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ABSTRACT Layered cobalt oxides have been shown to be highly active Low oxygen pressure High oxygen pressure
catalysts for the oxygen evolution reaction (OER; half of the catalytic “water
splitting” reaction), particularly when promoted with gold. However, the
surface chemistry of cobalt oxides and in particular the nature of the
synergistic effect of gold contact are only understood on a rudimentary

level, which at present prevents further exploration. We have synthesized a

model system of flat, layered cobalt oxide nanoislands supported on a

0O
VOV

tion spectroscopies and density functional theory calculations, we provide a detailed analysis of the relationship between the atomic-scale structure of the

VOV
VOV

single crystal gold (111) substrate. By using a combination of atom-

resolved scanning tunneling microscopy, X-ray photoelectron and absorp-

nanoislands, Co oxidation states and substrate induced charge transfer effects in response to the synthesis oxygen pressure. We reveal that conversion from
o> to Co*™ can occur by a facile incorporation of oxygen at the interface between the nanoisland and gold, changing the islands from a Co—O0 bilayer to
an 0—Co—O0 trilayer. The 0—Co—O0 trilayer islands have the structure of a single layer of /3-CoO0H, proposed to be the active phase for the OER, making
this system a valuable model in understanding of the active sites for OER. The Co oxides adopt related island morphologies without significant structural
reorganization, and our results directly demonstrate that nanosized Co oxide islands have a much higher structural flexibility than could be predicted from
bulk properties. Furthermore, it is clear that the gold/nanoparticle interface has a profound effect on the structure of the nanoislands, suggesting a possible
promotion mechanism.
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highly promising new technology for

the production of clean, renewable
fuel. However, in order to be commercially
viable, efficient catalysts are needed for the
two half reactions: oxygen evolution (OER)
and hydrogen evolution. The OER is a parti-
cular challenge, with few materials showing
significant activity for this reaction, the
majority of which are noble metal oxides.
Cobalt oxide is one of the few non-noble
metal oxides which shows significant cata-
lytic activity for water oxidation in alkaline
solution.'? A key barrier to development of
better OER catalysts is a lack of understand-
ing of the surface chemistry of the active
phase for OER. Cobalt can form several
oxides, containing different formal cobalt

Electrochemical water splitting is a
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valencies and coordinations, leading to
large differences in activity. In previous
reports of OER, the starting material is often
the spinel Cos0, phase, displaying complex
surfaces exposing tetrahedrally coordi-
nated Co®>" and octahedrally coordinated
Co>" species. However, it has been recently
revealed that the active phase in electro-
chemical water oxidation is in fact so-called
[3-CoOOH, consisting of O—Co—0 layers
with intercalated hydrogen, where the
edges are the active sites for the OER37
Creating model systems which mimic the
properties of this phase and using these
models to search for the active sites of these
materials is crucial for the rational design of
cobalt oxide OER catalysts. It has also been
reported that there are synergistic effects
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between gold and cobalt oxide, with the presence of a
gold/cobalt oxide interface greatly enhancing OER
activity;>” however, no consensus has been reached
on a mechanism for this effect. Furthermore, the
detailed structure of cobalt oxide particles on the
nanoscale is known to influence activity, but the role
of nanoparticle edges and atomic defects, which often
control catalytic activity, have also not been explored.

In this study, we synthesized cobalt oxide nanois-
lands on a single crystal surface, Au(111), by physical
vapor deposition of cobalt in an oxygen environment
and subsequent annealing in the same environment.
This method allowed us to systematically investigate
the structure and composition of the nanoislands as a
function of oxygen pressure and temperature using a
powerful combination of scanning tunneling micro-
scopy (STM) (for direct, real space imaging of the struc-
ture) and X-ray photoelectron and absorption spectros-
copies (XPS and XAS) (providing information about the
composition, oxidation states and surface chemistry of the
nanoislands). To further our understanding at the atomic
level, thin films of cobalt oxide supported on Au(111) were
modeled using density functional theory (DFT).

Gold was chosen as substrate here so that we could
explore the synergistic Au/cobalt oxide interaction and
its implications for the catalytic behavior of the resul-
tant nanoislands. Gold is also an excellent substrate for
model catalyst studies as (non-nanostructured) gold is
catalytically inert, allowing the catalytic properties of
the islands and the gold/island interface to be easily
determined in future studies. The (111) surface was
chosen as the “herringbone” reconstruction facilitates
the creation of well-dispersed nanoislands by provid-
ing a regular array of nucleation sites for Co.2° Thin
films of cobalt oxide on Ir(100) crystals have been
extensively studied,’® "2 cobalt oxide has also been
investigated on Pd(100)'® and Pt(111)'* and there
have been some investigations into cobalt oxide on
Au(111),">~17 but to date no analysis of atomic-scale
structure of cobalt oxide nanoislands as a function of
oxygen pressure has been carried out.

The key finding from our work is that the synthesized
Co oxide islands on gold are remarkably structurally
flexible during an increase in the formal oxidation state
from Co®" to Co®*. As the synthesis oxygen pressure is
increased, the structure of the islands changes from a
Co—O bilayer with 2+ cobalt to an O—Co—O trilayer
with 3+ cobalt, the same structure as a single layer of
B-CoOOH. We propose that this structure is stabilized
due to charge transfer from the gold to the nano-
islands. We propose this will be of great interest as a
model system in the search for the active sites of cobalt
oxide-based OER catalysts.

RESULTS AND DISCUSSION

Our synthesis procedure consisted of electron beam
evaporation of cobalt onto the Au(111) surface in an
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oxygen environment and a postanneal of the crystal in
the same oxygen pressure. We have explored the
synthesis procedure for different postanneal tempera-
tures and oxygen pressures. The best synthesis proce-
dure was found for a postanneal temperature fixed at
523 K, and all syntheses at this temperature produced
well-dispersed, crystalline nanoislands of cobalt oxide
located on the terraces of the Au(111) surface. Post-
anneal temperatures lower than 473 K were observed
to be insufficient to produce crystalline nanoislands
and those above 673 K caused coalescence of the
nanoislands into large, poorly crystalline structures.
Between these two temperatures, there was no
obvious temperature dependence on the nanoisland
morphology. In contrast, the oxygen pressure during
synthesis had a dramatic effect on the nanoisland
morphology, with abrupt structural changes observed
within a narrow range of oxygen partial pressures. The
strongest effect is seen between two pressure regimes,
“low” oxygen pressure (1 x 107° mbar) and “high”
oxygen pressure (1 x 107> mbar).

Low Oxygen Pressure: Stoichiometric Co0 Islands. At the
low oxygen pressure (1 x 107 mbar), the surface is
covered with atomically flat, 5—10 nm wide nano-
islands with two distinct apparent heights (1.7 +
0.2 A or 40 £+ 0.2 A) and appearances (Figure 1a).
Hereafter these will be referred to as Type A and Type B
islands, respectively. Both nanoisland types show a
truncated hexagonal morphology. Figure 1b,c show
atomic resolution STM images of both types of nano-
island and reveal that the surface atoms are arranged
in a regular lattice with hexagonal symmetry. As both
stable bulk phases of cobalt oxide (CoO and Co30,4)
have a cubic unit cell, the hexagonal packing of the
surface atoms is only compatible with a (111) surface.
Measurements of the interatomic spacing on both
types of islands show a periodicity of 3.3 & 0.1 A with
no significant distortion within the basal plane and
no dependence on the crystallographic orientation.
This surface periodicity is inconsistent with a spinel
C0304(111) surface. The Co304(111) surface can display
a variety of terminations, but only one of the bulk
truncated surfaces results in a regular hexagonal
periodicity, the Co®" terminated surface. However,
the periodicity of the Co®" surface is 5.7 A,'® far larger
than our observed periodicity. The other spinel sur-
faces display a kagome lattice structure (Co* ter-
minated) or a significantly distorted hexagonal struc-
ture (O terminated)." The observed surface periodicity
is closer to the expected spacing for the rocksalt
CoO(111) surface, which displays a regular hexagonal
lattice with a 3.02 A periodicity in the close packed
directions. Moreover, the difference in apparent
heights between the two particle types is 2.3 +
0.2 A which is similar to the repeat unit distance
between (111) layers in rocksalt CoO(111), 2.46 A, but
far too small for Co30,4(111) (4.67 A)."® At this point it is
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Figure 1. Cobalt oxide nanoislands on Au(111) synthesized at 1 x 10~® mbar oxygen pressure. (a) Large scale STM image showing
distribution and morphology of Type A and Type B nanoislands and different nanoisland types (V = —558 mV, | = 0.36 nA).
Graph shows an apparent height profile along the dotted line. (b) Zoomed-in atom-resolved STM image of a Type A nanoisland
(V= —386 mV, /| =0.50 nA). (c) Zoomed-in atom-resolved STM image of a Type B nanoisland (V = —174 mV, | = 0.70 nA).

important to emphasize that care should be used when
using apparent heights of features measured in STM as
the STM image is a convolution of topographic and
electronic effects.?® When measuring the height differ-
ence between two dissimilar materials (Au and cobalt
oxide in this case) significant deviations from real
heights can be observed. However, the height differ-
ence between the two types of nanoisland (as they are
both cobalt oxide) should be less strongly affected by
electronic contributions and therefore closer to a real
height difference. It was found that the apparent
height of the nanoislands was essentially bias inde-
pendent at biases < —750 mV, and all reported appar-
ent height measurements were taken in this bias
independent regime. Previous STM investigations of
thick Co30, films demonstrate a 5.7 A in plane period-
icity and a 4.67 A minimum step height.'® We therefore
conclude that the Type A and B structures are single
and double layer CoO(111)-like islands, respectively,
although with a significant relaxation of the surface in-
plane atomic spacing.

A striking feature common to both types of nano-
island is a regular array of diffuse protrusions with the
same hexagonal symmetry as the surface atoms (see
Figure 1b,c) but much longer range periodicity. This is a
moiré pattern formed from overlaying and/or rotating
two dissimilar lattices, seen on many other heteroepi-
taxial films.""'%222 |t differs between the two particle
types. In the Type Aislands, it has a periodicity of Ayypen =
37 4 2 Aand displays a slight rotation with respect to the
atomic lattice of O¢ypen = 8 &= 2°. The moiré corrugation is
weak and only just visible over the corrugation due to
the surface atoms (0.11 £ 0.02 A). In the Type B the
moiré periodicity is shorter, (Aypes = 31 £ 2 A) and no
rotation is observed between the moiré pattern and the
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atomic lattice Oyypeg = 0°. Here, the moiré corrugation is
much stronger (0.28 + 0.03 A). The reduction in moiré
periodicity between Type A and B islands could reflect
a slight expansion of the in-plane lattice constant
between Type A and B which our measurements are
not precise enough to detect.

Expansion of the in-plane lattice constant of ultra-
thin heteroepitaxial oxide films relative to bulk values
is a commonly observed phenomenon, occurring
with, for example, FeO, CoO and ZnO on various
substrates."*?3?* A common interpretation is that this
reduces the surface dipole by moving the oppositely
charged metal and oxygen layers closer together,
necessitating an in-plane expansion. It should be men-
tioned that nanoscale cobalt oxide can also adopt the
wurtzite crystal structure®® and that thicker rocksalt
CoO films are found to be terminated with a pseudo-
morphic wurtzite layer.?® This is also believed to com-
pensate surface polarity as the Co—O spacing can be
much closer in wurtzite than in rocksalt.'*

Taking into account the observations regarding the
apparent height and interatomic periodicity of the top
layer for the Type A and B islands, we propose the
following model for the islands' structure: the Type
A consist of one bilayer (i.e.,, one Co—O unit) of rocksalt
CoO(111) with a significantly expanded lattice constant
of 3.3 £ 0.1 A. The Type B are higher and therefore are
interpreted as double bilayer islands (two Co—O units).
The change in moiré periodicity and apparent moiré
corrugation are indicators of both structural and elec-
tronic changes within the island, so we propose that the
thicker Type B films are in fact wurtzite rather than rock-
salt structure (with tetrahedral cobalt coordination rather
than octahedral) in accordance with recent observations
of two-layer CoO on both Pt(111) and Ir(001)."**” Ball
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Figure 2. Cobalt oxide nanoislands synthesized at 1 x 10~ mbar oxygen pressure. (a) High defect density Type A particle
(—508 mV 0.41 nA). (b,c) Type C islands in atomic resolution (—321 mV, 0.53 nA, —691 mV, 0.40 nA).

models of the proposed Type A and B structures are
shown in Figure 3a,b. Detailed first-principle calculations
of these and additional structures are performed to test
our hypothesis, see discussion below.

A further noteworthy difference between the two
particle types is that Type A nanoislands also possess a
low density of linear features (Figure 1b) not seen in the
Type B islands. We interpret these as oxygen adatom
line dislocations as observed in FeO ultrathin films,
which form as a result of an additional strain release
mechanism.?® The structure and dynamics of the line
dislocations will be discussed in detail in a forthcoming
publication.

High Oxygen Pressure: Oxygen Rich Islands. Increasing the
oxygen pressure during synthesis to 1 x 107> mbar
caused large changes in the resultant islands which
restructure in order to accommodate more oxygen.
Type A nanoislands with a high density of linear features
were still present in small numbers (Figure 2a), but a
third distinct nanoisland morphology is now the major-
ity structure present (Type C, see Figure 2b,c). The Type
Cislands had an apparent height in between that of the
Type A and B islands of 2.9 4 0.2 A. There were also a
small number of islands with the same morphology
as Type C but a significantly larger apparent height of
5 + 02 A. The surface of the Type C islands was
extremely corrugated, even more so than the Type B
islands (0.59 + 0.07 A). The interatomic spacing was the
same as the Type A and B nanoislands (3.3 £ 0.1 A). The
moiré corrugation was less regular than in the Type A
and B islands, often appearing distorted, particularly in
smaller islands, but had the same periodicity and rota-
tion as the Type B nanoislands. Similar cobalt oxide
structures were recently observed on Au(111) and
proposed to be spinel Co;0,."” However, as our atom-
resolved images reveal the Type Cislands have the same
interatomic periodicity and symmetry as the Type A and
B structures, they are incompatible with any surface of
spinel Cos0, as discussed earlier.

Instead, these islands closely resemble structures
that have been observed at high oxygen pressure in
FeO films on Pt and Pd(111)?®%° which also show
extremely strong moiré corrugation. In these works,
such structures were explained as FeO, trilayers, i.e., an
extra layer of oxygen exists between the support and
the Fe layer. Given the similarities between Fe and Co
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oxides and the increase in oxygen chemical potential,
we propose that the Type C nanoislands consist of a
O—Co—O trilayer with the rocksalt structure. The high-
er islands observed are therefore interpreted as an
O—Co—O0 trilayer with an extra bilayer of Co—O on top
(analogous to the Type B structures observed at lower
pressures). The effect of increased oxygen chemical
potential is therefore the incorporation of an extra
layer of oxygen atoms between the Au and the first
cobalt layer of the nanoislands, which increases the
nominal oxidation state of Co with almost no structural
change to the islands. Figure 3c shows a cross-sectional
ball model of the proposed Type C island structure. In
previous reports of the formation of FeO,, very high
chemical potential of oxygen is required, either by
using atomic oxygen?® or very high oxygen pressures
in the mbar regime.?® Our CoO, trilayer islands form at
a much lower pressure. This could suggest that oxygen
intercalation is much easier than in the FeO/Pt system.

DFT Simulations of Ultrathin Cobalt Oxide Layers on Au. We
performed density functional theory (DFT) simulations
to elucidate the atomic structure of the different experi-
mentally observed supported CoO, nanoislands under
different oxygen pressure. Surface structural models of
the nanoislands were constructed as infinite thin CoO,
films on-top of three layers of Au(111), using the equi-
librium lattice constant of Au (aj,; = 4.157 A, see also
Supporting Information). These structural models are
used as a first order approximation of the nanoislands as
they are able to capture the stability order between
overlayers with different structures, various Co to O
stackings and Co—O bonding coordination, different
terminations and CoO,/Au interfaces. Figure 3 shows
the structural models, some of which are proposed
based on experimental findings as discussed above.
The different considered films consisted of 1 ML of
rock-salt (RS) CoO (Type A) (a), 2 ML of wurtzite (WZ)
CoO (Type B) (b) and 1 ML of RS CoO, (Type Q) (c) with
extra oxygen layer compared to (a). Additionally, we have
also tested the stability of 2 ML spinel Cos0, structures,
interfaced to gold via either Co (d) or via oxygen (e) as
well as the stability of 1 ML Co,0s in a k-phase arrange-
ment (f).° The proposed structures reflect both types of
metal—oxygen bonding: purely octahedral (a) and (c),
and purely tetrahedral type (b). The spinel type structures
(d) and (e) have both types of bonding.
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Figure 3. Atomic representation of different CoO, films adsorbed on the Au(111) surface. (a) Type A structure with 1 ML of RS
Co0. (b) Type B structure with 2 ML of WZ CoO. (c) Type C structure with CoO, stoichiometry. (d) 2 ML of spinel Co30,. (e) Same
as (d) but with extra oxygen layer near Au. (f) 1 ML of Co,0s in a k-phase arrangement.30 The labels indicate distances in A.

O, pressure (mbar)
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1 1
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Figure 4. Surface stability per 1 x 1 unit cell of different CoO, films on the Au(111) surface (A = 7.49 A?) as a function of
the chemical potential of oxygen. The corresponding structures are shown in Figure 3. The pressure scales for T= 500 K and

T =700 K were constructed according to ref 31.

The cobalt oxide films were adapted to fit the 2 x 2
hexagonal cell of the Au(111) surfaces; i.e., the films are
strained to fit the gold support. This allows for deter-
mination of the oxide film stability, however, it is not
able to capture the moiré pattern as this requires a
larger super cell approach. Several possibilities of
adsorption of the films on top of the Au surface were
investigated. The Co-terminated films prefer adsorp-
tion on Au-hollow sites, while oxygen terminated films
layer adsorb on top of the Au surface metal atoms. The
optimized film structures with indicated layer spacings
are shown in Figure 3. Adjusted for the covalent radius
of Au (1.34 A), the heights of the optimized structures
are 1.59, 4.36 and 2.68 A for (a), (b) and (c) structures.
This compares very favorably with observed heights of
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Type A, B and C nanoislands, measured as 1.70 & 0.2 A,
40+02Aand29+02A

The calculated surface stabilities y (eq 1) of the
cobalt oxides films are shown in Figure 4. We find that
the Type A and B structures are nearly degenerate and
are the most stable structures at low oxygen pressures.
At higher oxygen pressures, a more oxidized Type C
surface structure is the most stable structure. Depend-
ing on the temperature, the calculated structure transi-
tion occurs at 10~ "® to 10® mbar of oxygen for 500 to
700 K. Lastly, we also test for the stability of 2 ML spinel
type structures and Co,0s. However, neither of the
investigated spinel structures, (d) or (e), nor the Co,03
(f) are stable at the conditions probed by the experi-
ment. The above computationally obtained picture
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TABLE 1. Bader Charge and Magnetic Moment Contributions to Co, Au and O Atoms in the Three Most Stable Structures:

Type A, B and C

Co

Bader charge

Type A (AFM) +1.14
Type B (AFM) -+1.32 (top) +1.06 (bottom)
Type C (FM) +1.51
0—Co—0 (no Au) +1.57
Au(111) —
| XPS
[ —— Co metal
2.04| —TypeAand B
| ——TypeC

Intensity (arb.)

0.0

[1.74)
l2.11]
042
0.80

A A

Au (top layer) 0 (near Au)

mag mom [ug] Bader charge Bader charge

—0.18 —
(top) |2.04| (bottom) —0.22 —
+0.20 —0.92
— —0.79
—0.02 —

XAS

Co*Td,Oh! | Co™Oh

T T

790 780

Binding energy (eV)

1 r y T 1

770 775 780 785 790
Photon energy (eV)

Figure 5. XPS and XAS spectra of the Co 2p3/, peak of cobalt oxide nanoislands synthesized at different oxygen pressures.
“SS” indicates the position of the shakeup satellite. “Co®" Td,0h” and “Co®" Oh” indicates the peaks corresponding to
tetrahedrally/octahedrally coordinated Co*" and octahedrally coordinated Co®" respectively.

is consistent with our experimental observations of
coexistence of Type A and B nanoislands at low oxygen
pressure conditions (p < 10~® mbar, T = 573 K) and
appearance of Type C nanoislands at higher oxygen
pressures (p > 107> mbar, T= 573 K).

The obtained magnetic structures reflect the ap-
parent oxidation states of each system and are listed
in Table 1. The (a) and (b) structures have high spin
magnetic moment [(a): ~1.7 ug per Co site, (b): ~2.1 ug
per Co site] and AFM ordering within layers, which
is consistent with cobalt in the 24 oxidation state
(for plots of density of states refer to Figure S2 of the
Supporting Information). The Au atoms in contact with
Co act as weak electron acceptors in the two cases. The
more oxidized (c) structure consists of Co sites with
lower magnetic moments (~0.4 ug per Co-site) in a FM
ordering, which more closely resembles a Co®" char-
acter. Contrary to (a) and (b) structures, the charge from
Co and Au is transferred toward the intercalating oxy-
gen atoms, with the net result of a small positive charge
for the uppermost Au layer. Both spinel structures [(d)
and (e)] have metal sites in high magnetic moments
(~2 ug per Co site) with the only exception being the
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octahedrally coordinated Co-sites near the Au interface
(e), that show Co-sites with lower magnetic moment
(~0.3 ug per Co-site) consistent with a Co>" character.

XPS and XAS Measurements of Co Valency. The cobalt
oxidation states predicted by DFT were tested by XPS
and XAS spectra acquired on three samples, a mixed
A/B synthesis (1 x 10~® mbar synthesis O, pressure), a
Type C synthesis (1 x 10> mbar synthesis O, pressure)
and a control of cobalt metal evaporated in UHV
conditions (Figure 5). Both the cobalt oxide syntheses
show a significant shift to higher binding energies
from the cobalt metal peak, confirming that oxidation
is complete in both synthesis and no metallic-
character cobalt remains. The Type A/B synthesis gave
rise to a strong satellite peak and broad main peak in
the XPS spectrum and a single peak at low photon
energy in the XAS. The Type C synthesis showed
much weaker satellite peaks, a narrower main peak
and the appearance of a higher energy peak in the
XAS spectrum.

The satellite peak and the broad main peak ob-
served in the XPS spectrum of the Type A/B synthesis
are indicative of a paramagnetic (high spin) cobalt

A NTAR S
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Figure 6. Au 4f,,, spectrataken athv=110eV on (a) a clean
Au(111) surface, (b) Type A and B cobalt oxide islands on
Au(111) and (c) Type C cobalt oxide islands on Au(111).

species, as the unpaired electrons in the d shell of the
cobalt give rise to shakeup excitations (causing the
satellite peak) and multiplet splitting of the main
peak3%33 Conversely, for the Type C synthesis, the
XPS spectrum of the Type C synthesis shows strongly
suppressed shakeup structure and a narrower main
peak suggesting a low spin species. This is fully con-
sistent with the DFT predictions of cobalt valency for
the A,B and C structures, with the Type A/B synthesis
consisting of high spin Co?* species and the Type C
synthesis of low spin Co®". These spectra are also
consistent with bulk reference data, with the spectrum
from the Type A/B synthesis qualitatively resembling
high spin CoO and the Type C resembling reference
data for Co50,4 (Which is predominantly low spin Co®™)
and CoOOH (which is entirely low spin Co®").3%*3
XAS spectra are also very sensitive to cobalt valency
and coordination and can be used to discriminate
between different cobalt oxides.>** Tetrahedral and
octahedral Co®" give a broad peak at low photon
energy, whereas octahedral Co®" gives rise to a nar-
rower peak at a significantly higher energy (a shift of
2.5 eV). The appearance of a higher energy peak in the
XAS spectrum for the Type C synthesis is therefore
consistent with the emergence of octahedral Co®"
species. The continued presence of a small Co?" peak
in this spectrum is attributed to the small amount of
Type A islands present at the this pressure and the
small number of high Type Cislands with an extra layer
of Co—O (while the lower cobalt layer is 3+, the upper
layer will be in the 2+ state as for Types A and B).
Figure 6 shows Au 4f;,, XPS spectra recorded at a
photon energy of 110 eV, resulting in a very high
surface sensitivity. On the clean Au (111) surface, the
peak can be deconvoluted into two components cor-
responding to the contributions from the surface gold
atoms and the bulk gold atoms (Figure 6a). The binding

METHODS

Clean and flat Au(111) surfaces were obtained by cycles of Ar
jon sputtering and subsequent annealing. Submonolayer
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energy shift in the surface component is due to under-
coordination of the surface atoms relative to the bulk.*®
When a Type A/B synthesis is made on a gold surface
(Figure 6b), a strong reduction in the intensity of the
surface component is seen relative to the clean surface.
This loss of the surface component implies a strong
interaction between the islands and the gold surface,
as the surface gold atoms underneath the islands have
increased their coordination and become “bulk-like”.
However, if a Type C synthesis is made on the gold (at
the same coverage), no loss of surface component is
observed (Figure 6c¢). This points to a clear structural
difference in the islands, as now the underlying gold is
not strongly interacting with the islands, and retains its
“surface-like” character. The addition of an oxygen
layer underneath the cobalt in the islands would
explain this change in interaction strength—as this
extra oxygen is likely to bind much more strongly to
the cobalt and only weakly interact with the gold.

CONCLUSIONS

In summary, we demonstrate based on a combina-
tion of experimental and computational findings that
the gold/nanoisland interface is central in defining the
properties of the cobalt oxide nanoislands. Three dis-
tinct types of cobalt oxide nanoislands are observed,
two under an oxygen-poor and one under an oxygen-
rich environment. For the latter charge transfer from
the metal substrate and a change in cobalt valency
from 2+ to 3+ stabilizes an extra oxygen layer at the
metal/island interface, as has been observed for ultra-
thin oxides on other metal supports (for example FeO
on Pt?® and CoO on Ir(100)*’). The degree of charge
transfer stabilization is dependent on both the metal
support and the oxide chosen and has important
implications for the structure's reactivity. In the case
of cobalt oxide on gold, it offers a potential explanation
for the promotional effect of Au on cobalt oxide
catalysts, namely the stabilization of highly active
oxygen at the Au/Co oxide interface. In addition, the
system of supported ultrathin cobalt oxide nanoislands
could be of interest as a catalyst in its own right as
part of an emerging new class of catalytic materials,
as has been demonstrated for other ultrathin film
systems. 28293839 Einglly, we emphasize that the Type
Cisland's structure is identical to that of a single layer of
B-CoOOH, reported as the active phase for electroche-
mical water oxidation®* (i.e., an O—Co—O trilayer), and
as such, the study of water's interaction with this
structure could yield valuable insight into the nature
of the active sites of this important catalytic material.

amounts of cobalt were deposited onto the crystal using an
electron beam evaporator. The crystal was held at a slightly
elevated temperature of 380 K during deposition. For STM
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analysis, the same evaporation conditions were used, resulting
in a coverage of ~15% ML cobalt oxide. To increase signal-to-
noise ratio in XPS analysis, the cobalt coverage was increased
such that ~30% ML cobalt oxide was formed (kept constant for
all XPS measurements). Deposition of Co was done in an oxygen
environment and the sample was subsequently postannealed
at 573 K in the same oxygen environment for 15 min. The
oxygen pressure at the sample was varied between 1 x 107¢ —
1 x 107° mbar.

All analysis was performed under UHV conditions (10~ '°
mbar or better). STM analysis was performed in UHV using a
home-built “Aarhus” type STM capable of high speed, atomic-
resolution imaging on a routine basis.*® XPS and XAS analysis
was carried out at the 1311 beamline at the MAX IV Laboratory.*'
All spectra were recorded at normal emission and photon
energies of 110 and 1000 eV were used for acquisition of the
Au 4f and Co 2p spectra, respectively. All spectra are calibrated
to the Fermi edge and a polynomial background was removed.
The Co 2p XAS experiments were performed in Auger yield
mode and the photon energy scale was calibrated by recording
Au 4f in half and second order mode.

Density functional theory (DFT) calculations have been per-
formed within the Vienna ab initio simulation package****
(VASP) using the projector augmented wave (PAW) potentials.**
Similar to the study of CoO(111) on Ir(100),"" we adapted the
Perdew—Burke—Ernzerhof** (PBE) exchange-correlation func-
tional together with the Hubbard-U approach of Dudarev*® with
afixed value of U — J= U= 1 eV for the localized d-electrons of
the Co atoms (DFT+U). This value of Ueg was shown to be the
best compromise between an accurate description of structural
and electronic properties (see also Sl for additional electro-
nic description). In all calculations, we have employed a 400 eV
energy cutoff, 1600 eV density cutoff, and 8 x 8 x 8
Monkhorst—Pack type k-point mesh fora (1 x 1 x 1) bulk unit
celland a4 x 4 x 1 gamma centered k-point mesh for the (2 x 2)
surfaces. The CoO structures were placed on-top of three layers of
Au(111) of which the bottom two layers were fixed at bulk
equilibrium positions, and 16 A of vacuum was used to separate
the Au layers. The structures were relaxed with the maximum
force threshold of 0.05 eV/A subject to small dipole corrections.

To model the stability of the films under different synthesis
and operating conditions, we compared the relative thermo-
dynamic surface stability of these structures by calculating the
surface free energy y per single surface area A as

7 = (Geo,0,/au11) — Gaui — Neootcoo — Neottco — Nopto) /A (1)

where Geo 0 /au(111) @nd Gayaiy) are free energies of the slabs
with and witﬁout cobalt oxide on top of Au(111) with subtracted
energy contributions of Nc,o complete CoO bulk units and
remaining N, of cobalt and Ng of oxygen surface atoms of the
slab. This approach allows for comparison of structures of
different thickness and stoichiometry. The free energies of the
slabs are approximated by their total energies and the chemical
potentials, #co0 and uc,, are referenced to total energies of the
most stable bulk phases, which were found to be bulk RS CoO
(ttcoo = EL3) and that of metallic bulk Co (uco = E2®) (see also
Supporting Information). The chemical potential of oxygen, for
any given temperature T and pressure p, is bounded by the
formation energy of bulk RS CoO (oxygen poor) and half of the
total energy of an O, molecule (oxygen rich) as ETS8 < uo(p,T) —
1/2E02tOtaI < 0. Because of the well-known inaccuracy of Eoz“"a'
within our PBE-DFT approach, higher accuracy is achieved by
referencing Eo;"‘a' relative to 2 x 1.23 eV thermodynamic
equilibrium of water and hydrogen gas as £o,°® = £, 5 —
E,"®' — 2,506 eV, which also includes ZPE corrections.*” Lastly,
for a fixed temperature, the correspondence between oxygen
chemical potential and oxygen pressure is established following
the procedure of Reuter and Scheffler.?’
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