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Atomic-Scale Probing the Priority of Oxidation Sites of an
Organic Molecule Adsorbed at the Cu—0O/Cu(110)

Interface

Kai Sheng,”” Huihui Kong,® Zhiwen Li,” Chi Zhang,” Qiang Sun,” Qinggang Tan,”

Yunxiang Pan,® Aiguo Hu,*® and Wei Xu*®

Catalytic reactions occurring on oxide-supported Cu and Cu-
supported oxide catalysts are of fundamental interest in both
industrial and scientific fields. Though the interface between
Cu and oxide species has been regarded as the reaction site,
the exact role of the interface in the catalytic reactions is not
fully understood yet. In this work, by using a model system in-
cluding Cu—O chains supported on Cu(110) and an organic
molecule with alkynyl and aldehyde groups, we attempted to
obtain a fundamental understanding of the role of the inter-

Introduction

Oxide-supported Cu and Cu-supported oxide catalysts have
been found as among the most active materials in a wide
range of reactions, such as oxidation of hydrocarbons, CO, and
aldehyde.™ In some reactions, the supported Cu-based catalyst
can even substitute the expensive noble metal catalysts,
owing to its high catalytic activity" Supported catalysts are
generally more active than the individual components of the
catalysts, which is attributed to the presence of the interface
between the support and the supported species.'"? For exam-
ple, CeO, supported on Cu(111) exhibits strongly enhanced
catalytic activity relative to Cu(111) for the CO oxidation reac-
tion at the same conditions, which was explained by the for-
mation of active species (e.g., Cu,0,,,) at the interface of
Ce0,/Cu(111).'" Though the interface was suggested to be the
reason for the high activity of the supported catalyst, the exact
role of the interface in the catalytic reactions has not been
fully understood yet. It is therefore of utmost importance to
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face in the catalytic reactions. A combination of high-resolu-
tion scanning tunneling microscopy imaging and density func-
tional theory calculations provided direct evidence at the
atomic scale that the interface between the Cu—O chains and
the Cu(110) surface is the most favorable site for the adsorp-
tion and activation of organic molecules, and the oxygen of
Cu—O0 has an activity to oxidize both the alkynyl and aldehyde
groups of the molecules adsorbed at the interface.

explore the role of the interface in the reactions under ultra-
high vacuum conditions to provide atomic-scale insight into
the fundamental question of how the Cu-based catalysts may
work under real catalytic conditions.

Oxide chains/clusters growing on metallic surfaces are a suit-
able system to study the interface between metal and oxide
species. Herein, by choosing a model system including Cu—O
chains supported on the Cu(110) surface and an organic mole-
cule (4-(2-ethynylphenyl)-ethynyl benzaldehyde, EBA) with
three different kinds of functional groups: aldehyde, terminal
alkynyl, and nonterminal alkynyl (as shown in Figure 1a, inset),
we attempted to explore the role of the interface between the
Cu—O species and the Cu surface in catalytic reactions. A com-
bination of high-resolution scanning tunneling microscopy
imaging and state-of-the-art DFT calculations provided direct
evidence at the atomic scale that the interface of Cu—O/
Cu(110) is the most favorable site for the adsorption and acti-
vation of the EBA molecule, and the oxygen of Cu—O has an
activity to oxidize both the alkynyl and aldehyde groups of the
EBA molecules adsorbed at the interface. Moreover, the alkynyl
group was found to be oxidized more facile than the aldehyde
group as the interaction between the alkynyl group and Cu—O
is thermodynamically more favorable. These findings may help
to elucidate the key factors affecting the selectivity and activity
of Cu-based catalysts.

Results and Discussion

After deposition of EBA molecules on Cu—O/Cu(110) at room
temperature (RT), we found that the molecules predominantly
adsorbed either on the bare copper surface regions or at the
interface of Cu—0/Cu(110) as depicted in Figure 1a. No mole-
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and the oxygen atom is relaxed upward by 0.82 A.
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Figure 1d reveals that the acetylene binds only to
a copper atom of the surface. The calculated adsorp-
tion energies of acetylene corresponding to these
two configurations are 1.11 eV and 0.50 eV, respec-
tively. In Figure 1e and 1f the two most stable ad-
sorption configurations for formaldehyde on the in-

terface of Cu—0O/Cu(110) and on the bare Cu(110)
surface are shown, respectively. Similarly to the sce-

nario for acetylene, Figure 1e reveals that the carbon

atom of formaldehyde interacts with an oxygen atom
of the Cu—O chain with a distance of 1.45 A, and the
oxygen atom is relaxed upward by 0.79 A. In Fig-
ure 1f it is shown that the formaldehyde binds only
to a copper atom of the surface. The calculated ad-

\VAVAY/AY
? E, =085eV

ava\/avaYa
ii E, =031V

sorption energies of formaldehyde corresponding to
these two configurations are 0.85 eV and 0.31 eV, re-
spectively. The adsorbed acetylene and formaldehyde

Figure 1. a) STM image recorded after deposition of EBA molecules on Cu—0/Cu(110) at
RT (I,=0.58 nA; V,=1250 mV; T=253 K). The Cu—O regions are indicated in the image.
Inset: the ball-and-stick model of an EBA molecule, its three functional groups are indi-
cated with ellipses. b) Close-up STM image showing the adsorption geometry of an EBA
molecule at the single-molecule level (I,=0.40 nA; V,=2102 mV; T=253 K). DFT-opti-
mized structures of the adsorption of c,d) acetylene and e, f) formaldehyde on Cu—

O (parts c,e) and the bare Cu(110) surface (parts d,f). Oxygen atoms are shown in red,
copper atoms of Cu—0 in yellow, copper atoms of the Cu(110) surface in brown, carbon

atoms in grey, and hydrogen atoms in white.

cule was found to be located on the top of the Cu—O regions
at RT, even at high coverage. This suggests that binding of the
EBA molecule on the top of the Cu—O chains is much weaker
than that at the bare copper surface and the interface of Cu—
O/Cu(110). The close-up STM image (Figure 1b) reveals at the
single-molecule level that there was no long-range well-or-
dered structure formed on the bare copper surface, and at the
interface the molecules mainly adsorbed with their long axes
parallel to the growth direction of Cu—O chains, in a peanut-
like configuration. The molecules were stable on the surface
even at RT and most of them adopted a uniform configuration
at the interface of Cu—0O/Cu(110), suggesting that there is a rel-
atively strong binding between the molecule and the sub-
strate. By carefully analyzing the adsorption geometry of the
EBA molecule and comparing it with the molecular model, we
speculated that the interaction between the molecule and the
Cu—0O/Cu(110) occurs most likely through the terminal alkynyl
group. To verify this hypothesis and work out the correspond-
ing atomic-scale model for the adsorption structure, DFT calcu-
lations were performed on several models. In the calculations
we simplified the EBA molecule and singled out the acetylene
and formaldehyde as the models to explore the interactions
between the alkynyl and aldehyde groups and the Cu—O/
Cu(110).

In Figure 1c and 1d, the two most stable adsorption config-
urations of acetylene on the interface of Cu—O/Cu(110) and on
the bare Cu(110) surface are shown, respectively. Figure 1c re-
veals that one of the carbon atoms of acetylene interacts with
an oxygen atom of the Cu—O chain with a distance of 1.40 A,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

molecules are found to be largely distorted from
their gas-phase configurations indicating that the
molecules have been activated. According to the DFT
calculations we can draw the conclusion that the EBA
molecule prefers to interact with the oxygen atom of
Cu—0/Cu(110) through its terminal alkynyl group,
which is in good agreement with the STM findings.
Because of the steric hindrance, the interaction with
the Cu—O/Cu(110) through the nonterminal alkynyl
group is less facile at this adsorption geometry.

Note that the Cu—O chains were intact after deposition of
the EBA molecules as shown above; however, surprisingly,
after annealing the sample at 370 K for 10 min, some of the
Cu—O chains were found to be partially broken and incom-
plete along the growth direction and terminated by the mole-
cules. The interstitials between the Cu—O chains were some-
what enlarged with the molecules embedded as shown in Fig-
ure 2a. Now almost all of the molecules interacted with the
Cu—O0 chains and molecules are no longer found on the bare
surface. To gain further insight into this novel phenomenon,
a thorough and detailed analysis of the STM images was con-
ducted at the submolecular scale. High-resolution close-up
STM images helped disclose the scenario of the interaction be-
tween the EBA molecules and the Cu—O chains. Basically, there
are four binding modes for the molecule (through different
functional groups) to bind to the Cu—0O chains. The characteris-
tic examples of such four binding modes are marked in Fig-
ure 2b with A, B, C, and D. In Figure 2c these four modes are
illustrated schematically, and in Figure 2d the close-up STM
images corresponding to the four modes with submolecular
resolution are shown to identify the binding configurations.
The registry between the molecules and the Cu—O chains in
these four modes was demonstrated by overlapping the
atomic lattice of the Cu(110) surface as shown in the Support-
ing Information (Figure S1). According to the STM images and
in comparison to the molecular model we attributed mode A
to the interaction between the terminal alkynyl group of the
EBA molecule and a single Cu—O chain. Likewise, we attributed
the interactions between the terminal alkynyl and nonterminal
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Figure 2. a) STM image recorded after annealing the sample at 370 K for 10 min.

(,=0.72 nA; V,=1250 mV; T=263 K). b) High-resolution close-up STM image revealing
the scenario of the interaction between the Cu—O chains and the EBA molecules. Exam-
ples of the four binding modes are marked with A, B, C, and D, respectively (,=0.57 nA;
V,=1250 mV; T=263 K). ¢) Schematic illustrations of the four binding modes and the sta-
tistics of their occurrences in the counted images. d) Close-up STM images correspond-

ing to the four interaction modes.

alkynyl groups and two Cu—O chains to mode B; the terminal
alkynyl, nonterminal alkynyl, and aldehyde groups and three
Cu—O0 chains to mode C; the terminal alkynyl and aldehyde
groups and two Cu—O chains to mode D. Most of molecules
adjusted their orientations with the long axes perpendicular to
the growth direction of the Cu—O chains. Owing to the break
of the Cu—O chains, the steric hindrance thus disappeared
with respect to the nonterminal alkynyl group, therefore, this
functional group also participated in the formation of mode B
and C. We also performed a statistical analysis on these four in-
teraction modes in a series of STM images and the percentag-
es of occurrence for mode A, B, C, and D were 20, 25, 35, and
20%, respectively, with errors of +2%. This finding indicated
that after annealing the sample at 370 K, the adsorbed mole-
cules had a slight preference for interaction with the broken
Cu—O chains in the mode C, the other three modes had
almost the same probabilities.

Interestingly, after further annealing the sample at 420 K for
10 min, we found that the number of Cu—O chains decreased
significantly and the Cu—O chains became more and more in-
complete as shown in Figure 3a. A close-up STM image re-
vealed that the molecules bound to the remaining few Cu—O
chains similarly to those in the previous step, and now most of
the molecules interacted with the Cu—O chains through all
three functional groups as shown in Figure 3b. Continuous
anneal at 470 K for 10 min led to the complete disappearance
of short Cu—O chains together with molecules and resulted in
a clean Cu(110) surface (not shown). Considering that our ex-
periments are performed under ultrahigh vacuum conditions
and no additional O, was present in the system, it is not sur-
prising that the Cu—O chains disappeared gradually with the
oxidation reaction of the adsorbed EBA molecules with the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

oxygen atoms of the Cu—O proceeding. The above
DFT calculations suggested that the oxygen site of
Cu—O is favorable for adsorption of the molecule.
After adsorption, the oxygen atoms of Cu—O are re-
laxed upward and the adsorbed molecules are acti-
vated. Therefore, if enough energy is provided, the
oxygen atoms will be abstracted by the adsorbed
molecules, in other words, the molecules will be oxi-
dized by the oxygen atoms. Thus, breakage of Cu—O
chains at elevated temperatures is very likely to be
attributed to the abstraction of the oxygen atoms by
the adsorbed molecules, and the final reaction prod-
ucts of EBA molecules with the oxygen atoms will
desorb from the surface at higher temperatures,
causing disappearance of the Cu—O chains. These re-
sults are in good agreement with results by other
studies that the lattice oxygen atoms participated in
activating the molecules adsorbed on copper oxide.”

To obtain further fundamental insight into the pri-
ority of the oxidation sites of the EBA molecule, we
performed the experiment in a further step with
a low-coverage molecular deposition. It was seen
that after annealing the sample at 370 K, the mole-
cules predominately interacted with the single Cu—O

Figure 3. a) STM image recorded after further annealing the sample at 420 K
for 10 min (/,=0.61 nA; V,=1250 mV; T=273 K). b) Close-up STM image re-
vealing that most of the EBA molecules interacted with the Cu—O chains
through all three functional groups (I,=0.58 nA; V,=1250 mV; T=273 K).

chains as shown in Figure 4a. In the close-up STM image it is
shown that most of the molecules interact with single Cu—O
chains in mode A, that is, the molecule preferentially interacts
with the Cu—O through the terminal alkynyl group (Figure 4b).
Furthermore, we performed DFT calculations to model the sce-
nario of the interactions between acetylene and formaldehyde
and a broken Cu—O chain as shown in Figure 4c and 4d, re-
spectively. As the oxygen sites of Cu—O were demonstrated to
be the favorable sites for the interaction of acetylene and
formaldehyde with Cu—O chains, the oxygen atoms in these
two models are considered to be used as the termini of Cu—O
chains. The model in Figure 4c shows that the interactions of
acetylene molecules with the termini of Cu—O chains result in
a cleavage of the Cu—0O bonds. The structural change of Cu—O
chains induced by the interactions with formaldehyde mole-
cules is, however, moderate as shown in Figure 4d. The bind-
ing energies for acetylene and formaldehyde with the broken
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Figure 4. a) STM image recorded after annealing the sample at 370 K for

10 min (,=0.43 nA; V,=1250 mV; T=243 K). b) Close-up STM image reveal-
ing that most of the EBA molecules interacted with single Cu—O chains in
mode A. (,=0.41 nA; V,=1250 mV; T=243 K). DFT calculations demonstrat-
ing that c) acetylene is energetically more favorable than d) formaldehyde to
adsorb at the terminus of the broken Cu—O chain (with oxygen). Oxygen
atoms are shown in red, copper atoms of Cu—O in yellow, copper atoms of
the Cu(110) surface in brown, carbon atoms in grey, and hydrogen atoms in
white.

Cu—0O chains were calculated to be 1.65¢eV and 0.86 eV per
molecule, respectively; these values are stronger than those
for the interactions of acetylene and formaldehyde with intact
Cu—O0 chains (as shown in Figure 1c and 1e). Two tentative
conclusions can be drawn from the DFT calculations: First,
compared to the intact Cu—O chains, broken Cu—O chains
have a higher activity toward the adsorption and activation of
acetylene and formaldehyde molecules because of the occur-
rence of new interfaces. Second, the terminal alkynyl group of
the EBA molecule has a higher priority than the aldehyde
group for oxidation by the oxygen atoms of Cu—O because for
acetylene a stronger interaction with the Cu—O chain has been
shown.

Conclusions

In summary, by combining the high-resolution ultrahigh-
vacuum STM imaging and state-of-the-art DFT calculations, we
have gained direct evidence at the atomic scale that the inter-
face of Cu—O/Cu(110) is the most favorable site for the ad-
sorption and activation of 4-(2-ethynylphenyl)-ethynyl benzal-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dehyde molecules, and the oxygen atoms of Cu—O chains
have a good activity to oxidize both the alkynyl and the alde-
hyde groups and thus activate the molecules adsorbed at the
interface. Moreover, the alkynyl group is more facile to be oxi-
dized by the oxygen atoms of Cu—O than the aldehyde group
because of the strong interaction between the alkynyl group
and the interface. Besides demonstrating the role of the inter-
face in catalytic reactions, our present findings may also have
important implications for creating atomic-scale models to ex-
plain the mechanism of reactions occurring over oxide species
supported on metal in real catalytic conditions. First, the
oxygen atoms of oxide species could be abstracted by the ad-
sorbed molecules, forming oxygen vacancies on oxide species,
and then, the additional O, will be dissociated at the oxygen
vacancies and refill them to keep the catalytic activity. A similar
mechanism has been proposed for the oxidation reactions oc-
curring on CeO,-containing catalysts.""*

Experimental Section

The experiments were performed in a ultrahigh-vacuum chamber
(base pressure 2x 107'° mbar) equipped with a SPECS variable-tem-
perature STM.”! The Cu—O chains were fabricated by using stan-
dard methods demonstrated previously. The EBA molecules were
loaded into a glass crucible that was mounted in a molecular evap-
orator. After the system was thoroughly degassed, the EBA mole-
cules were deposited by thermal sublimation onto a Cu—O/
Cu(110) substrate held at RT. The sample was thereafter transferred
within the ultrahigh-vacuum chamber to the STM. All calculations
were performed in the framework of DFT by using the Vienna ab i-
nitio simulation package (VASP).”! The projector-augmented wave
method was used to describe the interaction between ions and
electrons.® The atomic structures were relaxed by using the conju-
gate gradient algorithm scheme as implemented in the VASP code
until the forces on all unconstrained atoms were <0.03 eVA™".
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