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CO, Dissociation
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Matteo Maestri, and Karina Morgenstern*

Abstract: Though largely influencing the efficiency of a reac-
tion, the molecular-scale details of the local environment of the
reactants are experimentally inaccessible hindering an in-depth
understanding of a catalyst’s reactivity, a prerequisite to
maximizing its efficiency. We introduce a method to follow
individual molecules and their largely changing environment
during a photochemical reaction. The method is illustrated for
a rate-limiting step in a photolytic reaction, the dissociation of
CO, on two catalytically relevant surfaces, Ag(100) and
Cu(111). We reveal with a single-molecule resolution how the
reactant’s surroundings evolve with progressing laser illumi-
nation and with it their propensity for dissociation. Counter-
acting processes lead to a volcano-like reactivity. Our unpre-
cedented local view during a photoinduced reaction opens the
avenue for understanding the influence of the products on
reaction yields on the nanoscale.

Introduction

The underlying physical principles of reactions on metallic
surfaces are accessible through ultra-short laser illumina-
tion.!l Photolytic chemistry on metallic surfaces induces
reactions at low temperatures, where thermal reactions are
completely suppressed. If the photon energy is not in
resonance with the adsorbate, the reactions are initiated by
the absorption of the laser light by the electrons of a metallic
sample, which then either heat the sample or directly attach to
an adsorbate to induce reactions.” So far, mostly desorbing
particles were analyzed, giving ensemble information.™® On
the other hand, a seminal scanning tunneling microscopy
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(STM) study revealed that a catalyst undergoes severe
restructuring in course of a reaction.”” We demonstrate here
the importance of a local view during a photoinduced reaction
for the archetypical CO, dissociation, an important and
generic example for a rate-limiting process in a catalytic
reaction.>"! Tt is, for instance, the first step in the reverse
water-gas shift reaction, which is widely used on copper-based
catalysts for the conversion of CO, to produce liquid
fuels.">? On the other hand, the (100) surface of Ag
nanoparticles was shown to dominate in electrochemical
environments."®! Besides, CO, has gained widespread interest
because of its contribution to the greenhouse effect, making
CO, dissociation through reduction a primary goal."! Cou-
pling a femtosecond laser to an STM,">! we unravel three
steps in the dissociation process on Ag(100) and Cu(111) at
advancing illumination through resolving the surroundings of
specific reactants in real space. Our unprecedented local
information about the reactivity of individual molecules in
a specific environment on a photoinduced chemical reaction
opens the avenue for a microscopic understanding of the
influence of the environment on reactivity.

Results and Discussion

CO, molecules, imaged as protrusions on the quadratic
Ag(100) face, form variably-shaped multi-domain clusters
(Figure 1a).'! To identify the progression during the CO,
dissociation, such a sample is alternately illuminated and
imaged (Figure 1b-d), for laser parameters and other details
see the Supporting Information, Experimental Section. The
unique setup™® allows us to image exactly the same region of
the surface before and after illumination.

In the example shown in Figure 1, similar laser power and
thus absorbed peak fluence (i.e. energy per area and pulse at
the maximum of the Gaussian-shaped laser pulse) is used for
the first 8 x 10° pulses. The first two million pulses, at a peak
fluence of ca. 9 uJ cm 2 per pulse lead to a change in the shape
of the clusters and a slight reduction in their size (Figure 1b).
These changes are considerably more substantial after the
next two million pulses, even at a comparable peak fluence of
12 wJem 2 per pulse (Figure 1c). Besides, novel features
appear on the terraces between the original CO, clusters,
simple depressions, and depressions with a protrusion in their
center (circles in Figure 1¢). Comparison to earlier work
identifies these as CO molecules and oxygen atoms,*"
respectively, implying photoinduced CO, dissociation. Ap-
parent depressions within the CO, clusters (one marked by an
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Figure 1. Progressing dissociation of CO, on Ag(100): a)—d) selected
images with total number of pulses with respect to (a) leading to
accumulated peak fluences of (b) 18.3 Jcm ™ (c) 43.6 Jcm~? (additional
accumulated peak fluence between b and c: 25.3 Jcm™?) (d)

127.1 Jcm™* (d). Markers: red circles: CO molecules; yellow dashed
circles: oxygen atoms; cyan pentagons: agglomerations of CO, at CO;
orange triangles: agglomerations of CO at O; one structure each is
enlarged for better visibility by a factor of 3 and shown at enhanced
contrast in the green squares, purple arrow in (b) points to an
apparent depression within a CO, cluster; 6.5 pA, 100 mV.
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arrow in Figure 1b) suggest that some of the oxygen atoms
remain close to the reactants.

After 107 pulses, very few CO, molecules remain (Fig-
ure 1d). Larger black regions at the positions of the original
CO, clusters confirm that the majority of the oxygen atoms
remain close to their place of dissociation. As a side reaction,
CO, molecules are expelled from larger clusters, forming
novel smaller clusters on the terrace close to products from
previous reactions (marked by pentagons in Figure 1b,d).
These might be the origin of some of the oxygen atoms far
away from the original CO, clusters. In contrast, the other
product, CO, is more evenly distributed pointing to an
additional photoinduced process, a molecular motion. There-
by, it is conceivable that the excess energy released upon
dissociation is transformed into translational energy or that
subsequent laser pulses induce a motion of the dissociated
species. A minor diffusivity of the CO during subsequent laser
illuminations implies that a substantial excess energy of the
dissociation leads to their motion across the surface. Note that
some of the CO molecules are adsorbed so close to the oxygen
atoms that they are likely to be trapped in their vicinity yet at
a distance too large for direct interaction (agglomerates,
marked by triangle Figure 1d). Most notably, the number of
reactions seems not to be proportional to the number of
illuminations.

This impression is confirmed for molecularly resolved
CO, clusters (Figure 2). Despite the larger statistical uncer-
tainty, we present here the analysis of a single cluster for
quantification, because a local dependence of the processes
makes the same effect being operative at slightly different
illumination times for different clusters. Initially, the cluster

Figure 2. Progressing dissociation of an individual CO, cluster on Ag(100): a to h) STM images on a false-color scale; insets: one dot per CO,
molecule within the corresponding cluster with the number of molecules; 6 pA, 250 mV; a to f) single illuminations of 10° pulses leading to an
accumulated peak fluence of 55.5 Jcm ™2 that is, average peak fluence per pulse: 11.1 ujecm ™2 (fto g) 3x 10° pulses at a peak fluence per pulse of
10.8 ujcm 2 for an accumulated peak fluence of 78.7 Jcm™ (g to h) 2x 10° pulses at a peak fluence per pulse of 19.6 ujcm~? leading to an
accumulated peak fluence of 127.2 Jcm 2 between (a) and (h).
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consists of 117 CO, molecules mostly in quadratic symmetry
(Figure 2a). The first illumination with 10° pulses reduces the
total number of CO, molecules only slightly to 115. However,
the order of the cluster, especially at its top right, is largely
reduced (Figure 2b). The next train of 10° pulses increases the
disorder and reduces the number of CO, molecules within the
cluster significantly to 91 (Figure 2¢). The largest absolute
change by a third to 61 molecules is induced during the next
train of 10° pulses (Figure 2d). The original cluster is split into
three smaller ones. Quadratic symmetry is no longer recog-
nizable after the next train of 10° pulses, reducing the number
of molecules to 46 (Figure 2e). The number of molecules
continues to decrease, but comparatively little for the next 3 x
10° pulses, with only 5 molecules per 10° pulses (Figure 2 f).
We thus increase the fluence per pulse for the final 2 x 10°
pulses (Figure 2 g to h). The small changes between Figures 2 f
and h emphasize that the dissociation yield is largely reduced.

To quantify these changes demands a precise alignment of
the STM tip to the maximum of the Gaussian-shaped laser
spot. This is achieved with the aid of two-photon photo-
electrons generated by the laser in the metal and collected by
the tip, for details see Experimental Methods in the Support-
ing Information. The dissociation yield is quantified at the
peak position as Y;_;,; = AN/(N.AV), a yield that is normal-
ized to the number N, of CO, molecules available for
dissociation in illumination number i. AN=N,—N,, is the
number of dissociated CO, molecules and N, the number of
absorbed photons per adsorbed molecule. Because of a slight
variation in laser power for the different trains of laser pulses
and a larger single-pulse fluence for the last illuminations, we
display the dissociation yield versus the peak fluence F,.
accumulated over all pulses since the beginning of the
measurement. This is a valid procedure because the process
is linear in the number of photons (see the Supporting
Information).

The quantum yield varies by more than one order of
magnitude between less than 1077 and more than 10°
dissociated molecules per absorbed photon and adsorbed
molecule for the cluster in Figure 2 (Figure 3 a, left axis). It is
almost negligible for the first illumination. After a steep
increase, the yield decreases monotonously, reaching again an
almost negligible value at an accumulated peak fluence of
127 Jem™2, despite the availability of further CO, molecules.
As the yield is normalized to the number of undissociated
molecules, this decrease cannot be explained simply by the
reduced availability of reactants. Instead, such a volcano-like
shape of the yield points to two counteracting processes, one
that increases and another one that decreases the yield.

The qualitative discussion above suggests that the geom-
etry of the clusters influences the yield (for further details see
supplementary material). To quantify the geometrical
changes to the clusters, we display a shape value S=16A/
P?, with A the island area and P its perimeter length
(Figure 3a, right axis). This ratio equals 1 for a perfectly
quadratic cluster and reduces for less compact structures. The
shape value decreases rapidly up to an accumulated peak
fluence of ca. 40 Jem™, reflecting the decrease in compact-
ness of the cluster (cf. Figure 2e). Then, the shape value stays,
at (0.1140.02), almost constant, corresponding to a cluster
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Figure 3. Fluence-dependent dissociation yield with modeling: a) left
axis: Dissociation yield Y per available molecule and absorbed photon
(squares); right axis: shape value S=16A/P* (dots) of cluster shown
in Figure 2 versus accumulated peak fluence F,; connecting lines and
fit to guide the eye. b) Calculated thermal dissociation barriers for CO,
dissociation on a pristine surface (black), a surface precovered with
0.25 ML oxygen (red), and a surface precovered with 0.33 ML oxygen
(blue) as depicted in (c to e) with initial (top), transition (middle), and
final state (bottom).

whose perimeter is around three times longer than for
a quadratic cluster of the same size. The increase in yield at
decreasing shape value (Figure 3 a) implies that dissociation is
more likely for molecules in a non-ordered than in an ordered
cluster, possibly due to faster dissipation of the excitation
energy within an ordered cluster, which instead causes its
rearrangement. Thus, cooperative effects reduce the dissoci-
ation yield. On the other hand, the environment of the CO,
cluster is increasingly altered with progressing dissociation by
products in the vicinity of the clusters (Figure 1b to d). Their
emergence correlates with a reduction in yield. It suggests
that self-poisoning is the counteracting process that reduces
the dissociation yield.

To understand this self-poisoning, we first explore how the
small number of absorbed photons available at 10 uJcm™?
peak fluence per pulse, achieves the photoinduced dissocia-
tion. For a laser illumination that is not in resonance with the
adsorbate levels, the electrons of the metal absorb the photon
energy.”! A transfer of the electron energy to the lattice could
heat it transiently to temperatures that are sufficient to induce
a reaction thermally. However, for the low peak fluences per
pulse in the range of uJcm 2 employed here, the maximum
temperature on Ag(100) does not surpass 10 K, as estimated
by the two-temperature model.’!! More efficiently, the
resulting energetic electrons transfer their energy directly to
an adsorbate to activate it. Their reaction yield is governed by
the density of excited carriers in the energy interval of the
adsorbate resonance. As a non-thermal electron distribution
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persists on the picosecond time scale for uJcm 2 fluences per
pulse,™ for example, 1 ps in Cu,* non-thermalized electrons
are expected to attach to the adsorbates to initiate their
reaction. Thereby, the electron density is not sufficient for
multiple excitations at the low fluences used here because of
the small number of absorbed photons per molecule,?" here
ca. 0.2 photons per pulse and adsorbed molecule. This implies
that a single electron needs to carry sufficient energy for
dissociation, that is, the process is linear in fluence. This
reasoning is supported by the same results achieved in an
experiment performed at a longer pulse length (see support-
ing information).

The maximum energy of electrons directly after excitation
corresponds to the photon energy, here 3.1 eV. Poisoning
could thus result from a dissociation barrier that is increased
above this value. Since the influence of CO on the surface
charge is considerably weaker than that of oxygen,” we
explore the influence of coadsorbed oxygen atoms on the
thermal dissociation barrier to corroborate this reasoning.
The calculation of the thermal barriers yields a reasonable
estimate of the energy barrier as the relaxation of the electron
from the adsorbate to the metal happens on a faster timescale
(<1ps) than the nuclear motion leading to dissociation
(>1ps),”! such that the dissociation itself is expected to
evolve on the same (or a rather similar) potential energy
landscape as thermal dissociation. Because the vibrationally
excited molecules could also dissociate following other than
the energetically most favorable pathway, the thermal barrier
represents the lowest energy pathway that might lead to
dissociation.”!

To explore the influence of oxygen on the thermal barrier,
we calculated direct CO, dissociation reactions on three
surfaces: a pristine Ag(100) surface, one that is covered by
oxygen in 0.25 ML coverage, and one that is covered in
0.33 ML coverage. The CO, molecules are found to be
physisorbed on all surfaces (Figure 3¢ to e). All initial and
final states are defined as the global minima at both sides of
the transition states, which are already similar to the config-
urations of the final states, where CO and O are dissociated.
The dissociation barrier increases from 2.13 eV on the clean
surface to 3.03 eV and further to 3.29 eV in the presence of
0.25 ML and 0.33 ML bystander O, respectively (Figure 3b).
This is in line with the fact that the barrier of CO, dissociation
becomes larger for less oxophylic conditions. The increases in
dissociation barriers can be understood in terms of a late
transition state for the dissociation, for which the barrier is
more affected by the final state. Because of repulsion, the
binding energy of the CO product is reduced in the presence
of oxygen and consequently, the barrier for CO, dissociation
moves upwards. This reduces the dissociation yield to
negligible values, as observed experimentally.

Having revealed the reason for self-poisoning, we dem-
onstrate that the two counteracting processes are not
restricted to one material or symmetry by performing a similar
experiment on Cu(111), for which theory predicts a similar
increase in thermal dissociation barrier for oxygen dissocia-
tion.”! For Cu(111) the activation barriers for CO, dissocia-
tion increased from 1.48 eV to 3.25¢€V, that is, above the
energy of a single photon, already at 0.2 ML oxygen."!
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Figure 4. Progressing dissociation of CO, on Cu(111): a to c) selected
images with 4x10° laser pulses each between the panels leading to
accumulated peak fluences of (b) 518 Jcm 2, that is, ca. 130 pjcm 2
on average per pulse (c) 1555 Jcm ™2 (additional peak fluence between
b and c: 1037 Jcm™?, that is, ca. 260 ujcm™? on average per pulse);

6 pA, 250 mV. Markers: red circles: CO molecules; yellow dashed
circles: oxygen atoms; cyan pentagon: agglomeration of CO, at CO;
orange triangle: agglomeration of CO at O; one structure each is
enlarged by a factor of 2 and shown at enhanced contrast in the green
squares; white rectangles to point out negligible photoinduced diffu-
sivity of the products (a) 9 pA, 50 mV (b) 10 pA, 100 mV. (d)
Dissociation yield Y per available molecule and absorbed photon
(squares, left axis) and shape value S, =24/v/3A/P?, (dots, right axis)
of individual island versus accumulated peak fluence F,..; connecting
lines and fit to guide the eye.

On Cu(111), the CO, molecules form multi-domain
hexagonal clusters (Figure 4a).l" Despite the difference in
both, crystal material and face, the results of laser illumina-
tion are largely identical (Figure 4a to c). As on Ag(100),
a change in cluster shape is accompanied by a loss in order
(compare molecular resolution in the insets in Figure 4a,b),
which is reflected in the shape value S;;=24/v/3A/P?, here
defined such that a perfect hexagon gives S =1 to account
for the different cluster symmetry (Figure 4d). Again, two
novel species (marked by circles in Figure 4c¢) and agglom-
erates of CO close to oxygen (one marked by a triangle) are
formed on the terrace, small amounts of CO, are transported
from clusters to products (one CO,-CO agglomerate marked
by a pentagon), and the clusters split into smaller ones.

The photoinduced mobility of the reactants is even
smaller on Cu(111) than on Ag(100) (e.g. rectangle in
Figure 4b,c), reflecting a lower thermal diffusion barrier of
CO molecules on Ag(100) (72 meV®!) than on Cu(111)
(98 me V™). Thus, also on Cu(111), the large-scale transport
of particles away from the CO, clusters is related to the excess
energy of the reaction.

The CO, dissociation yield Y per molecule is here defined
as Y;_;,; = AA/AFA; with the area A; (apparent height above
45 pm) representing CO, molecules available in illumination
i and the change in area due to a loss of CO, molecules AA =
A,—A,,;. The yield first increases, as on Ag(100), (Figure 4d,
left axis). The maximum of the yield is followed by a steep
decrease to an almost negligible value during the final
illumination, besides the availability of further non-dissoci-
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ated CO, molecules. As compared to Ag(100), the yield starts
at a higher value and increases more gradually. This is in line
with an initially more disordered cluster and a less prominent
change in shape Sy (Figure 4d, right axis). The differences
between Ag(100) and Cu(111) in the increase of the yield are
thus related to a structural mismatch of the adsorbate with the
surface (cf. Ref. [17]) and not to the electronic structure of the
metal.

The two surfaces differ further in the accumulated peak
fluence necessary to achieve similar effects. It is more than an
order of magnitude higher on Cu(111) than on Ag(100). This
is surprising as copper is a more efficient catalyst than silver in
thermal reactions as reflected in the thermal dissociation
barriers presented above and in Ref. [9]. The lower yield is
thus related to processes that are only relevant to a photo-
induced reaction. These are a)the number of electrons
available for excitation and b) the electronic excitation and
deexcitation mechanisms of the molecules. Considering al-
ready the absorbed fluence, the number of electrons could be
reduced in the case of Cu(111) by a faster electron—phonon
coupling and by a faster diffusivity of the electrons into the
bulk. While the heat conductivities differ by only 10% in
favor of silver, the electron-phonon coupling for copper is
roughly 2.2-fold the one of silver.””*! As the dissociation is
linear in the number of absorbed photons (see the Supporting
Information), the largely reduced reaction rate results only
partly from the faster transport of the electrons into the bulk.
Thus, either electron coupling to the adsorbate is less active or
the electron lifetime on it is much shorter on Cu(111) than on
Ag(100). The lower diffusivity of all molecules on Cu(111)
than on Ag(100), discussed above, points to a stronger
adsorption of the reactants on Cu(111) in favor of a shorter
electron lifetime on the adsorbate as the reason for the
reduced reaction yield. None of these processes is expected to
influence the specific shape of the yield curve, which results
from the two counteracting processes of disordering and
poisoning.

Conclusion

The gained local view on surface poisoning lines out how
to unravel local effects in photoinduced reactions. While the
surface poisoning should happen at similar energy independ-
ent of the type of light source, the local investigation on the
length scale of molecules and its quantification to resolve
underlying dynamics demands the precision of a laser experi-
ment. The local investigation of intermediate states during
a photochemical reaction, as first presented here, is poten-
tially rich. It should result in a better microscopic under-
standing of the influence of the specific changes in the
environment of the reactants on photochemical as well as
thermal reactions.
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