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Chapter 4

The growth and stability of Au surface
oxides on WO3/Au(111) and
Re0O3/Au(111) inverse model catalysts

Oxide-supported gold catalysts enable oxidation reactions at mild temperatures,
providing a unique set of pathways for green chemistry. To investigate whether Au
surface oxides may play a role in the catalysis, we studied their autocatalytic
formation and stability on W03/Au(111) and ReO3/Au(111) inverse model catalysts.
We find that Au surface oxides are thermodynamically stable over a wide range of
catalytically relevant conditions. The formation of the surface oxides requires initial
seeds of AuOy on our model catalysts, but proceeds autocatalically from there on, with
an 0 dissociation barrier that is mainly entropic.
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4.1 Introduction

Despite its reputation as an inert metal, oxide-supported gold has the unparalleled
ability to catalyze oxidation reactions at room temperature[1]. This gives Au-based
catalysts great potential for applications in a.0. automotive -catalysis[1], the
pharmaceutical industry[2], and biorefineries[3]. Nonetheless, commercialization of
Au catalysts has proven difficult due to their high cost and poor stability[4]. It is vital
therefore to capture the essence of the current-day Au catalysts as a design parameter
in future development.

The search for the essential features that give oxide-supported Au its tremendous
activity has shown that many factors can play a role, depending on the type of catalyst
and the employed conditions. Examples include the Au particle size[5-9], the presence
of cationic Au[10-15], the particle-support interaction[9,10,16], and the water
concentration in the feed[9,17,18].

To unravel the underlying principles that determine the importance of these factors, a
vast number of mechanistic studies has emerged, predominantly focused on the
oxidation of CO. It is generally agreed that CO adsorbs on the Au
particles[5,12,13,19,20]. Oxygen activation is often modeled as adsorption at the gold-
support perimeter in the form of molecular[21-24] or support lattice oxygen[25,26],
which subsequently reacts with CO. Such models are supported by the observation
that the CO oxidation activity scales linearly with the number of perimeter
sites[17,26].

However, there is increasing evidence suggesting that gold can play a more extensive
role in storing and dissociating oxygen. Fujitani et al.[17] showed that the linear
scaling with perimeter sites breaks down at slightly elevated temperatures for
Au/TiO; catalysts. Instead, the observed reactivity scaled with the total number of Au
surface sites, suggesting that oxygen is distributed over the entire surface of the Au
particles. Indeed, density functional theory (DFT) calculations indicate that the
formation of Au surface oxides on both the Au-gas[27-30] and Au-support
interface[12,13,31] are thermodynamically favorable in an oxygen atmosphere.
Furthermore, it was shown that Au surface oxides catalyze oxygen dissociation[32].
Spectroscopic studies confirm the existence of oxidized Au species in supported Au
catalysts[10,11,14,33,34], yet leave their nature and catalytic role unclear. Specifically,
it is unclear whether Au oxides are formed at the gas-Au interface or only at the Au-
support interface, where they may reside as mere spectator species.

Here, we investigate the autocatalytic formation and thermodynamic stability of Au
surface oxides at the gas-Au interface on W03/Au(111) and ReOs/Au(111) inverse
model catalysts. In contrast to practical catalysts, these inverted models have the
oxides present in nanoparticle form and gold as the support. This allows us to
specifically study surface oxides on the dominant surface orientation of Au
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nanoparticles, (111), and their interaction with oxide materials. Using scanning
tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS), we studied
Au oxide formation in O; pressures of 10-> mbar to 500 mbar at temperatures up to
423 K. We find that WOz and ReO3 have a minor effect on the behavior of AuOx. The
stability and reaction kinetics of the surface oxides are analyzed in terms of simple
thermodynamic considerations.

4.2 Methods

To study the WO3/Au(111) and ReO3/Au(111) catalysts both in ultrahigh vacuum
(UHV) and at elevated pressures, we used the ReactorSTM[35] developed in our
group. With its high-pressure flow cell inside a UHV system, it allows us to prepare
and characterize model catalysts in vacuum and subsequently expose the surface to a
controlled high-pressure environment without air exposure. When the reactor seal is
removed, the STM can be operated in UHV for vacuum studies. The system is also
equipped with a commercial photoelectron spectrometer (SPECS Phoibos) for XPS
analysis.

4.2.1 Model catalyst preparation

Clean, atomically smooth Au(111) was prepared by cycles of 1 keV Ar* bombardment
and annealing at 900 K. The cleanliness of the surface was confirmed by STM and XPS.
The WO3 and ReO3; were deposited on the support by reactive evaporation using an e-
beam evaporator (Oxford Applied Research). To accomplish this, a rod of the
respective metal was held at approximately 1100 K during exposure to 1x10-> mbar
0., creating volatile oxides (see Ref. [36] for more details on this method).

4.2.2 Generation of Au oxide precoverage

While O dissociation faces large energy barriers on Au(111)[37], Au surface oxides
readily form when strong oxidizing agents are used, such as electron stimulated
NO2[38] and ozone[39]. We chose to generate small amounts of atomic oxygen using a
thoriated iridium filament in 1x10-> mbar 0, At its working temperature of
approximately 1750 K, thoriated iridium provides a very low O; dissociation rate, thus
allowing for a controlled experiment were the vast majority of the surface oxide is
formed via O dissociation on AuOx seeds.

4.2.3 XPS analysis

XPS measurements were carried out in UHV with the X-ray incidence angle at 54° off
normal and electron collection along the surface normal. After a Tougaard background
subtraction, the Re 4f and O 1s spectra were fitted with the Gaussian/Lorentzian curves
implemented in the CasaXPS[40] software package. A Shirley background subtraction was
used for the Au 4f spectra. Re and O coverages, expressed in monolayers with the packing
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density of Au(111), were calculated based on the Re 4f/Au 4f and O 15/Au 4f intensity
ratios using:

0 [Re RSFAu74f 1

Re — 7 ° ' _
IAu RSFR6—4f 1 — e~d/A (4.1

o _ do RSFay 1
- Tay RSF’O,Lg 1 — e—di1/A (4.2)

In equations 4.1 and 4.2, 1, is the measured XPS intensity of the respective element, RSF,
the relative sensitivity factor of the probed transition[40], d,;, the Au(111) layer spacing,
and A the attenuation length of Au 4f photoelectrons in Au[41]. To establish the equations,
we have assumed that the Re and O atoms on the surface do not attenuate the Au 4f signal.
The last term in equations 4.1 and 4.2 gives the effective number of Au monolayers that is
probed in the Au 4f spectrum, thus compensating for the fact that XPS probes deeper than
the first layer of the Au(111) surface.

4.3 Results and discussion

We first investigated the structure of W03 and ReOzon a clean Au(111) sample. After
deposition at room temperature, WOz adopts an amorphous island structure (see
Figure 4.1a). Depending on the state of the STM tip, the apparent height of the islands
can be both positive and negative. ReO3 adopts the same structure as WOz (not
shown), which is not surprising in view of their chemical similarity. The persistence of
the herringbone reconstruction of the Au(111) substrate[42] during WO3; and ReO3
deposition, which is performed in 1x10-5> mbar O, shows that neither of these oxides
is able to catalyze the formation of Au oxides. As both W03 and ReO3 are well-known
oxidation catalysts, this is likely due to their inability to transfer oxygen atoms from
the oxide to the Au surface rather than to ineffective O, dissociation.

When the W03/Au(111) sample is annealed at 527 K, the oxide islands crystallize (see
Figure 4.1b). The structure consists of paired rows with a periodicity of 1.6 nm,
indicating a large unit cell. This is likely the result of a lattice mismatch between the
tungsten oxide and the Au(111) substrate. The amount of oxide on the surface was
strongly reduced during the annealing. Meanwhile dark stains appeared in the Au
terraces, indicating surface alloying (see Figure 4.1b and Figure 4.7 in the Supporting
Information). This highlights the reducible nature of WO3 when in contact with gold.
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Figure 4.1: WOs deposited on Au(111). a) As deposited at room temperature. 70 nm x 35 nm,
Us = 1.5 V, It = -120 pA. b) After annealing at 567 K. Notice the vague dark stains in the
herringbone reconstruction at the top of the image, which indicate surface alloying. 40 nm x 20
nm, Us=2V,[=-95 pA.

4.3.1 Disordered surface oxide

At room temperature, exposing WO3/Au(111) and ReO3/Au(111) to a 1x10-5 mbar
02/atomic O mixture generates disordered structures (see Figure 4.2). After 15
minutes of exposure, XPS indicates an oxygen coverage of 0.23 ML on a 0.012 ML
Re03/Au(111) sample. This should be considered as a lower bound due to X-ray
induced desorption (see Figure 4.8 in the Supporting Information). Similar to
observations after NO; or O3 dosing[38,39], the STM images in Figure 4.2 indicate a
highly corroded Au surface, implying that Au adatoms were recruited from the
terraces to be incorporated into a surface oxide. Both W03 and ReO3 dissolve into the
surface oxide, without clearly affecting its structure. This is corroborated by the
position of the O 1s peak (529.7 eV), which is unchanged with respect to pure
0/Au(111) prepared at room temperature[38].
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Figure 4.2: XPS and STM data of ReO3/Au(111) and WO3/Au(111) after exposure to 1x10-5
mbar 02/0 at room temperature. a) Background-subtracted XPS spectra of ReO3/Au(111) (red)
and clean Au(111) (blue). The intensities of the Au 4f spectra of clean Au(111) and
Re03/Au(111) where set equal at the 4f7/2 peak. b) STM image of ReO3/Au(111) 80 nm x 80 nm,
Us=-1V, It= 35 pA. c) STM image of WO3/Au(111) 80 nm x 80 nm, Us= -1V, It = 35 pA.

The Au 4f spectrum in 4.2 shows no sign of oxidized Au, which would appear as a
small shoulder on the higher binding energy side of the metallic Au peak. This is
similar to the case of sulfur adsorption on Au(111), where Au adatom incorporation
also leaves the Au oxidation state unchanged[38,43]. Hence, whether one assigns the
observed structure to a surface oxide or to an oxygen-induced reconstruction is a
matter of definition. It should however be clear that the structure observed in Figure

4.2 is distinctly different from the weak chemisorption of oxygen on the perfect
Au(111) surface[5,29].
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The observation that surface oxides at the Au-gas interface need not contain
detectably oxidized Au has important consequences for the interpretation of
spectroscopic data of Au catalysts. XPS or X-ray absorption spectra on Au transitions
alone may not tell the full story. Furthermore, the beam damage after exposure to
weak lab source X-rays suggests that the surface oxides may decompose abruptly
under synchrotron X-ray irradiation. For vibrational spectroscopy, it is also uncertain
whether the Au surface oxide has a sufficiently distinct chemical nature with respect
to bare Au to allow for resolved CO vibration peaks. These considerations highlight
the importance of direct observations on well-defined CO oxidation catalysts that
allow for unambiguous assignment of catalytic intermediates.

4.3.2 Surface oxide in 500 mbar O;

To investigate the behavior of the gold surface oxides under catalytically relevant
pressures, we exposed W0O3/Au(111) and ReO3/Au(111) catalysts with a small initial
Au oxide coverage to oxygen pressures up to 500 mbar. Figure 4.3a shows
Re03/Au(111) during exposure to 500 mbar O». The streaky appearance of the surface
indicates fast surface dynamics. This implies that there is no densely packed
crystalline surface oxide phase on the Au terraces, but rather disordered Au oxide
structures that can assemble and disassemble with high rates.

Over time, islands with rod shapes appear on the surface (see Figures 3 and S3 in the
Supporting Information), showing that the high-pressure conditions facilitate the
formation of a new phase with respect to the vacuum situation described in the
previous section. The islands crystallize further when left in vacuum after the high-
pressure exposure. Figures 3b and ¢ show the resulting structure, which appears to be
identical to the one observed on Au(111) after ozone treatment at 400K[39]. At room
temperature, such an ozone treatment yields a disordered structure similar to Figures
2b and c. Hence, the main effect induced by high pressure is the increase in mobility of
oxygen-containing species.

The preparation process of the initial AuOyx seeds prior to the high-pressure
experiment created vacancy islands in the Au terraces. These vacancy islands remain
when the surface is left in vacuum for 24 hours. However, during the high-pressure
exposure the density of vacancy islands clearly decreases within 2 hours (see Figures
4.9 and 4.10 in the Supporting Information). Meanwhile, the total area of the vacancy
islands appears to remain constant, although this was difficult to quantify due to the
streaky character of the images (standard deviation: +37%). We conclude that the
high-pressure conditions induce accelerated ripening.

The observation of a constant total vacancy island area suggests that the dynamic
species on the Au terraces do not contain Au adatoms. This is corroborated by the
observation that no new vacancy islands are formed, which did occur at lower O,
pressure at room temperature (see previous section). Since the rod shaped Au oxide
islands can only communicate with the vacancy islands and step edges via the
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dynamic species on the terraces, we conclude that the Au oxide islands also do not
contain Au adatoms.

Figure 4.3: Au surface oxide formed on ReO3/Au(111) in 500 mbar Oz at room temperature. a)
In situ image, 160 nm x 160 nm, Us= 2V, It= -120 pA. b) Image after crystallization in UHV for
17 hours, 80 nm x 80 nm, Us= 1V, It= -100 pA. c) High-resolution image of the structure in
panel b, 10 nm x 10 nm, Us= 0.42 V, It= -200 pA. The green rectangle indicates the observed unit
cell d) Proposed structure of the Au surface oxide. Left: cross sectional view, parallel to the
lifted Au rows. Right: top view, in which the lifted Au rows run from left to right. The unit cell is
indicated in blue, while green indicates the local unit cell that is primarily observed in the
experiment. Bulk Au, interface Au, oxidic Au, and O atoms are colored gold, orange, pink, and
red, respectively.

The Au oxide islands shown in Figure 4.3 have a 0.49+0.02 nm x 0.33+0.007 nm
rectangular unit cell with its short axis lying along the close-packed direction of the Au
surface. While the long axis of the unit cell fits well with the Au lattice, the short axis is
14% larger than the Au nearest neighbor distance. Due to this mismatch with the
Au(111) lattice, one may expect a buckling in the AuOy islands. On the large-scale
image in Figure 4.3b, no such buckling is observed. At the atomic scale in Figure 4.3c
however, it is clear that small sideways deviations from the perfect regular lattice
occur. The displacements do not appear to follow a completely regular pattern, which
could indicate that defects and island edges impose long-range stress in the islands.
The measured height of the islands was 0.14 nm, independent of the applied tip-
sample bias. This is well below the Au(111) step height of 0.23 nm, which is consistent
with the earlier indication that the surface oxide does not contain Au adatoms.
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Based on the geometrical arguments above, the Au surface oxide structures proposed
in the literature[27,30], and the similarity to the case of Pt(111)[44-47], we propose
the structure depicted in Figure 4.3d for the Au oxide islands. In this structure Au
atoms are lifted out of the terrace by 4 oxygen atoms, as was also observed in ab initio
molecular dynamics simulations[27]. Thus, oxide rows are formed, similar to those
predicted[44] and observed[46,47] on Pt(111). DFT calculations on a similar structure
on Pt(110) showed that the dense packing of oxygen atoms in the oxide rows creates
compressive stress, driving the rows to expand along the row direction[48]. This can
explain the lattice mismatch of 14% along the row direction observed in our
experiments.

The expansion of the Au oxide rows necessitates the expulsion of Au atoms. Based on
the observed island coverage, this would amount to 0.5-1% of a monolayer, which is
approximately half the vacancy island coverage. One may expect that part of the
adatoms are used to fill the vacancy islands, while the rest attaches to step edges. We
suggest that the decrease in vacancy island coverage lies within the 37% standard
deviation of the measurement.

4.3.3 Low coverage needle oxide

To test the stability of the Au surface oxide, we performed experiments at various
temperatures. At 423 K, a crystalline “needle”-shaped Au oxide with a modest
coverage is formed during the 1x10-> mbar 0,/0 exposure (see Figure 4.4). This result
was independent of the exposure time (see Section 4.8 in the Supporting Information),
from which we conclude that the needle phase is an equilibrium structure. The WO3
and ReO3 islands in Figure 4.4 were deposited at 500 K, resulting in a partially
crystalline island structure with a bright appearance.

a) WOs/Au(111), bl ReOs/Au(111) »
z / = ) &

3 . 2 e -
Figure 4.4: W03/Au(111) and ReOs/Au(111) after exposure to 1x10-5 mbar Oz mbar at 423 K.
a) W03/Au(111) 80 nm x 80 nm, Us= 1V, It=-125 pA. b) ReO3/Au(111) 80 nm x 80 nm, Us= 2V,
Ie=-130 pA.
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When left in vacuum at room temperature, the needle phase disappears within
approximately 24 hours (see Figure 4.5). This disappearance is not observed for the
disordered Au oxide, nor for the Au oxide islands. Hence, the barrier for desorption
must be lower for the needle structure, indicating that it is either less stable, or more
active in catalyzing O, adsorption/desorption.

The needles shown in Figure 4.4 follow the close-packed directions of the Au(111)
lattice and occur as single or double oxide rows. Similarly, for Pt(111) it was shown
that at intermediate coverage the oxide rows form a honeycomb network of single to
triple rows[46]. Their proposed structure was almost identical to those in the Au
oxide island structure. Therefore, it is tempting to interpret the needles as isolated or
paired rows of the island oxide structure. In this case however, there must be a
stabilizing force that prevents the oxide rows from assembling into islands. A possible
candidate for this would be stress relaxation in the Au surface. Figures 4.4 and 4.5
show that the herringbone reconstruction is lifted in the close vicinity of the oxide
needles, but remains elsewhere. Hence, it appears that the oxide needles can relief
compressive stress in the Au surface, similar to the herringbone reconstruction[42].
As a result, there is a driving force for the needles to remain isolated up to the
coverage where the herringbone reconstruction is fully lifted.

) 1 - o
Figure 4.5: Low coverage AuOx on W03/A(111) after exposure to 1x10-5 mbar Oz mbar at 423
Kand 18.5 h in vacuum, 80 nm x 80 nm, Us=2V, [t =-95 pA
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In Figure 4.4, it appears as if WOz and ReO3 have little effect on the Au needle oxide
other than disturbing its long-range order. At low AuOy coverage however, it becomes
clear that the Au surface oxide is stabilized in the vicinity of WOs. Figure 4.5 shows
that the locations of the two oxides correlate. The correlation is not perfect however,
indicating that the stabilization is subtle. Nonetheless, this result suggests that Au
oxides may form preferably on the Au-support perimeter in industrial Au catalysts, as
was also found in a DFT study on Au nanoparticles on TiO2[13].

4.3.4 Energetics of Au surface oxide

02/0 exposure at temperatures higher than 423 K did not result in oxide growth.
Under the assumption that the atomic oxygen did not significantly influence the
equilibrium oxygen coverage, one can use this transition temperature between
formation and absence of formation of the oxide to estimate the oxide formation
enthalpy. At the transition temperature, the free energy of formation is zero. This
means that the contributions of the enthalpy (AHags) and entropy (TASaas) of formation
cancel (see Figure 4.6a). Assuming that oxygen loses all entropy upon adsorption, -
ASags equals the gas phase entropy of oxygen (Soz(g). With this assumption, TASags = -
1.6 eV per O, molecule under the applied conditions[49]. Hence, we find a formation
enthalpy of the oxide of -1.6 eV per 02 molecule. This value is corroborated by
experiments from Deng et al.[32], who showed that oxygen can be adsorbed up to 0.4
ML on O-precovered Au(111) in 1x10-7 mbar O; at 400 K, which implies the same -1.6
eV formation enthalpy when analyzed using the above arguments. This validates our
assumption that the atomic oxygen present in the gas phase during our experiment
did not significantly affect the stability range of the Au surface oxide.

The formation enthalpy derived above can be used to determine the stability of
surface oxides as a function of temperature and pressure. The Au oxide coverage (8)
can be obtained as a function of temperature (T) and pressure (P) through a Langmuir
model[50]:

0 vVKP

emax B V KP —f- ]_ (4_3)
K — e_(AHads+TS%2(g))/kBT (44)

S%2(g) designates the standard entropy of gaseous O, given at standard pressure (P9, 1
bar). Note that we have included the temperature dependence of the standard entropy
of gas phase oxygen[49]. We have again assumed that oxygen loses all entropy upon
adsorption. Furthermore, we assume that the reaction enthalpy is independent of
temperature and coverage.) Figure 4.6b shows the resulting stability diagram. The
extrapolation of our vacuum results to catalytically relevant pressures shows that the
needle phase should be stable up to around 560 K for 1 mbar O; and even to 690 K in
1 bar. Hence, from the thermodynamic point of view Au surface oxides can be
expected over the whole range of relevant temperatures for Au-based oxidation
catalysis. However, reaction kinetics may play a vital role in determining the actual
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oxide coverage under catalytic conditions. Hence, our predictions should serve as a
starting point for further investigation.

a)
TS

AG,y = AHyg - T(S75-Sp,)

act —=act;”

02(g)

AGdes = AHact - AHads' T(STS'ZSOads)
AGags = AHggs- T(2S0ads-So,)

2 Oads

b)
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Log P,/ P°
Figure 4.6: a) Components of the free energy of adsorption/desorption. “TS” designates the

transition state. b) Stability diagram for the needle type Au surface oxide, based on equations
4.3, 4.4 and the experimentally derived adsorption enthalpy of -1.6 eV/02 molecule.

We should stress that the yellow regime in the diagram of Figure 4.6b presents a
conservative estimate for the range of thermodynamic stability of surface oxides on
Au(111). For the calculation of the reaction enthalpy, we have assumed that the
system was in equilibrium. Since the oxygen in the gas phase is at room temperature,
whereas the oxygen on the surface is at 423 K, we are actually underestimating the
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stability of the oxide somewhat. Furthermore, some oxygen may have been lost during
the cooling down of the crystal in vacuum. Moreover, if the assumption of negligible
entropy of the adsorbed oxygen was incorrect, one may expect the stability at
temperatures above 423 K to be improved, (while at lower temperatures the stability
is reduced). Finally, we should point out that there may be Au surface oxide phases
that are more stable than those reported here, but that would require the combination
of high temperature and high pressure to overcome the kinetic limitations of their
formation. Indeed, surface oxides with full coverage have been reported following
preparation at 1073 K in 1 bar O2[51]. As can be seen in Figure 4.6b, the needle phase
is not stable under those conditions. This signifies the need to perform high-pressure,
high-temperature experiments to further expand our understanding of the stability of
Au surface oxides.

The activation barrier for oxygen adsorption via gold oxide can be estimated from a
comparison between the oxide formation enthalpy and the desorption free energy
barrier (see Figure 4.6a). A value of 1.43 eV was obtained for the latter from
temperature programmed desorption (TPD) of oxygen, using the same assumptions
we employed above[32]. The desorption temperature in the TPD experiments is not
affected by pre-annealing up to 420 K[52], showing that the surface structure is close
to equilibrium during the TPD runs. Hence, the desorption barrier found in TPD and
the adsorption energy found in the present work relate to the same (equilibrated)
state. We can insert the values for the desorption barrier (AGges), the adsorption
energy (AHags), and the desorption temperature (TPD peak at 550 K) in the following
equation (see also Figure 4.6a):

AGdes = A-[—-[a,ct - AHadS - T(STS - QSoadS) (4.5)

From this, it follows that the enthalpy barrier for adsorption (AHac), is calculated as:

AHact = 55O(STS — 2SOads) —0.17 (4.6)

Again, we assume that Spags = 0. Thus, AHa only depends on the transition state
entropy (Sts). The first order kinetics observed in the TPD experiments[32,52] seem
to indicate that the transition state does not correspond to the associative desorption
of two oxygen atoms, but rather to the transition of an oxygen atom from the surface
oxide to another adsorption state. For such a bound state, one may expect a small
entropy (Sts). Since Sts is small, we conclude from Equation 4.6 that the enthalpy
barrier for adsorption is also small or negligible. Hence, the free energy barrier for
adsorption is mainly entropic. As a result, O, adsorption will be very efficient at mild
temperatures and elevated pressures.

Although it is clear that Au surface oxides exhibit a strongly autocatalytic growth, one

may wonder if a seed can be created on Au-reducible oxide catalysts under industrial
conditions. Oxide-supported Au catalysts efficiently dissociate O, on the oxide support
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or the Au-support perimeter, providing a source of atomic oxygen. It is unclear,
however, whether the atomic oxygen can be transferred to the Au particle. For Ca
contaminations in Au(111) this does appear to be possible, facilitating the formation
of AuOy using UHV O, exposure[53]. Similarly, traces of Ag are thought to aid in the
oxidation of Au in nanoporous gold catalysts[54,55]. On the other hand, the present
work shows that W03 and ReOs do not have the required properties to oxidize
Au(111), even though they are well-known oxidation catalysts. Biener et al. also did
not observe AuOy on a TiOx/Au(111) catalyst after O, exposure[56]. Thus, it seems
that specific atomic arrangements are necessary to enable Au surface oxide formation.

Finally, we discuss how the presence of Au surface oxides could affect the overall
reaction mechanism for Au-based oxidation catalysis. First, Au oxide provides an
alternative pathway for O; dissociation besides dissociation on the support or at the
Au-support perimeter. Whether or not this new pathway will be dominant, will
depend on the amount of Au oxide present and the activity of the other pathways,
which varies per type of catalyst. In the case where O; dissociation on Au oxide is not
the dominant pathway, or when Au oxide is more stable at the Au-support
perimeter[13], Au oxide will be predominantly located at the Au-support perimeter.
Under such conditions, the reactivity will scale with the number of perimeter sites as
was observed in several experiments[17,26]. Au oxide may also provide new sites for
the adsorption of CO, which is rather weak on clean gold[19]. Finally, the Au oxide
provides a low-energy[39] Mars van Krevelen type pathway for the reaction of CO
with oxygen atoms.

4.4 Conclusion

Our results provide new evidence that Au surface oxides at the gas-surface interface of
Au oxidation catalysts should be considered as a feasible reaction intermediate in a
wide range of relevant temperatures and pressures. The experimentally derived
formation enthalpy of -1.6 eV /0, molecule implies that surface oxides on Au(111) are
thermodynamically stable up to approximately 560 K in 1 mbar O and even up to 690
Kin 1 bar. The presence of W03 and ReO3 particles on the Au(111) substrate has little
effect on the Au surface oxide structure, although a small attractive interaction was
found.

While the Au surface oxides are stable even in low oxygen pressures, we find that W03
and ReOz are not able to facilitate their initial formation. When AuOy seeds are
provided however, Au surface oxide formation is facile. By comparison to literature
temperature programmed desorption results we find that the barrier for O
dissociation on Au oxides is modest and predominantly determined by entropic
contributions, implying that adsorption will be efficient at mild temperatures and
elevated pressures.
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Several types of surface oxide can be formed, depending on the employed conditions.
In vacuum at room temperature our 02/0 mixture yields a disordered, rough surface.
A similar exposure at 423 K yields a one-dimensional needle-type oxide. Experiments
at a catalytically relevant pressure of 500 mbar O, revealed a highly dynamic surface
where islands of a densely packed oxide develop. For the structure of this densely
packed phase, we propose a model containing parallel Au oxide chains, analogous to
those observed on Pt(111). The variety of observed Au oxide structures highlights
their flexible bonding nature, which implies that Au surface oxides are likely not only
stable on the (111) surface orientation, but also on other orientations present on Au
nanoparticles.
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4.5 Reduction and surface alloying of WO3 at elevated
temperature

To study the stability of WO3 on the Au(111) surface, we conducted a series of
experiments at elevated temperatures. Figure 4.7a and b show 0.03 ML W03/Au(111)
before and after annealing to 567 K in vacuum. Before annealing, we associate the
bright features with W03 and the dark lines with the needle type Au surface oxide,
similar to Figure 4.4 in the main text. After annealing, only 0.008 ML WOy is visible in

Figure 4.7: Surface alloying of WO3/Au(111) at elevated temperature. a) 0.03 ML WO3/Au(111)
prepared by WOs3 deposition at 567 K in 1x10-5 mbar Oz and cooling to 400 K in Oz, 80 nm x 80
nm, Us =2V, It=-135 pA. b) Sample in a) after annealing at 567 K in vacuum, 80 nm x 80 nm,
Us=2V,It=-110 pA. c) 0.2 ML WO3/Au(111) prepared by W deposition at room temperature,
followed by annealing in 1 bar Oz for 1 hour, 80 nm x 80 nm, Us =2 V, It = -90 pA. d) same as c),
after annealing at 653 K in 5x10-¢ mbar Oz, 160 nm x 160 nm, Us = -1V, [ = 30 pA
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the STM images (see Figure 4.7 b), even though sublimation is not expected at the
mild annealing temperature employed here. Alternatively, surface alloying of W with
the gold may have occurred. The dark stains in the fcc areas of the herringbone
reconstruction in Figure 4.7b suggest that a W-Au alloy is indeed formed. The surface
alloying process is even more pronounced in experiments with a higher WOs3
coverage, as shown in Figures 4.7c and d. The sample for this experiment was
prepared via the deposition of approximately 0.2 ML W metal and subsequent
oxidation in 1 bar Oz at 523 K for 1 hour. This results in the structure shown in Figure
4.7c. After annealing to 653 K in 5x10-¢ mbar O, no particles are visible on the surface
and the herringbone reconstruction is strongly modified (see Figure 4.71d). Again,
this points at the formation of a surface alloy. The larger amount of tungsten present
on the surface allows for a stronger modification of the herringbone reconstruction.
The observation that the surface alloying even occurs in the presence of oxygen shows
that the tungsten oxide is not only kinetically instable at high temperature in vacuum,
but also thermodynamically unstable at modest oxygen chemical potential (lo=-2.46
eV under the applied conditions).

4.6 X-ray beam induced desorption of surface oxides

Damage to adsorption structures due to (photo)electrons is a well-known
phenomenon in surface science. However, due to its comparatively low electron flux,
lab source X-ray photoelectron spectroscopy (XPS) is usually less prone to beam
damage effects. In our case, the X-ray beam spot on the sample had a diameter of
approximately 4 mm, inducing a sample current of 1.1 nA. Thus, in the 2.5 hours of X-
ray exposure that we needed for the experiment, only 0.35 photoelectron per Au
surface atom left the surface.

& > ~d
: - - g - -

Figure 4.8: 0.012 ML ReO3/Au(111) before (a) and after (b) XPS measurements. a) 80
nm, Us=-1V, [t =50 pA.b) 80 nm x 80 nm, Us=-1V, [t =50 pA

5 R s
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Figure 4.8 shows that even under this very mild radiation load, substantial beam-
induced oxygen desorption occurs. This indicates that synchrotron measurements,
which employ a beam flux that is several orders of magnitude larger, need to be
performed with the greatest of care. In our case, the O 1s spectrum was recorded
within the first 45 minutes of the measurement. Nonetheless, one may expect that the
measured signal intensity was affected by the beam-induced desorption.

4.7 Evolution of WO3/Au(111) during pressure ramp to
500 mbar O:

The starting structure for the high-pressure experiment shown in this section was
formed by exposure of a WO3/Au(111) sample to 1x10> mbar 0/O at room
temperature, followed by annealing at 500 K to partially smoothen the surface. The
oxygen atmosphere was maintained until the sample temperature was back below
423K. The resulting surface structure contains modest amounts of AuOy, which we
associate with the bright features in Figure 4.9a. Furthermore, vacancy islands are
apparent.

Figure 4.9: Structural evolution of W03/Au(111) during high-pressure oxygen exposure at
room temperature. Panels a) and b): 80 nm x 80 nm, other panels: 160 nm x 160 nm. All frames
are recorded at Us = 2 Vand It = -170 pA. All indicated pressures refer to oxygen.
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Following the preparation, the surface was imaged at room temperature while the O,
pressure was increased from 106 mbar to 500 mbar. The lower bound, 10-¢ mbar, is
an estimate that corresponds to the situation where the reactor is only connected to
the UHV chamber via thin gas lines. Under these conditions, there is a poorly defined
vacuum inside the reactor. When the gas lines are switched from the mode in which
they connect to the UHV system to the mode in which they connect to the high-
pressure gas supply, the pressure jumps to approximately 1 mbar. Figure 4.9b shows
that the bright species from Figure 4.9a become less apparent after this pressure
increase. The surface morphology is maintained. While we further increased the
pressure, the images became streaky (see Figure 4.9c), indicating that there are
dynamic species present on the surface. The bright species disappear nearly
completely, which we interpret as their dissolution in the dynamic phase on the
terraces. Subsequently, islands with highly anisotropic shapes emerge, which we
associate with AuOx. The nucleation of these islands seems to occur at random
locations on the surface, without preference for steps or vacancy islands. Note that the
number of islands formed and the rate of their formation may have been affected by
the STM tip. The row of particles on the left-hand side in Figures 4.9e and 4.9f indicate
that atoms have been moved to the side of the imaging area. In other high-pressure
experiments, we noted that instabilities in the tunneling caused the formation of
vacancy islands. This again signifies the dynamic nature of the Au surface when
adsorbed oxygen is present. Images recorded immediately after moving to previously
unimaged areas ensured that the formation of the surface oxide islands occurs
everywhere on the surface. The images obtained in UHV after the high-pressure
exposure, described in the main text, corroborate this.
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Figure 4.10: Evolution of vacancy islands during the high-pressure experiment shown in Figure
4.9.

During the high-pressure experiment, it is clear that some vacancy islands grow in
size. Meanwhile, the number of vacancy islands clearly decreases, as shown in Figure
4.10a. Since the “center of mass” of the vacancy islands remains constant, we conclude
that Ostwald ripening occurs. In vacuum, the vacancy islands were stable. Hence, the
adsorbed oxygen at high-pressures must induce an increased mobility of vacancies
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over the terraces. Figure 4.10b shows that the total vacancy island area remains
constant during the experiment, although the measured values scatter around the
average with a standard deviation of 37%. This large scatter results from the
streakiness of the images, which hampers proper quantification. As noted in the main
text, a constant vancancy island density implies that gold adatoms are not part of the
dynamic phase on the terraces, because these would have filled the vacancies. In the
experiment shown in Figure 4.9, we did not observe the formation of new vacancy
islands, which indicates that no Au adatoms are required for the formation of the AuOy
islands.

4.8 Influence of the preparation conditions on the
structure and coverage of the needle phase Au oxide

The needle type oxide was generated via two methods. In the first, W03 or ReO3 was
deposited at 567 K in 1x10-> mbar O, after which the sample was allowed to cool
down over the course of several minutes to 423 K in 1x10-5 mbar 02/0. Figure 4.4 in
the main text shows the result of this procedure. We note however that the coverage
obtained is sensitive to the exact preparation conditions, as is evidenced by Figure
4.11a. The surface was prepared using the same procedure as in Figure 4.4 in the main
text, yet the observed Au oxide needle coverage is clearly lower. One may wonder
therefore whether the surface truly equilibrates during the cooling down to 400 K. To
resolve this, we prepared the needle phase via a second procedure. W03 was

o~ . £ 3
Figure 4.11: Influence of the preparation conditions on the Au needle oxide coverage. a)
WO03/Au(111) prepared through W03 deposition at 567 K, followed by cooling to 423 K in 1x10-
5 mbar 02/0. 80 nm x 80 nm, Us = 2V, It = -95 pA. b) WO3/Au(111) prepared through WOs
deposition at room temperature, followed by 15 minutes 1x10-5 mbar 02/0 exposure, 15
minutes annealing to 423 K in vacuum, and 15 minutes 1x10-5 mbar 02/0 exposure at 423 K. 80
nm x 80 nm, Us=1.5V, [t =-160 pA.
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deposited at room temperature in 1x10-5 mbar O, followed by 15 minutes of 1x10-5
mbar 02/0 exposure. After this, the surface was annealed at 423 K in vacuum for 15
minutes to smoothen the surface, followed by 15 minutes of 1x10-5 mbar 0:/0
exposure at 423 K to generate an equilibrium coverage of Au oxide needles. As can be
seen in Figure 4.11b, this results in an oxide needle coverage similar to that in Figure
4.4. Thus, we conclude that the surface in Figure 4.4 was equilibrated with the
conditions at 423 K. A possible explanation why we do not always reach equilibrium,
such as in Figure 4.11a, could be a variation in the distance between the filament and
the sample. The flux of atomic oxygen to the surface depends quadratically on the
filament-sample distance. Hence, variations in this distance may generate strong
variations in the amount of AuOx nuclei that are generated. As a result, the time
required to reach equilibrium will fluctuate. Another source of variation is the cooling
rate, which was not actively controlled in the experiments.
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