, adsorption on the support (see [25] for
details) and/or along the perimeter of the Cu particles.
For the clean ZnO(0001) surface, the separation in two
TDS peaks was more distinct, with a low temperature
structure at ~120 K (assigned to adsorption on pristine
sites) and a high temperature structure at ~150 K
(assigned to intrinsic defect sites). The large widths of
the o4 TDS peak indicates, however, already adsorption/
desorption of CO, from a number of different adsorp-
tion sites. Importantly, the area of the a4 TDS peak is

correlated with the Cu exposure. Note that, the tem-
perature of the oy TDS peak is larger than the one of the
oy structure, i.e., Cu appears to stabilize CO, as the
intrinsic defects did [25]. More important, however, is a
comparison of the TDS peak areas obtained after sat-
urating Cu/ZnO(0001) and ZnO(0001) with CO,.

From the area of the TDS curves, it is evident that the
CO, saturation coverage on the Cu-free support is larger
than the one on CO>,—Cu/ZnO(0001). The area of the oy
peak is ~65% (approx. independent of ©¢,) smaller than
the total area of the «; and a, peaks, which is in reasonable
agreement with results obtained from the King and Wells
measurements (figure 1a). Note that identical CO, expo-
sures and heating rates have been applied for all TDS
measurements, and the measuring geometry was exactly
identical. This leads to the obvious hypothesis that CO,
adsorbs predominantly on the Cu particles (o3 TDS peak)
and along the rim of the Cu particles (oy TDS peak)
leaving the Cu-free areas of the support mostly clean.

This model is also consistent with the adsorption
dynamics. Following that proposal, and loosely speak-
ing, the Cu particles would act as the “landing site” of
the CO, molecules but the “hangar” is the rim along the
Cu particles. Thus, we have to assume an intrinsic pre-
cursor state above the initially clean Cu particles and a
subsequent diffusion of the trapped molecules to the
perimeter of the Cu particles, where they adsorb. This
precursor effect would lead to the Kisliuk-like shape
(precursor-assisted adsorption) of the S(®) curves, seen
up to a CO, coverage of 0.8 ML (see figure 1). The rim,
now blocked by CO, molecules, might act as a high-
energy barrier for diffusion of newly (on the Cu clusters)
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arriving CO, molecules to the ZnO support. In turn, the
Cu particles start to be populated by CO, leaving, how-
ever, the ZnO support mostly CO»-free. The adsorption
of CO, on the Cu particles could again be assigned to the
linear section of the S(®) curves. This scenario would be
consistent with the direct adsorption (S ~ 1 - 0)
observed for CO on the Cu deposits (see [24]). Assuming
a capture zone [32] for CO, around the Cu cluster with a
size defined by the effective lifetime (desorption/diffusion)
of the adsorbate on the support would also be consistent
with the Kisliuk-like section of the S(0©) curves.

4.3. (c¢)Coadsorption TDS results

Arguing by comparing absolute TDS intensities (fig-
ure 2) always raises certain doubts. Since we cannot pro-
vide spectroscopic data from our laboratory, we applied a
simpler approach to check that the Cu-free areas of the
ZnO support are indeed CO,-free after saturating Cu/
ZnO(0001) with CO». The result of the control experiment
is shown as an inset of figure 2. First, the Cu/ZnO(0001)
has been saturated with CO,. Afterwards n-butane was
exposed on the surface. The n-butane TDS curves
obtained for the CO,—Cu/Zn(0001) system indicate that a
significant amount of the hydrocarbon still adsorbs on Cu/
Zn0O(0001), which has already been saturated with CO,.
The adsorption of n-butane on the clean ZnO(0001) sup-
port was characterized before (see [25]). Accordingly, the
TDS curves shown in the inset are typical of n-butane
adsorption in the monolayer range. (Multilayer would
lead to a distinct low temperature TDS peak.) Due to
limitations of our sample cooling, we have used a longer
chain alkane and not, e.g., CO for the coadsorption
experiment. That Cu/ZnO(0001) was initially saturated by
CO, is evident since we used the molecular beam system
for dosing the CO,, i.e., the King and Wells curves (fig-
ure 1) indicate clearly that the surface is indeed saturated.

The amount of Cu needed to modify the chemical
behavior of the support is amazingly small (5% ML).
However, it is well known that trace amounts of, e.g.,
alkali metals can significantly alter the work function of
metal surfaces (see e.g. [34]) and hence alter their chem-
istry. Furthermore in catalysis studies, a suppression of
CO adsorption on TiO,-supported metals has been
observed before (see e.g. [35]). Additionally, in an early
study about the methanol synthesis reaction, J.C. Frost
suggested [17] a distinct synergy effect on the metal/oxide
junction which is caused by the formation of Schottky
barriers. This effect leads to an ionization and creation of
oxygen vacancy sites along the Cu cluster.

5. Conclusions

In summary, adsorption probability and different sets
of TDS measurements present indications for a metal
support interaction in the system Cu-on-ZnO(0001).

Accordingly, CO, populates predominantly the ZnO
support along the rim of the Cu deposits, leaving
thereby large parts of the support CO,-free.
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