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Chemical Reactivity of Supported ZnO Clusters:

Undercoordinated Zinc and Oxygen Atoms as Active Sites

Xiaojuan Yu*” Jannik P. Roth*,® Junjun Wang,” Eric Sauter,” Alexei Nefedov,”
Stefan HeiBler,” Gianfranco Pacchioni,*® Yuemin Wang,** and Christof WolI*"!

The growth of ZnO clusters supported by ZnO-bilayers on
Ag(111) and the interaction of these oxide nanostructures with
water have been studied by a multi-technique approach
combining temperature-dependent infrared reflection absorp-
tion spectroscopy (IRRAS), grazing-emission X-ray photoelectron
spectroscopy, and density functional theory calculations. Our
results reveal that the ZnO bilayers exhibiting graphite-like
structure are chemically inactive for water dissociation, whereas
small ZnO clusters formed on top of these well-defined, yet
chemically passive supports show extremely high reactivity -
water is dissociated without an apparent activation barrier.

1. Introduction

The catalytic activity of oxide nanoparticles (NPs) is a topic of
pronounced interest. Although in many cases real catalysts
consist of metal particles supported by such oxide NPs, also the
oxides alone exhibit chemical activity." However, the exper-
imental characterization of powdery materials represents a
major problem since such samples typically contain particles of
different sizes and shapes exhibiting various orientations and
possibly also defects of different types. For this reason,
investigations of oxide nanoparticles with well-defined struc-
tures are an important goal, in particular with regard to the
validation of theoretical results.

The surface chemistry of water on metal oxide substrates is
a central issue in numerous research areas including catalysis
and photocatalysis.”® Especially the role of water on zinc oxide
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Systematic isotopic substitution experiments using H,'°0/D,'°0/
D,'®0 allow identification of various types of acidic hydroxyl
groups. We demonstrate that a reliable characterization of these
OH-species is possible via co-adsorption of CO, which leads to a
red shift of the OD frequency due to the weak interaction via
hydrogen bonding. The theoretical results provide atomic-level
insight into the surface structure and chemical activity of the
supported ZnO clusters and allow identification of the presence
of under-coordinated Zn and O atoms at the edges and corners
of the ZnO clusters as the active sites for H,O dissociation.

(ZnO) has drawn great attention, because it is involved in a
variety of important reactions, such as methanol synthesis via
syngas conversion and hydrogen production by the water gas
shift reaction as well as the splitting of water.”'®

Metal-supported ZnO thin films are known to feature
tunable structural and chemical properties which differ substan-
tially from those of the bulk wurtzite ZnO."?® To date,
experimental and theoretical works have focused predomi-
nantly on well-defined two-dimensional ZnO films, many of
them of bilayer thickness, while much less information is
available about small ZnO clusters (or islands) supported on
such ZnO bilayers.

As regards the ZnO bilayers supported on Cu(111) and
Ag(111) single-crystal surfaces, our experimental results ac-
quired by infrared reflection absorption spectroscopy (IRRAS)
using CO as a probe molecule have revealed that the surface
chemistry of ZnO bilayers is quite different from that of ZnO
single crystals surfaces."’?® This conclusion was directly con-
firmed by the fact that the stretch frequencies of CO bound to
these bilayers amount to 2116 cm™" for Cu-ZnO"" and
2138 cm™' for Ag-ZnO,”® which are substantially different from
the frequencies observed for CO adsorbed on bulk ZnO in the
form of single crystals or powders.” " On the basis of
theoretical work these observations were explained by a
different structure of the ZnO bilayers, instead of the bulk
wurtzite-type arrangement the presence of graphitic adlayers as
discussed in previous works was proposed.??

In the present paper we describe the growth of ZnO thin
films on Ag(111) substrates. After preparation, the interaction of
these 2D oxide systems with water were thoroughly inves-
tigated, using temperature-dependent IRRAS and grazing-
emission X-ray photoelectron spectroscopy (XPS) in conjunction
with density functional theory (DFT) calculations. The temper-
ature-resolved IRRAS approach not only allows for gaining
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information about desorption of adsorbed species, but also
enables to monitor thermally induced reactions. For example,
recent results for water on wurtzite-type ZnO(1010) surfaces
revealed the thermal diffusion of water monomers forming
dimer species and the subsequent dissociation of water dimers
via proton transfer.®? In this work, we find that the ZnO bilayers
are chemically rather inactive and show associative adsorption
of water. Only after the presence of small ZnO clusters on these
bilayers the formation of hydroxyl species is observed. The ZnO
clusters exhibit significantly enhanced chemical activity, leading
to an apparently non-activated dissociative adsorption of water.
The assignment of various acidic hydroxyl groups obtained by
the dissociation process is supported by isotopic substitution
experiments (H,'°0/D,'°0/D,"0). Vibrational shifts caused by
interaction with coadsorbed CO are also analyzed. These results
are rather different from those of water adsorption on wurtzite-
type ZnO single crystal surfaces®*>® A careful theoretical
analysis allows rationalizing the experimental findings and
provides a rather consistent description of the chemical activity
of small ZnO clusters.

2. Results and Discussion
2.1. Adsorption of D,0 on Graphite-Like ZnO Bilayers

The well-defined graphitic ZnO bilayer was formed by oxidation
of the AgZn(111) single-crystal surface in O, atmosphere (1x
107> mbar) at 600 K for 20 min (for details see Ref. [28]). Briefly,
the oxidation of the AgZn(111) alloy substrate (Ag/Zn ratio 9:1)
at different temperatures for different periods of time allowed
for a well-controlled growth of ZnO adlayers. The presence of a
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closed, planar ZnO bilayer was confirmed by the IRRAS
observation of one single, sharp CO band at 2138 cm™' while
the Ag-bonded CO vibration at 2121 cm™' completely disap-
peared (see Figure S1). This conclusion was further supported
by the thickness analysis of ZnO (3.4 A) based on XPS measure-
ments and by a thorough theoretical study using DFT
calculations.”® We note that this AgZn(111) alloy oxidation
approach is rather different from other methods (e.g. Zn
deposition in the presence of O,) that typically lead to the
formation of not-closed ZnO adlayers.

Figure 1 shows the IRRAS data recorded after exposing
Ag(111)-supported ZnO bilayer to various amounts of D,0O at
110 K. After exposure up to 0.2 L of D,O at 110 K, a weak signal
at 2729 cm™" with a rather broad feature between 2700 and
2200 cm™' (centered at ~2560cm™') is observed. They are
characteristic for a dangling v(OD) band in intact water
molecules and H-bonded OD vibrations, respectively. Further
exposure to D,0 leads to a significant increase of the IR bands
in intensity without saturation. These findings indicate that the
ZnO surface is dominated by the chemisorbed water in the
monolayer region after low dose adsorption of D,O (up to 0.2 L)
at 110 K, whereas further exposure leads to the formation of
multilayer water molecules with H-bonded 3-dimentional
structures, as observed for water adsorption on ZnO(1010)
single-crystal surfaces.®?

Figure 1b displays temperature-dependent IRRAS data re-
corded after the formation of D,O multilayers on ZnO bilayers.
Upon annealing to 140 K substantial changes of vibrational
features are seen, and three new bands appear at 2495, 2440
and 2350 cm™, revealing a structure conversion from amor-
phous to well-ordered hexagonal ice.’¥ The crystalline ice
structure is stabilized by strong intermolecular H-bonding. After
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Figure 1. (a) IRRA spectra recorded after exposing graphite-like ZnO bilayer to different doses of D,O at 110K. (A) Clean surface and (B-E) exposure to D,0: (B)
0.1L,(C)0.2L, (D) 0.5L, (E) 1L. All spectra were recorded with non-polarized light. (b) Temperature-dependent IRRA spectra recorded after exposing ultrathin
ZnO bilayer to 1 L of D,0 at 110 K and then heating gradually to indicated temperatures.
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heating up to 160 K, complete desorption of multilayer D,O
molecules occurs (see Figure 1b). In this case, the ZnO surface is
covered only by chemisorbed 2-dimentional D,0 monolayer, as
confirmed by the typical 2729 cm™' band originating from the
dangling OD groups of adsorbed D,O. Interesting, the H-
bonded OD vibrations observed for the water monolayer at
110 K (see Figure 1a), are not detectable any more. This could
be explained by the formation of ordered superstructures of
chemisorbed water with H-bonded OD groups in a flat lying
geometry, as discussed below in detail. We note that an
ordered structure of the water adlayer cannot be formed at
110K due to the low mobility of water molecules.”**? The
monolayer D,0 molecules desorb completely after further
annealing to 220 K (see Figure 1b).

Importantly, the present IRRAS data did not show any
indications for OD bands at ~2710 cm™' (Figure 1), which are
typical for hydroxyl species resulting from water dissociation.
This finding suggests that unlike the macroscopic ZnO(1010)
surface,”” the graphitic ZnO bilayer formed on Ag(111) is
virtually inactive for water dissociation.

Using DFT, we modeled the adsorption of a water monomer
on the unsupported ZnO bilayer. Optimizing the free-standing
bilayer (with lattice parameters fixed to those of the Ag
support) in the hexagonal boron nitride structure leads to a
completely flat bilayer (Figure S2). This agrees with previous
theoretical results.”” In the most stable adsorption mode, the
water molecule is lying flat (see Figure 2). The adsorption
energy is —0.42 eV. A vibrational analysis showed three modes
at 2616.1 (—58.4), 1150.5 (—7.6) and 2739.5cm™" (—63.6 cm™),
where the frequency shifts (in parenthesis) are given with
respect to the gas phase molecule. Including the metal support
does not result in significant changes. On ZnO/Ag(111) the
adsorption energy becomes —0.43eV and the computed

frequencies are found at 2626.9 (—47.7), 1152.7 (—5.4) and
2750.5cm™ (—53.0 cm™'). The effect of the metal support on
the chemical properties of the supported bilayer is negligible.
Due to the flat lying adsorption mode, the vibrational
contributions perpendicular to the surface are negligible and
the vibrations of an isolated H,0 molecule (symmetric and
asymmetric stretching, bending) should not be detectable
experimentally due to the so-called surface selection rule.®”!

We also considered water dimers and we found two stable
structures (see Table 1 and Figure S3). The adsorption energy/
molecule for both dimer structures is considerably larger than
that for the monomer. Both isomers have two vibrational
modes with an important component perpendicular to the
surface. Of course, it is expected that other dimer structures
may exist with similar adsorption energies.

Ordered regular patterns of adsorbed water molecules have
been studied by Deng et al. for the case of ZnO/Au(111).” We
investigated one of the many possible water superstructures
with 3x3 periodicity (Figure 3). The adsorption energy is
—0.70 eV per water molecule, slightly larger than that for the
dimer structures. A vibrational analysis showed two modes at
27412 (—61.9) and 27150cm™' (—88.1cm™") as well as a
multitude of modes from 2150 up to 2650 cm™' typical for
hydrogen bonds. The absolute values of these frequencies
should be taken with care since hydrogen bonds often show a
strong anharmonicity, which is not included in our approach.

Table 1. Computed adsorption energy per molecule and vibrational
modes for the water dimer.

Isomer 1 Isomer 2
E,«/molecule [eV] —0.57 —0.64
v, [em™] 2747.7 (—55.3) 2754.4 (—48.6)
v, [cm™] 2730.9 (—72.1) 2737.4 (—65.7)

Figure 2. DFT-optimized structure of H,O monomer adsorbed on the ZnO
bilayer. Top: top view, bottom: side view. Color code: O (red), Zn (gray), H
(white).
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Figure 3. One of the possible superstructures of adsorbed water. The water
molecules form a regular hexagonal pattern as indicated by the dashed
lines. Color code: O (red), Zn (gray), H (white).
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The experimental results suggest that water does only
adsorb molecularly on the intact ZnO bilayer. To verify this, we
modeled dissociative adsorption on the unsupported ZnO
bilayer by placing an OD and a D fragments on top of a Zn and
O atoms of the surface, respectively. The calculations showed
no spin polarization and the formation of OD and H™
fragments (heterolytic dissociation). If the two fragments are
placed on neighboring O and Zn surface atoms, the optimiza-
tion leads to a spontaneous recombination with formation of
an intact water molecule.

Placing the D and OD fragments further apart (distance
~4 A), the adsorption becomes metastable with an adsorption
energy of +0.10 eV. In this structure, the OD fragment binds in
a bridge position to two Zn atoms of the surface. A DFT
vibrational analysis showed two modes at 2732.4 (—70.6) and
2689.1cm™ (—113.9cm™"). These results clearly show that
dissociative adsorption is unfavorable on the ZnO bilayer, in
line with the experimental observations.

The intact adsorption of water on the graphite-like ZnO
bilayer is further supported by co-adsorption experiments with
CO. For the ultrathin ZnO bilayer, after an exposure of 1L CO at
60 K, only one CO band at 2137 cm™' is detected in IRRAS
(Figure 4), indicating the presence of a uniform, defect-free ZnO
bilayer providing only one type of CO binding sites. After
heating to 110 K, CO is totally desorbed, as expected from the
rather low binding energy (0.24 eV).”® The spectra recorded
after exposure of monolayer D,O (0.2 L) at 110 K show two IR
bands at 2730 and 2560 cm™' (broad feature), which are
characteristic for H-bonded D,0 molecules. After subsequent
re-adsorption of 1L CO at 60K, the CO-related band at
2136 cm™" can still be observed, but with much lower intensity
(Figure 4a). However, the amount of CO adsorption remains
unchanged when the sample was subjected to exposing D,0 at

220 K (Figure 4b), demonstrating again the inactive properties
of the planar ZnO bilayer structure for water dissociation.

The DFT modeling of CO adsorption has been done for the
unsupported bilayer since we have seen that the effect of the
Ag(111) support on the oxide thin film is small, if any. CO binds
to the zinc atoms exposed at the oxide bilayer surface with
d;.c=2.54 A (Figure S4) and an adsorption energy of —0.21 eV
(coverage of 0='/,). The CO Vvibrational frequency is
21345 cm™' with a shift of +9.0cm™' compared to the gas
phase. In our previous work,”® we have found a coverage-
induced frequency shift for the CO stretching vibration, ranging
from 2138 cm™' (=5 cm™") at high coverages to 2146 cm™' (+
3cm™) at low coverages. This is attributed to the lateral
adsorbate-adsorbate interactions.”” The computed frequency
for adsorbed CO (the distance between two CO molecules is
9.9 A) is in good agreement with the IR observation.

2.2. Adsorption of D,0 on ZnO Clusters Supported by ZnO
Bilayers

The thicker films were prepared via prolonged oxidation of
AgZn(111) at 600 K for 40 min, yielding an average thickness of
4.4 A, only slightly higher than that (3.4 A) of a flat ZnO bilayer
(for details see Ref. [28]). Our IRRAS investigations using CO as a
probe molecule revealed the subsequent growth of small ZnO
clusters on the well-ordered ZnO bilayer surface (Figure S1).
While the latter structure showed a sharp CO band at
2138 cm™, the supported ZnO clusters was characterized by a
weak and broad CO vibration at much higher frequency
(2184 cm™).® It should be emphasized that the 2184 cm™
feature was observed only for thickness of ZnO above 2
monolayers. This finding provided spectroscopic evidence for
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Figure 4. IRRA spectra obtained by exposing the ultrathin ZnO bilayer to 1 L CO at 60 K, 0.2 L D,0 at (a) 110 K, (b) 220 K and first 0.2 L D,O and then 1L CO at

60 K, respectively.
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the formation of ZnO clusters on the closed, planar ZnO bilayer
surface.

When small ZnO clusters are formed on the graphitic ZnO
bilayer, the interaction with water changes drastically. As shown
in Figure 5a, after an exposure of 1 L D,0 at 250 K, the spectrum
exhibits two high-frequency vibrational bands at 2712 and
2664 cm™'. They are assigned to stretching vibrations of
hydroxyl species resulting from water dissociation. The IRRAS
thermal desorption spectra (Figure 5a) provide further evidence
for the formation of two surface hydroxyl groups via dissocia-
tive adsorption of water. Both OD bands exhibit a rather high
thermal stability and are visible even at 450 K (see Figure 5b).

Interestingly, after D,O adsorption a weak band appears at
2200 cm™' (Figure 5a) and remains unchanged in frequency
when exposed to H,'"®0 or D,'®0 (not shown here), demonstrat-
ing that this band is not related to hydroxyl vibrations. We
assign this band to the excitation of multiple Fuchs-Kliewer
phonons (lattice Zn—O vibrations).?® In a previous HREELS
study, the fundamental surface phonon mode for wurtzite ZnO
crystals was observed at ~555 cm™', with the corresponding
overtones located at about 1110, 1665 and 2220 cm "B This
assignment also explains the unusual peak profile, with
negative wings on the left and on the right side. The observed
slight red-shift to 2200 cm™' relative to the EELS data can be
explained in terms of the change of the surface phonons of the
ZnO clusters (NOT the ZnO bilayers) due to the dissociative
adsorption of D,0 forming Zn-OD species. It should be noted
that the surface phonons of the flat, graphitic ZnO bilayers and
the small ZnO clusters formed on them should be different
from those of wurtzite ZnO crystals due to the structure
modifications.

(a)
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The assignment of various hydroxyl species is aided by
isotopic substitution measurements with H,'®0 (Figure 6), in
which two IR bands at 3675 and 3610 cm™' show the expected
isotope shift of 1.36 with respect to the corresponding '*OD
bands. In order to unambiguously identify the two OD species,
further experiments with isotopically labeled D,'®0 were
performed. After D,'®0 adsorption on ZnO clusters (Figure 6),
two OD vibrations were seen at 2695 and 2664 cm™'. Note that
the weak signal at 2712 cm ™' is due to the existence of a trace
amount of D,®0. The 2695 cm™' band red-shifts by 17 cm™'
with respect to the '®OD vibration at 2712 cm™', whereas
another one at 2664 cm™' does not change in frequency. These
observations clearly prove that the IR band at 2664 cm™ is
attributed to '®OD species formed via D transfer from D,'®0 to
the surface lattice oxygen ('°0O,D), while the 2695 cm™' band
originates from '0OD groups created by D,0 dissociation
('®*0,D) (see Figure 6). This is quite different from the case of
partial dissociation of water on the wurtzite-type ZnO(1010)
single crystal surface.®” In addition, a minor hydroxyl species
was resolved in the deconvoluted spectra (the blue one in
Figure 6). This hydroxyl species could be formed via the
dissociative adsorption of water on different Zn sites exposed
by ZnO clusters, as supported by DFT simulations.

The full dissociation of water on ZnO clusters formed on
graphitic ZnO bilayer at 250K is further confirmed by the
corresponding grazing-emission XPS data of O 1s core level
(Figure S5). In addition to the lattice O-related signal at
530.1 eV,"" the second component at 531.7 eV is characteristic
for the presence of hydroxyl groups.**' Furthermore, no D,0-
related O 1s peak at ~533 eV was detected, indicating the full
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Figure 5. (a) Temperature-resolved IRRAS data recorded after exposing (A) ZnO bilayer-supported ZnO clusters to 1 L of D,0 at (B) 250 K and heating gradually
to (C) 300 K, (D) 350 K, (E) 400 K, (F) 450 K. (b) Relative intensity of different peaks as a function of sample temperature.
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Figure 6. Comparison of IRRAS spectra recorded after exposing ZnO bilayer-
supported ZnO clusters to 1 L of H,'°0, D,'°0 and D,"®0 at 250 K. The spectra
were deconvoluted by fitting individual components with Gaussian curves.

dissociation of water on ZnO clusters, in excellent agreement
with the IRRAS observation.

Overall, the combined IRRAS and XPS results demonstrate
that the small ZnO clusters formed on well-ordered ZnO
bilayers account for the high reactivity of Ag(111)-supported
ZnO thin films for water dissociation. This could be attributed
to the presence of under-coordinated Zn and O atoms exposed
at the edges of ZnO clusters, as corroborated by DFT
calculations.

In order to construct DFT models of the ZnO clusters we
started from the STM observation that the ZnO islands grow
with a triangular shape.”>*! We focused on the edges of these
islands. There are two different types of (regular) triangles
possible, and the edges consist either of a) three-coordinated
oxygen, O, and four-coordinated zinc, Zn,, atoms or b) four-
coordinated oxygen, O,, and three-coordinated zinc, Zn,,
atoms. Triangular islands are difficult to model since they are
non-stoichiometric (see Ref. [46] for an in-depth analysis on the
structure of different islands in ZnO/Ag(111)). We used two
stoichiometric islands to model the experimental shape (see
Figures S6, S7 and Supporting Information).

atoms are involved in the binding process. The small rumpling
in the third ZnO layer does not significantly affect the
adsorption energy (—0.35 eV on bilayer, —0.42 eV on top of the
island) as well as the geometry of molecular adsorption. In this
respect, also the vibrational modes are not expected to change.
Dissociative adsorption on neighboring atoms leads to a
spontaneous recombination; dissociated water can be stabilized
only if the fragments are moved away from each other. This
adsorption mode on top of the island has an adsorption energy
of —0.38 eV (+0.10 eV on the bilayer).

For the adsorption on the edges of the ZnO islands we
considered the two types of edges and we placed an OD and D
fragment on neighboring Zn and O atoms (see Figure 7 and
Table 2). When the OD is adsorbed on top of Zn,. it forms a
bridging species (Figure 7a). This behavior is not found if the
OD fragment is adsorbed on the edge with Zn,. (Figure 7b). The
adsorption energies for both modes are comparable, about
—1.1 eV, and a small difference is found in the v(O,,+D), roughly
15 cm™', Table 2. The adsorption energy is considerably higher
than the molecular adsorption of a water monomer, dimer, and
superstructure on the ZnO bilayer and of the dissociated
species on top of the island. The higher adsorption energy is
consistent with the high thermal stability of the experimental
signals (see Figure 5).

At the tip of the ZnO triangular islands one can see the
presence of Zn,. and O,. atoms. To simulate this case, we used
a smaller island model (see Figure 7c). Adsorption of D and OD
fragments on both under-coordinated atoms leads to an
adsorption energy of —1.79 eV, considerably higher (in absolute
terms) than what found for the edges, —1.15eV. Although
these sites are more reactive, these species will be a minority
because there are only three tips per ideal triangular island,
hence a small number of Zn,. and O, sites. We repeated these
adsorption modes on the Ag supported ZnO films, but once
more we did not find a considerable effect of the support on
the chemistry of the system.

Overall, there is a good agreement between experiment
and theory in both frequencies and binding energies of various
hydroxyl groups formed by water dissociation at under-
coordinated Zn and O atoms exposed by supported ZnO
clusters at the edges and corners. Furthermore, the IR spectra
show that the O,D-related vibration at 2664 cm™' is much less
intense than the 2712 cm™ band (see Figure 5). This finding
corresponds more likely to water dissociation on the edges
exposing Zn,. and O;. atoms, as shown in Figure 7a. In this
case, the Zn,-OD group adopts a nearly perpendicular geome-
try whereas the O,D species is oriented more parallel to the
surface.

Table 2. Computed adsorption energies and vibrational frequencies for the adsorption of dissociated water on the edges of the unsupported islands.
Adsorption site E.q [eV] v (Zng—0-D) [cm™] v (OgD) [cm™]
(Zn,),—OD and O;—D -1.12 2754.6 (—48.5) 2702.6 (—100.5)
Zn,—OD and O,—D —1.15 2752.6 (—50.4) 2688.7 (—114.4)
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Figure 7. DFT-optimized structures of dissociated water (a) on the edge with four coordinated Zinc atoms (Zn,.) and three coordinated oxygen atoms (O,,); (b)
on the edge with three coordinated Zinc atoms (Zn,) and four coordinated oxygen atoms (O,); (c) on the tip of an island with Zn,. atoms and O, atoms. Left
panel: top view, Right panel: side view. For clarity, the atoms in the bilayer are displayed smaller and with less saturated colors. Color code: O (red), Zn (gray),

H (white).

2.3. Coadsorption of D,0 and CO on ZnO Bilayer-Supported
ZnO Clusters

The high reactivity of ZnO clusters is further supported by the
co-adsorption experiments with CO as a probe molecule
(Figure 8a and b). Two CO vibrational bands at 2136 and
2184 cm™' are observed after CO adsorption at 56 K (Figure 8b),
which are characteristic for the coexistence of graphitic ZnO
bilayer and thicker ZnO islands, as discussed below. The weak
and broad feature at 2184 cm™' compared to CO adsorbed on
well-ordered ZnO single crystals indicates the formation of
irregular, small ZnO clusters. The CO bands disappear com-
pletely after heating to 220 K. Upon a subsequent exposure of
1L D,0 at 220K the spectrum (Figure 8a) shows clearly two
individual hydroxyl groups at 2712 (**0,D) and 2664 cm™
(*0,D) as well as the Zn-OD phonon vibration at 2203 cm™".
Given that the graphitic ZnO bilayer is inactive for water
dissociation, after D,O pretreatment at 220 K only the ZnO
clusters are occupied by reacted OD species whereas the ZnO

of islands. These are characterized by either Zn,. and O;. or Zn,,
and O, sites, Figure 9 and Table 3.

Both adsorption modes show a significant tilt of CO towards
the surface, especially for the adsorption on Zns. The
adsorption energy on Zn, is only 0.05 eV larger than on the
bilayer. The vibrational frequency of CO on Zn,. shows a red-
shift of —12.5 cm™" while a blue-shift of +-9.0 cm™' is found for
the bilayer. On the Zn,  edge sites the adsorption energy is
—0.47 eV and the CO stretching mode shows a blue-shift of
+325cm™.

Next, we considered CO adsorption on top of the islands
(Figure S8 and Table 3). Due to the limited size of the model, all
these sites are close to the edges of the island. It is apparent
that on the terraces of the islands, while the adsorption
energies are similar, the vibrational shifts change as a function
of the chemical environment and of tilt angle of the CO

. . . . . Table 3. Computed adsorption energies and vibrational frequencies of CO
bilayer remains uncovered and is available for CO adsorption. adsorbed at the ZnO islands.
Indeed, after readsorption of CO at 56 K (see Figure 8b), the Reai " E o eV] (€O) [em-]
. R . egion site ds [€ v cm
ZnO bilayer-related CO vibration at 2136 cm™' does not change ° ¢
in intensity whereas the 2184 cm™' band vanishes completely. Ejge i”k *g-ig ;};Z«g 5*1322‘55))
1 ge N3 —0. .0 (+32.
To further analyze the broad CO band at 2184 cm™', we Terrace Zn(1) 023 21100 (—15.5)
modeled the adsorption of CO on top as well as on the edges Terrace Zn(2) —0.34 2161.2 (+-35.7)
Terrace Zn(3) —0.30 2153.2 (+27.8)
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Figure 8. IRRA spectra obtained by exposing ZnO clusters supported on ZnO bilayer to 1 L CO at 56 K, 1 L D,O at 220 K, and first 1 L D,O at 220 K and then 1L

CO at 56 K, respectively. (a) Region of OD vibrations; (b) region of CO vibrations.
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Figure 9. DFT-optimized structures of CO binding to (a) a four-coordinated
Zn atom (Zn,.) and (b) a three-coordinated Zn atom (Zn, ) at the edges of an
ZnO island. Color code: O (red), Zn (gray), C (brown).

molecule which is tilted by about 25° for adsorption site 1, by
8° on site 2 and 18° on site 3. The heterogeneity of the sites
reflects the small size of our models of the islands.

To model adsorption on top of bigger islands we used a
new model formed by three Zn—0 layers. Here CO adsorbs with
an adsorption energy of —0.25 eV similar to that found on the
bilayer (—0.21 eV). The CO vibrational mode experiences a blue
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shift of +-20.8 cm™' (+9.0 cm™' on the bilayer). This shows that
the adsorption of CO on top of thicker ZnO islands can result in
a sizable blue shift in the CO stretching mode without the need
to assume that a transition to the wurtzite structure has
occurred. This is consistent with a recent theoretical analysis"”
that showed that for free-standing ZnO films, a flat graphite-like
morphology is preferred up to 10 layers, where a transition to
wurtzite-like structures occurs. On Cu(111), a slightly corrugated
graphitic structure is obtained for ZnO films up to 4 layers. For
thicker films, the rumpling becomes substantial and a phase
transition to wurtzite takes place. This suggests that three-layers
thick ZnO islands are not yet sufficient to reach a transition to a
wurtzite structure.

A closer analysis of the IRRAS data shows that CO
adsorption on the hydroxylated ZnO clusters leads to a
significant attenuation of the OD bands at 2712 and 2664 cm™'
(Figure 8a). Simultaneously, a broad IR feature at about
2630 cm™' and a shoulder at 2157 cm™ are unambiguously
resolved. The 2157 cm™' band is attributed to CO weakly bound
to acidic OD groups,”” which should account for the red shift in
frequency observed for the OD vibrations, as corroborated by
DFT calculations (see below). Overall, these results provide
evidence that the small ZnO clusters with under-coordinated Zn
and O atoms at edges and corners are responsible for the
extremely high reactivity for water dissociation.

The temperature-dependent IRRAS data, obtained for CO
adsorption on D,0O pre-treated sample (see Figure 10a), allow
gaining insight into the thermal stability of various CO species.
Based on a quantitative analysis of the IR data (Figure 10b) and
assuming a pre-exponential factor of 10s', the binding
energy of CO adsorbed on graphitic ZnO bilayer (2135-

© 2020 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 10. (a) Temperature-dependent IRRAS spectra recorded after exposing ZnO bilayer supported ZnO clusters first to D,O at 220 K and then to 1 L CO at
56 K. The sample was heated gradually to 100 K. (b) Normalized intensity of the different bands as a function of sample temperature.

2147 cm™') was determined to amount to 0.23 eV (22 kJ/mol). In
addition, the shoulder at 2157 cm™ disappears upon heating
slightly to 75K, revealing a very weak interaction of CO with
hydroxyl groups via H-bonding (OC---HO), as observed for CO
adsorption on the hydroxylated O-terminated ZnO(0001)
surface.l*®

Finally, in order to unambiguously identify the CO species
bound to hydroxyl groups, additional experiments on the ZnO
(1010) single-crystal surface were performed. Figure S9 presents
the corresponding IRRAS results recorded at 75K, in which an
intense band at 2157 cm™ is clearly observed, affirming the
vibration of CO species adsorbed on surface hydroxyl groups.
Again, this band disappears completely at around 80K,
revealing that CO is weakly bound to hydroxyl groups. More
importantly, the OD stretch vibrations show a CO-induced red
shift in frequency from 2711 to 2691 cm™, in line with the
observation on ZnO clusters.

To model CO and D,O co-adsorption in DFT we chose as a
starting point the dissociated D,O adsorbed at the edges of the
island. Then we added a CO molecule on top of the OD and D
fragments and carried out a vibrational analysis (Figure 11 and
Table 4). The adsorption energies of CO on an OD group vary
from weak bonding (isomers 2 and 3) to comparable strengths
of the adsorption of CO on a surface Zn atom (isomers 1 and 4).

The CO stretching frequency is either blue-shifted (isomers 1-3)
or does not change (isomer 4) while the OD stretching always
experiences a strong red shift. Of course, the studied isomers
represent only a small fraction of the possible structures.
Nevertheless, the results are consistent with the experimental
observations, and point to the formation of OH--CO surface
complexes at the borders of the ZnO islands.

3. Conclusions

Taken together the experimental and theoretical results allow
to draw a rather concise picture of the chemical reactivity of
ZnO bilayers supported on Ag(111) substrates as well as of
small ZnO clusters grown on top of these bilayers. In contrast to
the bulk wurtzite ZnO(1010) surface, where the strong
interaction leads to a partial dissociation of water molecules,®?
the interaction between the graphitic ZnO bilayers and water is
rather weak. Both, experiment and theory suggest that water
adsorbs in an associate fashion on the well-ordered planar ZnO
bilayers.

A rather different scenario is encountered when small
clusters or islands of zinc oxide are formed on the surface of the
rather inactive ZnO bilayers. The theoretical results reveal that

Table 4. Computed adsorption energies and vibrational frequencies of the co-adsorbed CO molecule from DFT calculations. The CO frequency is compared
to the gas-phase value, the OD shift is referred to the OD group without adsorbed CO.

Adsorption type Fragment E.qs [eV] (of CO) v (CO) [cm™"] v (OD) [cm™"]

Isomer 1 D —0.29 2164.8 (+39.3) 2505.4 (—183.3)

Isomer 2 oD —-0.13 2138.7 (+13.3) 2708.8 (—45.8)

Isomer 3 oD -0.17 2145.7 (+20.2) 2684.5 (—68.2)

Isomer 4 D —0.27 2125.2 (—0.3) 2648.4 (—54.1)
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(a) !

Figure 11. DFT-optimized structures of CO co-adsorbed to different OD groups formed via D,O dissociation on ZnO clusters, (a) isomer 1; (b) isomer 2; (c)

isomer 3; (d) isomer 4. Color code: O (red), Zn (gray), C(brown), H (white).

the structure of the ZnO clusters is quite different from that of
the flat ZnO bilayer. The computed frequencies and binding
energies for different CO species are in good agreement with
those observed in IRRAS. Importantly, the chemical activity of
these ZnO clusters is much higher than that of the bilayers as
demonstrated by the fact that after exposure to water at 250 K,
hydroxyl vibrations are clearly observed in the experimental
infrared data. The dissociation of water on ZnO clusters, which
appears to occur with a small activation barrier, is confirmed by
the DFT calculations. The '®OH/'*0D/"®0D species formed in this
process were identified directly by the corresponding stretching
frequencies but also by the red shift in frequency upon CO
adsorption on these acidic OH groups via H-bonding. The
under-coordinated O and Zn atoms at the edges and corners
account for the significantly enhanced reactivity of small ZnO
clusters formed on the graphitic ZnO bilayers.

Experimental and Theoretical Section

Experimental Methods

The in situ IRRAS experiments were performed in an advanced UHV
apparatus, which combines a state-of-the-art FTIR spectrometer
(Bruker Vertex 80v) with several other surface-sensitive techniques
(XPS and LEED).* The innovative design not only allows us to
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record IRRAS data at grazing incidence on model oxide catalysts,
but also enables transmission IR experiments on oxide powders
supported on an inert metal mesh. This apparatus has been
optimized for sensitivity and allows to reliably detect absorbances
as low as 1x107°, a prerequisite for detecting the vibrational
signatures of adsorbates on oxide single-crystal substrates."**"

The clean AgZn(111) single-crystal surface (Ag/Zn ratio 9:1) was
prepared by cycles of Ar* sputtering (1.5 kV, 10 mA, 1x10°° mbar)
at 300 K and subsequent annealing at 420 K. The cleanliness and
oxidation states of the sample were monitored by XPS equipped
with a Scienta R4000 electron energy analyzer. The ZnO thin layers
grown on the AgZn(111) substrate were prepared by oxidation of
the clean AgZn(111) surface in O, atmosphere (1x107° mbar) at
different temperatures for different periods of time. The thickness
of ZnO adlayers was determined based on a quantitative analysis of
the Zn 2p,, and Ag 3ds,, XPS signals (for detailed analysis please
see Ref. [28]).

Exposure to CO at 60 K (cooling with liquid helium) as well as water
(H,'0, D,'®0 and D,™0) at 110 K (cooling with liquid nitrogen) was
carried out by backfilling the IR chamber using a leak-valve-based
directional doser connected to a tube (2 mm in diameter) that
terminated 3 cm from the sample surface. The purity was 99.0 % for
D in D,0. Additional purification of H,O and D,0 was achieved by
repeated cycles of freezing, pumping and thawing. IRRAS data were
accumulated by recording 1024 scans with a resolution of 4 cm™".
Prior to each exposure, a spectrum of a clean sample was recorded
as a background reference. Exposures are given in units of
Langmuir (L) (1L=1.33x10"° mbar s). The binding energy of
adsorbed CO species was estimated based on temperature-depend-

© 2020 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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ent IRRAS data using the Redhead equation®" assuming a pre-
exponential factor of 10 s

Computational Details

We carried out the DFT calculations using the Vienna Ab-Initio
Simulation Package (VASP).F**® The projector augmented wave
(PAW) method®™*? was used to describe the interactions
between the core electrons and the nuclei. We applied the
Perdew-Bruke-Enzerhof (PBE) exchange-correlation functional.™®
The valence electrons (Ag(5 s, 4d), Zn(3d, 4p), C(2 s, 2p), O2's,
2p), H(1 s)) were treated explicitly. We relaxed all structures until
the residual forces on each atom were below 0.02 eV/A. We use
a kinetic cutoff energy of 400 eV for the surface models. We
kept a vacuum distance of at least 20 A to reduce interaction
between slabs.

The lattice parameter of fcc-Ag has been relaxed with a
kinetic energy cutoff of 600 eV. The result is a=4.079 A, in
good agreement with the experimental result, 4.0857 A"
(0.16% deviation). It has been shown that the ZnO bilayer in
hexagonal boron nitride structure forms a superlattice, where a
7% 7 bilayer of ZnO interacts with a 8 x8 Ag(111) surface.”?

To reduce computational cost, we considered an unsup-
ported bilayer of ZnO, where the lattice parameters are scaled
according to the results obtained for the same layer on a silver
support. We also considered a supported model, where a
bilayer of ZnO binds to four layers of the silver support, ZnO/Ag
(111). However, previous studies showed that the metal support
does not affect the surface chemistry significantly.”” In a related
study of ZnO on Au(111) the adsorption energy of a water
monomer changed by 0.4 kcal/mol by adding the metal support
to the model.”

Optimizations on the big surface model (7x7 ZnO on 8x
8 Ag(111)) were carried out on the I'-point; optimizations of the
small surface model (3x3 ZnO) were done using a 2x2x1 k-
point grid. For the unsupported case we employed two
different sizes for the bilayer model. We used a 3x3 model for
the bilayer and a 7x 7 supercell to model the third-layer islands.
Due to the 7x7 ZnO/8x8 Ag(111) superlattice we could only
use the bigger model for the supported case.

All calculated frequency shifts are given with respect to gas
phase molecules. For D,0, unless otherwise stated, we used the
asymmetric stretching vibration v;,.(gas phase)=2803.0cm™
and for CO Vo, cac=2125.5 cm ™. The frequencies have not been
scaled. A negative adsorption energy indicates an exothermic
process.
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