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Abstract
The adsorption of gold vapor onto MgO(100) films grown on Mo(100) was studied at 300 and
100 K using single crystal adsorption calorimetry (SCAC). The Au particle morphology was
investigated using He" low-energy ion scattering spectroscopy (LEIS) and X-ray photoelectron
spectroscopy (XPS). The LEIS data combined with particle shape measurements from the
literature (Benedetti, S.; Myrach, P.; di Bona, A.; Valeri, S.; Nilius, N.; Freund, H.-J. Phys. Rev.
B 2011, 83 (12), 125423) reveal that, at both 300 K and 100 K, Au grows as 2D islands with
bilayer thickness (~0.41 nm) up to a diameter of ~7 nm. At higher coverage, the islands thicken
with little increase in diameter. The island densities are 3.0 x10'! and 5.4 x10'! per cm? at 300 K
and 100 K, respectively. The initial sticking probability of Au is 0.90 at 300 K and 0.95 at 100 K.
The surface residence time of the Au atoms that do not stick is <10 ms, implying that gold
monomers bind to MgO(100) weakly (<69 kJ/mol). The adsorption energies indicate that Au
particles of the same size bind more strongly to MgO(100) when grown at 300 K than at 100 K,
which we attribute to Au binding to step edges or defects at 300 K, but at perfect MgO(100)
terraces at 100 K (because Au diffusion is too slow to find defects). The adsorption energy of Au
onto ~30-atom Au clusters is 285 kJ/mol at 300 K, ~68 kJ/mol higher than at 100 K, attributed to
the difference between particles on defects versus terraces. Similarly, the adhesion energy of Au
nanoparticles to MgO(100) extracted from the adsorption energies at 300 K is much higher (1.8
J/m? for ~7 nm particles at defects) than at 100 K (0.3 J/m? for ~7 nm particles at terraces). This
100 K adhesion energy is close to that estimated from electron-microscopy shape measurements

of Au particles at terraces on MgO(100) (0.45-0.67 J/m?). The heat of Au adsorption and Au
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chemical potential change by >100 kJ/mol as gold’s 2D island size increases from 0.7 to 7 nm
diameter, implying dramatic changes in catalytic activity and sintering rates with 2D diameter.
This is the first experimental measurement of any metal adsorption energy on any oxide as a
function of island diameter when making 2D islands, as well as the first direct comparison of any
adhesion energy found from calorimetric adsorption energies to that from particle shape analysis.
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1.Introduction

Supported gold nanoparticles have attracted significant attention in the last decade as
potential catalysts for CO oxidation, selective oxidations, and other industrially-relevant
reactions, as well as in the fields of photonics, plasmonics, nanotechnology, and biology.!
Despite the fact that gold is inert in its bulk form, gold nanoparticles between 1 and 6 nm in size
are catalytically active for a variety of different reactions.*”’ For example, gold nanoclusters
dispersed across high surface area metal oxide supports have shown great potential as low
temperature CO oxidation catalysts.®*"!! The catalytic properties of such oxide-supported gold
nanoparticles depend strongly on both the size of the nanoparticles and the properties of the
oxide (surface structure and orientation, reducible or non-reducible, defect concentration, etc.).
Significant strides towards understanding the origin of these effects have been made by studying

well-defined model systems in ultrahigh vacuum conditions,'* !4

with Au nanoparticles on
MgO(100) being one of the most intensively studied model catalysts.!>! Here we report
calorimetric measurements of the adsorption energies of Au atoms as they nucleate and grow
nanoparticles on MgO(100), and extract from these the Au / MgO(100) adhesion energies and
particle size dependence of the Au atom chemical potential. We also use surface-sensitive
spectroscopy to study Au growth morphology, and report for the first time the chemical potential
of Au atoms in Au nanoparticles on MgO(100) as a function of particle size. We also report here
the first ever measurements of the heat of adsorption of any metal atom in making 2D islands
and their chemical potential as a function of 2D island size (from 0.7 to 7 nm diameter, or 10 to

2000 atoms). We have previously shown that the chemical potential of the metal atoms in

supported metal nanoparticles correlates with the reactivity of their surface metal atoms:*? the



higher their chemical potential, the more strongly they bind small adsorbed catalytic reaction
intermediate. As their chemical potential increases, the metal atom becomes less noble,
behaving more like metals that reside farther to the left in the periodic table. Also, the higher
their chemical potential is, the larger is the thermodynamic driving force for them to sinter, and
the faster they deactivate by sintering during extended use as catalysts.>** Thus, this
surprisingly large change in chemical potential as the 2D island diameter increases from 0.7 to 7
nm (~100 kJ/mol) implies that catalytic activity and sintering rates change dramatically with 2D
island diameter even when the gold particles maintain the same bilayer thickness. This is an
important step toward clarifying the dramatic effect of particle size on activity and selectivity in
gold oxidation catalysis. We also explore the effects of defect sites on these energies, using
temperature to control the location of those nanoparticles at terrace versus defect sites.

Among the oxide surfaces studied in model catalysts, MgO(100) is one of the most
prevalent. MgO is a simple stoichiometric binary oxide with a rocksalt structure and well-defined
surfaces that are stable under most catalytic operating conditions. The most stable (001) surface
has only minor structural differences from the bulk,* has very poor electron transfer properties,

and can be prepared readily by cleavage,*®*’ by the production of MgO smoke, >

or by thin
film growth.**** However, despite several decades of attention, much remains unclear about this
insulating oxide surface. Specifically, it has been observed that defects are critical contributors to
the physical and chemical properties of MgO, and play a dominant role in the adsorption
behavior of its surfaces (an excellent review of the complexity and significance of these defects
is presented in ref *%). For example, while bulk MgO does not absorb or emit light between 200
and 900 nm, luminescence bands have been observed in MgO smoke*®*4%¢ MgO powders*”#
and in defect-poor MgO(100) films* at energies that are significantly lower than the bandgap,
which Benedetti et al.* assigned to under-coordinated corner sites (3-fold) and step edges (4-
fold). While a defect free MgO(100) surface does not interact with CO>*>! or CO2,*> MgO
powders are highly reactive to CO.>* The nature and the identification of these defects, as well as
their effects on adsorption and catalytic properties, is still under debate.

For several decades, the primary defect of interest was the surface oxygen vacancy or F-

54,55

center, which can contain localized electrons>*>> and can be produced on MgO(100) by electron

bombardment.*’ Au is known to nucleate preferentially on F centers in MgO(100),2%25567 and it

has been predicted by theory'*’®! and confirmed by experiment?® that F-centers can transfer



electronic charge to supported metal nanoparticles. UHV experiments showed that 8-atom Au
clusters deposited on defect-free MgO(100) supports were essentially inert, while Au clusters of
this same size were active towards CO oxidation on highly defective MgO(100) films."¢!
Furthermore, shifts in CO FTIR®? indicate that small Au clusters bound to electron-rich defects
form negatively charged species. For decades this evidence pointed to oxygen vacancies as the
primary activators of supported metal nanoparticles, which contributed to the belief that F-
centers are present in relatively high concentrations on the surface of as-prepared MgO(100)
samples. However, recent results show that the number of F-centers on MgO surfaces is very low
unless they are specifically treated to create them, and these vacancy defects alone cannot
explain many of the observed features in MgO reactivity.*®

Possible candidates to replace the F-center model are four-coordinated Mg and O ions
located at steps or edges, or the defects formed by the intersection of two MgO steps
perpendicular to each other, known as a reverse corner.®*%* Au particles have been shown to
preferentially nucleate at step edges over terraces on MgO(100) at 300 K and above?3-28:36:37.65.66
and experimental evidence suggests that these morphological defects in MgO(100) films can also
act as strong electron traps.®>>%* Additionally, hydroxyl groups on the oxide surface may act as
sites for bound electrons, and hydroxylated MgO(100) surfaces have been shown to oxidize Au
particles®’ and enhance the stability of Au clusters against thermal sintering.®® While UHV
conditions minimize the concentration of such impurities on the surface, traces of even a small
concentration of water may decorate the oxide steps with OH groups.

When MgO(100) films are grown on Mo(100), as we do here, STM shows that the
mismatch between Mo and MgO causes a Moire pattern to form when films are less than ~5 ML
thick.*> Above this thickness, the dominant defects are step edges and screw dislocations that
align into a dislocation network. These electron-rich dislocation defects persist until thicknesses
of over 10 ML, however STM imaging above 15 ML is difficult due to the decreasing
conductivity of the films.* The MgO(100) films prepared in this investigation are thick enough
(~3.5 nm) that it is reasonable to assume that step edges are the most common type of defect
present, however dislocations and line defects may still be present in small quantities.
Additionally, the preparation conditions ensure a negligible concentration of F-centers and
surface hydroxyls, which is confirmed by the absence of spectroscopic signal due to such

species. However, because Au has such a high electronegativity, it is likely that a small



concentration of morphological defects affects the measured calorimetric binding strength of Au,
as well as the morphology of Au particles that are vapor-deposited onto MgO(100) films, which
cannot be prepared completely free of all defects. For this reason, the experiments presented here
are conducted on highly-ordered, ~3.5 nm thick, defect-poor MgO(100) films at both 300 K and
100 K. At lower temperatures, Au atoms diffuse more slowly, which increases the probability
that Au particles will nucleate at less favorable terrace MgO(100) sites rather than steps or edges.
This allows for a direct experimental comparison of the adsorption and adhesion energies, as
well as the morphology, of Au particles adsorbed at terraces versus defect sites. In a short report,
we already presented the adhesion energy measured here at terrace sites and compared it to other

metal-on-oxide adhesion energies.®’

2. Experimental

A detailed description of the adsorption microcalorimetry apparatus and experimental
procedure is presented elsewhere.”® The calorimeter operates in a UHV chamber with a typical
base pressure below ~1 x 107! Torr. The apparatus is also equipped with low energy electron
diffraction (LEED), Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy
(XPS), low energy ion scattering spectroscopy (LEIS), a quadrupole mass spectrometer (QMS),
and two quartz crystal microbalances (QCM). Surface spectroscopy signals are obtained with a
PHI 10-360 precision energy analyzer equipped with a PHI 72-250 position sensitive detector.
LEIS measurements are carried out using He" ions with 1.5 keV primary energy from a focused
ion beam that is rastered rapidly over an area of 2 mm x 2 mm. XPS measurements are
performed with an Al Ka source that operates at 12 kV and 200 W.

The calorimeter consists of a pulsed metal atom beam and a pyroelectric polymer
(polyvinylidenefluoride, PVDF) heat detector that is pressed into the back of a 1 um thick single
crystal Mo(100) sample, which is ~8 mm in diameter. The MgO(100) films studied here were
grown in the vacuum chamber on the front-face of this Mo(100) sample, as described below. A
4-mm diameter, collimated and chopped Au atom beam is generated using an electron-beam
evaporator. This results in a spatially and temporally well-defined 100 ms pulse that contains
~0.02 ML of Au dosed every two seconds onto the front face of the sample. Au coverage is
given throughout in ML, where 1 ML is equal to the surface atomic density of oxygen in the

MgO(100) surface (1.12 x 10> atoms/cm?). The Au was purchased from Kurt J Lesker with



99.99% purity. A transient temperature change in the ribbon results in a measurable change in its
face-to-face voltage whose magnitude is proportional to the heat released upon metal adsorption.
The detector response was calibrated before and after experiment using pulses of known energy
from a HeNe laser. However, it was difficult to directly measure both the initial optical
reflectivity of the oxide-coated metal sample, which changes slightly from run to run due to
differences in oxide film thickness, as well as the final reflectivity after Au deposition, which
similarly varies slightly with final Au thickness due to the high degree of surface roughness.
Therefore, the absolute calibration factor in each run was estimated by using the initial
reflectivity at a single oxide thickness, and then performing the same laser calibration
measurements on the sample both before and after Au deposition, assuming that the change in
the sample reflectivity was the only parameter that changes the magnitude of the detector
response to the laser. The calibration factor thus obtained was then corrected slightly so that the
multilayer heat of adsorption in the high-coverage limit would equal to the literature value for
the bulk heat of sublimation of bulk Au(solid) at 300 K and 100 K.”! To convert the
calorimetrically measured internal energy changes into standard enthalpy changes at the sample
temperature (300 K or 100 K), the excess translational energy of the Au gas atoms at the oven
temperature above that for a Maxwell-Boltzmann distribution at the surface temperature was
subtracted, and a small pressure-volume work term (RT per mole) was added, as described
elsewhere.’>7

The absolute flux of Au atoms in each pulse was measured using a calibrated QCM that
translates into the sample position (along the central axis of the atomic beam) before and after
each calorimetry experiment. A second off-axis QCM monitors the flux of metal atoms during
the entire duration of the experiment. It has been shown previously’® that the ratio between the
flux measured at these two QCMs changes linearly with time within the duration of our
experiment. Therefore, by measuring the initial and final flux ratios between these two QCMs,
the flux at the monitor QCM can be scaled to provide the flux at the sample position during heat
measurements. The sticking probability was measured using a modified King-Wells method,”*
using a line-of-sight QMS to measure the fraction of Au atoms that transiently adsorb to the
surface but do not stick permanently. This QMS signal is compared to a reference zero sticking
pulse from a hot Ta flag (1800-2000 K), which is located at the same position as the sample and

corrected for average velocity. Since these Au atoms are produced from a hot source that is line-



of-sight to the detector, the fraction of the heat signal due to optical radiation must be subtracted
from the total signal. This contribution is measured by translating a BaF> flag into the beam path
prior to and following calorimetry, which blocks all of the metal atoms, but transmits a known
fraction of the radiation.

The sample and heat detector are held in contact with a thermal reservoir during
calorimetry, which can be cooled by liquid nitrogen. The temperature is monitored by two type
K thermocouples attached to the sample holder and to the PVDF ribbon holder near the sample.
Before each calorimetry measurement, the detector was retracted and the surface was flash-
heated to 700 K (measured by optical pyrometry) in 1 x 10 Torr Oz to remove any adsorbed
background gases. See references '’>7° for more details of these procedures.

The growth morphology of Au on MgO(100) was determined using LEIS and XPS with a
135 degree scattering angle. LEIS was conducted using a 2 x 10”7 torr He background and 3 mA
emission current which gives an ion current of ~90 nA/cm? averaged over the rastered area. The
sample is mounted onto a manipulator fork that can be cooled to 100 K by a liquid nitrogen
reservoir for transfer between the calorimetry position and the analysis position. The temperature
of the manipulator fork was monitored by a type K thermocouple spot-welded near the sample.

The MgO(100) thin films were grown on Mo(100) in an adjacent UHV preparation
chamber. The Mo(100) surface was cleaned by thermal annealing to 1600 °C in UHV for 1-2
minutes until no C was present in XPS and a sharp Mo(100) LEED pattern was observed.
Because the Mo(100) films were very thin, excessive heating risked damage to the crystals
(creating small holes and tears), and therefore very small quantities of O were sometimes still
observable on the Mo(100) by XPS after this annealing treatment. This small amount of O did
not measurably affect either the Mo(100) or the MgO(100) LEED quality, the XPS spectra of the
grown MgO(100) films, or the calorimetric results. The MgO(100) films were grown via reactive
evaporation of Mg (Kurt J. Lesker, 99.95%), first in UHV at 25 °C for 1 minute, and then in a 1
x 107 torr O2 background gas at a sample temperature of 300 °C. The as-grown films were then
annealed at 550 °C in this same background pressure of oxygen for 2 minutes to ensure a

minimal concentration of oxygen vacancies.

3. Results
3.1 MgO(100) thin film characterization.



Thin films of MgO(100) were grown in a connected UHV chamber to a thickness of 3.5
+ 0.7 nm (~13-20 MgO(100) layers) on a 1 pum thick Mo(100) substrate as described above. This
thickness was obtained by depositing Mg onto Mo(100) at 300 °C in 1 x 10 Torr Oz for four
minutes while maintaining a constant QMS signal for Mg (m/e = 24), and then measuring the
attenuation of the Mo 3p32 peak with XPS to give the MgO(100) film thickness, and thus the
deposition rate. The average MgO deposition rate was 0.1 nm/min as determined by the
attenuation of the Mo 3ps3/2 photoelectron peak, using the inelastic mean free path of Mo 3p3.2
electrons escaping through MgO calculated using NIST inelastic mean free path database (25.7
A). Once this rate was determined, MgO(100) films were grown at the same conditions while
maintaining this constant QMS signal magnitude (i.e., Mg flux) for the amount of time needed
for the desired 3.5 nm thickness. The (100) surface order was verified by LEED, which gave a
sharp (1 x 1) square pattern. The one-to-one ratio of Mg to O was confirmed by comparing the
relative magnitudes of the Mg 2s and O 1s signals, corrected for atomic sensitivity factor and
instrument response function. No carbon, metallic Mg, or other elements were observed in XPS.
All the films were annealed at 700 °C in O2 for two minutes after initial growth, however this
annealing did not affect the quality of the LEED or the XPS spectrum.

MgO(100) films grow epitaxially with their (001) planes parallel to Mo(001) and the
MgO(100) direction aligned with Mo(110), which is due to the 5% lattice mismatch between
body-centered cubic Mo (a = 3.15 A) and rocksalt MgO (a = 2.98 A).*” We have shown
previously for the case of CeO2(111) that oxide films thicknesses greater than 2 nm produce
bulk-like adsorption properties.”® However, in the case of MgO(100) films, it has been observed
that larger thicknesses (>15 layers, i.e., >3.1 nm) are required to produce flat, defect-poor
films.*>>”7 When our films were thinner than 13 layers (~2.7 nm), the observed LEED spots were

substantially more diffuse than the ~3.5 nm-thick films used below.

3.2 Au sticking probability on MgO(100) at 300 K and 100 K.

The sticking probability of Au atoms onto MgO(100) as a function of total Au coverage
was measured by monitoring the number of non-sticking Au atoms in each pulse. This sticking
probability was determined as previously’? by comparing the magnitude of the time-integrated
transient QMS signal for Au vapor during each calorimetry pulse to a zero-sticking reference

signal that was generated by placing a hot Ta foil flag in the sample position and resistively



heating it so all of the incoming Au atoms rapidly desorb. The fraction of atoms that did not stick
was then used to scale the absorbed heat per pulse in kJ/mol and the cumulative total Au
coverage. The sticking probabilities versus coverage for both 300 K and 100 K are shown in
Figure 1.

At 300 K, the sticking probability starts high at 90%, as we would expect for metals with
large bulk cohesive energies, and then increases to unit sticking probability, which it approaches
(to within 1%) at ~2 ML. At 100 K, the sticking probability starts higher, at 95%, and reaches
unity more rapidly (by ~1.5 ML). Measured sticking probabilities that are above 90% is

consistent with what we have found for other late transition metals (Cu and Ag) on MgO(100).”8

3.3 Au particle and film morphology on MgO(100) observed with LEIS and XPS.

The Au nanoparticle morphology on MgO(100) at 300 K and 100 K was tracked with
He" LEIS as shown in Figure 2(a). Discreet quantities of Au were deposited using similar dose
rates as those used during calorimetry. The attenuation of the Mg and O LEIS substrate signals
and the growth of the Au adsorbate signal were monitored as a function of total Au coverage.
The integrated Mg and O LEIS peak areas were normalized to the signals from the clean
MgO(100) film prior to Au deposition. We typically normalize the integrated Au peak areas to a
high-coverage point where no substrate signal is visible, however even at very high Au
coverages (>50 ML), the Mg and O LEIS peaks were still visible, and this was repeatable across
multiple runs. The integrated areas of these substrate peaks were typically ~15-30% of the initial
clean Mg and O signals at both 300 K and 100 K (though routinely less at 100 K), and the two
values were always within ~2% of each other. Therefore, to represent the signal for a bulk-like
continuous Au overlayer, the final highest-coverage integrated Au peak area was scaled by (1 —
S/So), where S/So 1s the average of the remaining Mg and O signals relative to their initial values.
This scaled Au signal was used to normalize the Au LEIS peaks.

To ensure that no significant ion damage was done to the sample by He" ion
bombardment during the LEIS experiments in Figure 2(a), control experiments were done in
each case using only four coverage points: 0 ML, 0.6 ML, 3 ML, and >60 ML. The zero and
“full” coverage points are used for normalization, and the two intermediate points were chosen at
signals that are still highly sensitive to small changes in coverage. This procedure resulted in

four-fold less total ion beam exposure at those points, yet the data from these experiments fell



within error of the data in Figure 2(a). This indicates that He" ion beam damage did not
significantly affect these results.

From 0-0.4 ML, the integrated Au LEIS signals increase nearly linearly with a slope of
approximately 1/2 at both 300 K and 100 K. Above this coverage, the Au signal increases much
more gradually with coverage. This behavior of the Au LEIS signals is mirrored by the Mg and
O signals at both temperatures, which decrease with the same trend. The normalized Au LEIS
peaks at 100 K are always slightly larger than the normalized signal at 300 K, and similarly the
Mg and O normalized LEIS signals at 100 K are always slightly smaller than those at 300 K.

Since LEIS is sensitive only to the topmost atomic layer, the normalized overlayer and
substrate signals represent a nearly direct measurement of the fraction of the oxide surface that is
masked and unmasked, respectively, by adsorbed nanoparticles.” From this, we see that only
~35-40% of the surface is covered by Au at 6 ML.

If Au was growing on MgO(100) in a layer-by-layer fashion, the normalized Au LEIS
signal would increase linearly with a slope of one (reaching 100% of the surface covered by 1
ML). We do observe a linear change in signal from 0-0.4 ML, but the slope of 1/2 suggests that
Au is growing as 2D islands with bilayer thickness in this region. The “roll over” that occurs at
~0.4 ML suggests that the morphology of Au films above this coverage is different than this
bilayer-island morphology, in that the thickness is quickly increasing, as in 3D nanoparticles.

When 2D or 3D metal particles grow during vapor deposition on oxide surfaces, it is
generally observed that after a nucleation stage (which only requires a few percent of a
monolayer to complete), the number density of particles reaches a saturation value, and
thereafter does not change substantially until the particles start to become so big that they
overlap and fuse.’* %2 Indeed, even while the particle shape is changing, it has been observed
with TEM®># and AFM?® that when Au is vapor-deposited onto bulk-like MgO(100) crystals
that the particle density first rapidly increases (nucleation) and then remains constant (growth)
over a large coverage range until the Au particles become large enough to coalesce. This has
similarly been observed with STM for Au that is deposited onto thin films of MgO(100) grown
on Mo(100), where the particle density similarly remains nearly constant (within a factor of two)
until the coalescence regime is reached.”® We will therefore assume constant number density of
Au particles in analyzing our LEIS data here from the lowest Au coverage studied up to a

coverage where ~35% of the surface is covered by Au.
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The morphology of 3D metal nanoparticles grown on oxide surfaces is often modeled
with the hemispherical cap model, which assumes that the nanoparticles grow with a
hemispherical shape and constant particle density, changing in size only.3*% Since the
normalized LEIS signals directly measure the fractional coverage, the normalized Au signal can
be modeled as:

1/ 1o = fs= n (Aparticle,int + Ashadowed) (1)
where n is the particle density in particles/cm?, Apariicle,int is the interfacial area per particle, and
Ashadowed 1S the additional footprint area of the substrate that is shadowed from the incident ion
beam or detector by the particle.®® This equation is valid when the particles all have the same size
and shape. For the shape of hemispherical caps in our LEIS analysis geometry where the incident
ion beam is parallel to the surface normal and angle of detection is 45 degrees from the surface
normal, this equation becomes:

fs=1.207nnR? ()

where R is the hemispherical particle radius.®®

However, as we show below, these LEIS data are not fit well by the hemispherical cap
model at all coverages with any single particle density. Therefore, in order to model the LEIS
data, we turn to published STM data for evidence of the particle shape. Benedetti et. al.?!
observed that Au particles grown on 2-2.5 nm thick MgO(100) films at 300 K had flat-topped
triangular and hexagonal shapes in the region from 0-5 ML Au coverage, typically oriented with
one of their three or six edges aligned with a MgO(110) direction. These Au particles had the
lowest aspect ratio of all metals studied on MgO(100),?! defined as the ratio of particle’s
maximum height to the longest interfacial axis. This aspect ratio was not constant over the entire
coverage range studied by STM, which explains the failure of the hemispherical cap model here,
as it requires that the particle shape remain constant.

We next determine the Au particle density based on the LEIS data at a single coverage
where the geometry of the system is known (by using the STM observations of a similar system,

such as those measured by Benedetti er. al.?!

described above). By assuming that this particle
density remains constant with coverage, we then interpret the LEIS data at other coverages in
terms of both particle shape and size.

At 2 ML Au coverage on MgO(100) at 300 K, Benedetti et. al.?! observed with STM that

the flat-topped Au nanoparticles have different orientations and an average aspect ratio of 0.3.
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We make the simplification that an array of flat-topped triangular and hexagonal shapes with
different orientations can be roughly described as averaging out to a collection of flat circular
disks, so that the shadowed area does not depend on particle’s orientation. With a 45-degree
detection angle, the shadowed area is just the diameter of the disk multiplied by its thickness,
which is directly related to the aspect ratio. For the observed aspect ratio a of 0.3 at 2 ML, we
obtain:

I/Io=fi=n (mR*+ 1.2R%) = nnR? (1+1.21) = 1.382nnR? 3)
This equation for modeling the LEIS data is functionally identical to that for hemispheres above,
but with a slightly larger prefactor of 1.382 instead of 1.207 due to more macroscopic
shadowing. The value of R at any given coverage can be determined by the total amount of Au
deposited d expressed as the average Au thickness (i.e., d = the Au coverage in atoms per unit
area times the volume per atom in bulk Au(solid)), given by:

d = nVparticle = nuR*(f) = nnR*(2aR) = 2nank? 4)
where Vparticle 1S the volume per disk-shaped particle. At ~2 ML where @ = 0.3 and d = 0.38 nm,
this gives R = 1.26n°"3. Substituting this into Equation (3) above and using 7/ o = 0.215 from the
LEIS measurement at 2 ML at 300 K gives a particle density of n = 3.0 x 10'! particles/cm?.
(Here we combined Au, Mg, and O normalized LEIS data to best estimate // fo.). Assuming the
same particle shape at 2 ML and 100 K as observed by STM at 2 ML and 300 K (above) gives a
number density of 5.2 x 10!! particles/cm? at 100 K. The higher density at 100 K is consistent
with the general trend that particle densities are higher at lower temperatures.3*3136-88 By
comparison, if we were to instead assume hemispherical shapes at this same coverage, the
particle density that best fits the 2 ML data is 5.5 x 10"! particles/cm? at 300 K, and 1.0 x 10'?
particles/cm? at 100 K. It should be noted that these n values are slightly larger due to the effects
of assumed shape on both the shadowing factor and the relationship of R to the volume per
particle.

We can replot the LEIS data to show the average Au particle thickness as a function of
total Au deposited. By dividing this average film thickness d at each coverage by the fractional
area covered by Au particles as measured by LEIS (using the Au, Mg, or O normalized signal,
modified by the macroscopic shadowing factor), we obtain the average Au particle thickness,
similar to previous reports.®®% Although this requires an assumption of a macroscopic

shadowing factor which depends on particle shape, which we have established is likely changing,
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this dependence is weak enough that a reasonable approximation can be made by assuming that
it is constant at the value for an aspect ratio of 0.3 (i.e., 1.382, see above). Figure 2(b) shows the
data in Figure 2(a) replotted in this way as the average Au particle thickness versus coverage at
both 300 K and 100 K. Additionally, the lines indicate the thickness that would be expected from
the disk-model with a fixed aspect ratio of 0.3 assuming the same particle density found in
Figure 2(a).

As seen in Figure 2(b), at low coverage the Au particles are thicker than single-layers
(indicated by the dashed line), but significantly thinner than the fixed-aspect-ratio model
predicts. On the other end above 2 ML, the particles are much thicker than the model suggests. In
other words, their aspect ratio is initially lower than 0.3, and then increases well above this value,
suggesting that the particles are growing thicker far faster than they are growing laterally across
the surface. We reanalyze these data below without any assumption about the macroscopic
shadowing factor and obtain similar results, with these conclusions even more obvious.

Since the particle densities remain constant with coverage at both 300 K and 100 K (at
the values found above at 2 ML), and the Au particles have flat tops according to STM (see
above), we will assume that they remain approximately disk-shaped, and estimate their aspect
ratio a and effective radius R at every coverage. These parameters are related through the total
thickness of Au film, d, given by Equation (4) and the fractional area masked in LEIS by the
gold particles, fs, is given by the number density of particles times the surface area of the top-face
of the disk plus the extra area of the substrate that is shadowed from the detector by the disk at
the detection angle of 45° from normal:

fs = n(nR*+ 4aR?) (%)
These two relationships provide a system of two equations with two unknowns, a and R, for each
coverage. The diameters and aspect ratios that result from this analysis are shown in Figures 3(a)
and 3(b).

As seen at both 300 K and 100 K, the aspect ratio of the particles increases as the total Au
deposition increases, reaching approximately 0.5 (the aspect ratio of hemispheres) by ~3.6 ML.
Further supporting our analysis above, the data from ~3.6 ML to ~5.5 ML can be reasonably well
fit with the hemispherical cap model with particle densities of 3.4 x 10!'! particles/cm? at 300 K
and 5.4 x 10! particles/cm? at 100 K, which are extremely similar to the values found at 2 ML

for flat disks. From 0-1 ML, the aspect ratio ranges from ~0.1 to 0.2, which is consistent with the
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findings of Benedetti et. al.?! The aspect ratio appears to be nearly the same for both 300 K and
100 K across the entire coverage range, however this could be due to the aforementioned
assumption that they are the same at 2 ML.

The particles’ effective diameter (Figure 3(a)) increases very rapidly from 0 to 0.4 ML,
but then levels off to remain essentially constant to ~5 ML, with an average value of ~7 nm
above 0.4 ML (using points at both 100 K and 300 K). This would indicate that the Au particles
reach some critical lateral size (effective diameter) of 7 nm by 0.4 ML, and continue to grow
mainly in thickness but very little in diameter at higher coverages, consistent with the increase in
aspect ratio. Close inspection of Figure 3(a) reveals that the diameter appears to increase very
slowly between 0.4 to ~5.5 ML at 300 K, from ~7 to ~8 nm. At 100 K there is no measurable
increase outside the noise from the slightly lower average diameter of ~6.5 nm above 0.4 ML.

Finally, knowing a and R allows us to more precisely determine the thickness of the disks
without any assumption of macroscopic shadowing area (given by 2aR per particle above). Using
this relationship, the data in Figure 2(b) have been replotted in 3(c). While the general trend is
similar to what we observed in Figure 2(b), the early-coverage points are even lower in
thickness, and the high-coverage points are even higher. Additionally, the thicknesses at very
low coverages (from 0-0.4 ML) average 0.45 + 0.09 nm, which is within error equal to the
thickness of two Au(100) atomic layers (0.407 nm). We choose Au(100) layers rather than
Au(111) here because this epitaxial relationship has been observed on MgO(100) and predicted

by multiple groups,6:19:23:36.9091

although some have also observed Au growth with the (111)
orientation,*’ or a disordered Au structure that can rapidly change shape, as in quasi-melting.%®
The horizontal grey line in Figure 3(c) indicates this bilayer thickness. This agrees with our
observation in the normalized LEIS data of Au particles potentially growing as 2D islands with
bilayer thickness.

The morphology of Au on MgO at 300 K was also monitored with XPS using the
integrated normalized intensities of the Au 4fs», Mg 1s, Mg 2p, and O 1s signals as a function of
Au coverage. The Mg 2p and Au 4f peaks were deconvoluted using the procedure described in
reference °>. XPS is far less surface-sensitive than LEIS, and is therefore not as sensitive to
changes in particle shape. It was used here only to verify general agreement. The data below 0.4

ML were well-described by a single-layer growth model for XPS (XPS is not sensitive enough to

distinguish between single-atom thick layers and bilayers), and above that coverage the data
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were fit well by both a flat disk model with 3.0 x 10!! particles / cm? and a hemispherical cap
model with a particle density of 3.5 x 10! particles / cm?.

3.4 Heat of Adsorption at 300 K and 100 K

The calorimetric heats of Au atom adsorption on MgO(100) at 300 K and 100 K are
shown as a function of total Au coverage in ML in Figure 4. These adsorption heats have been
adjusted for the sticking probability of Au, to get the heat per mole adsorbed, as described
above, as well as for the small translational energy difference between atoms emitted from the
hot metal atom source and these same atoms in a Boltzmann distribution at the sample
temperature (either 300 K or 100 K), as described previously.”? With this correction, these data
correspond to the standard molar enthalpy of adsorption with both the gas and the solid at the
temperature of the MgO(100) film (multiplied by negative one, so that exothermic values are
presented as positive rather than negative, as is conventional in calorimetry).

At 300 K and 100 K, the initial heat of adsorption of Au on MgO(100) is 285 kJ/mol and
209 kJ/mol, respectively. As Au coverage increases, the heat of adsorption first increases rapidly,
but then slowly levels off, reaching within 10 kJ/mol of the bulk heat of sublimation of Au(solid)
(368 kJ/mol at 300 K, 363 kJ/mol at 100 K’!) by ~2 ML for both temperatures. The lower value
of initial heat at 100 K compared to 300 K is likely due to a higher fraction of Au atoms
adsorbing to terrace sites rather than stronger-binding step and corner sites that are accessible at
300 K, due to slower Au adatom diffusion at 100 K (see Discussion). Most late transition metals
that are vapor-deposited on oxides bind preferentially at steps and kink sites / corners when the

80.8193 and this was found to be

temperature is high enough for the adatoms to diffuse to the steps,
the case for Au on MgO(100) in both DFT calculations!”* and experiments at temperatures
above 300 K 23:28:3637.65,66

The lineshape of the Au mass spectrometer signal versus time for the atoms that did not
stick was analyzed at both 300 K and 100 K. It was found to be indistinguishable from the line
shape generated by the Au atoms that desorb during zero-sticking measurements, which
essentially measures the instrument response function of the mass spectrometer signal versus
time as the beam pulse ends. This indicates that the incoming Au atoms that adsorb onto

MgO(100) but do not stick must have an average surface residence time, t, that is <10 ms, which

1s the time resolution of this measurement. We will assume that these Au atoms which did not
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stick permanently were indeed transiently adsorbed as monomers. This assumption is supported
by the fact that the Au atoms in atomic beams striking NaCI(100) and KBr(100) surfaces at 644
K and 555 K leave the surface in cosine angular distributions,”® and thus are nearly 100%
accommodated to those surfaces even at those much higher temperatures. The fact that T is <10
ms here means that the removal rate constant for Au monomers adsorbed on MgO(100), ktotal =
1/1,is >100 s'. These adsorbed monomers are removed by two processes: sticking permanently
to Au clusters, and desorbing. If we assume both these processes have rates that are 1% order in
Au monomer concentration, with rate constants Astick and kdes, respectively, then kiotat = Astick +
kdes, and the sticking probability S must be: S = Astick/(kstick + kdes). (The sticking rate is only first-
order after the saturation density of clusters is reached, but that occurs already after the first
pulse or two.) Combining these relations gives that kdes = kiotat(1-S), so that kdes > 100 s71(1-0.90)
>10 s at 300 K and kdes > 100 s7'(1-0.95) > 5 57" at 100 K. By assuming a prefactor for the
desorption rate constant (kdes = v exp(-Edes/RT) of v = 10" 57!, this lower limit on the rate
constant implies that the desorption activation energy for Au monomers on MgO(100) must
therefore be below 69 kJ/mol at 300 K, and below 24 kJ/mol at 100 K. These are substantially
smaller than the initial heats of adsorption on Figure 4 of 285 and 209 kJ/mol at 300 K and 100
K, respectively.

4. Discussion
4.1 Comparison to DFT calculations for Au monomers

DFT calculations predict Au monomer adsorption energies onto the regular terrace sites
of MgO(100) ranging from 52-96 kJ/mol!7949-190 (where the Au atom is positioned on top of an
oxygen anion, which has been confirmed experimentally to be the preferred terrace binding site
for Au adatoms'®"). The upper limit on the Au monomer’s surface residence time measured
above set an upper limit on the desorption activation energy for Au monomers on MgO(100) of
<69 kJ/mol at 300 K, and <24 kJ/mol at 100 K. While the value at 300 K falls within the range of
DFT adsorption energies, the value at 100 K is significantly lower. The value at 100 K of <24
kJ/mol is consistent with the 300 K limit of <69 kJ/mol, only more restrictive. This 100 K limit
of <24 kJ/mol is more likely to represent Au binding at terrace sites, since they might diffuse to
sample defects at 300 K. Del Vitto ez. al.®* calculated a 40% (36 kJ/mol) larger binding energy

for an Au monomer on a MgO(100) step compared to on top of a terrace oxygen.
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4.2 Comparing morphology to previous studies

The LEIS results of Figure 3(c) indicate bilayer island growth in the first 0.4 ML. Blick
et. al.** saw two-dimensional Au rafts in TEM images of Au/MgO powder catalysts formed by
wet impregnation. These rafts were the dominant form of Au at low loadings. In simulations of
cluster geometry on the MgO(100) surface using many-body potentials based on first principle

1" found that for 30-atom clusters, FCC(001) bilayers are nearly

calculations, Ferrando et. a
degenerate with the global minimum shape of square pyramids. Even if 2D islands are not
thermodynamically preferred, their growth could occur due to kinetic effects.®*1%? Recently, it
was predicted first by DFT!? and then confirmed by experiment'® that when MgO(100) films
grown on Ag(100) are thinner than 8 layers (~1.6 nm), Au grows exclusively as 2D islands.
Certainly however, this last example is likely the effect of an interaction between Au and the
underlying substrate, which our MgO(100) films are thick enough to eliminate since they are
~3.5 nm thick.

The growth of 2D metal islands at low coverage was also reported in our previous work
for Cu'® and Ag'° on MgO(100), where the normalized AES signals were fit well by a layer-
by-layer growth model below 0.3 ML. Since AES is far less sensitive than LEIS, those
measurements were likely unable to distinguish between monolayer and bilayer islands in this
regime.

Given the strong initial heats of adsorption measured here and the formation of large-
diameter 2D bilayer islands, it is surprising that the O and Mg LEIS signals are still strong in
LEIS at very high Au coverages (>60 ML). In contrast, in our group’s experiments for Ag on
MgO(100), the O signal in AES was no longer visible above 30 ML Ag coverage,'% despite the
larger probe depth of AES compared to LEIS. This supports our observation that once a critical
two-dimensional diameter of ~7 nm has been reached, the Au particles exclusively thicken at
nearly fixed diameter (Figure 3(a)), getting very thick (up to ~4-5 nm) but never entirely
covering the MgO(100) substrate. Once again, this may occur because the binding of single Au
monomers to MgO(100) terraces is so weak that they diffuse readily to find a nearby large Au
particle, where their binding is apparently preferred when they step-up onto the topmost plane.
Del Vitto et. al.’* calculated a very low value for the single Au atom diffusion barrier on the

MgO(100) surface of ~0.2 eV, and Metois et. al.!’” observed extremely mobile Au adatoms on
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cleaved MgO(100) surface at 300 K. Such a growth model where islands thicken without getting
wider can occur for kinetic reasons,'?? but it may also occur due to the buildup of strain with

increasing island size due to lattice mismatch.!0%:1%°

4.3 Variation of the heat of Au adsorption with Au nanoparticle size

We next replot the calorimetric data versus the geometric parameters of the particles
formed, such as thickness and effective diameter. To get a continuous relationship between
thickness ¢ and coverage (®), the data at both 300 K and 100 K in Figure 3(c) were fit to a
modified exponential of the form ¢ = A(1 — EXP(—B® ))®, as shown by the dashed lines in red
and blue for 300 K and 100 K, respectively.

The heat versus coverage data of Figure 4 are replotted versus the resulting thickness in
Figure 5. The thicknesses for the first 10 to 20 data points of the heat curves in Figure 4 fall
below the thickness of one Au(100) atomic layer (0.203 nm), which is un-physical. Therefore,
we forced the early coverage points to equal the thickness of two Au(100) layers based on the
LEIS evidence that Au is forming bilayers. The heat increases with thickness, approaching
within 10 kJ/mol of the bulk heat of sublimation by a thickness 3.2 nm.

In the low-coverage range, these data represent the heat of adsorption of Au when adding
to 2D Au bilayer islands at constant thickness such that the 2D islands are changing only in their
effective diameter. We estimated their average diameter at each coverage here by first
determining the average number of atoms in each particle (based on the coverage and the best-fit
particle density), and then by assuming these particles have the density of bulk Au(solid) and the
thickness of a Au(100) bilayer in bulk Au(solid) (i.e., 0.406 nm). The Au heat of adsorption
versus the resulting 2D Au island diameter in this constant bilayer thickness regime is shown in
the inset of Figure 5. On the top axis of this inset is also shown the average number of atoms per
particle, which is proportional to the square of the diameter. This is the first time the heat of
adsorption has ever been measured as a function of 2D particle diameter for any metal on any
oxide surface.

The data in Figure 5 present the differential heats of adsorption as a function of particle
size, which directly reflect differences in the chemical potential of the metal atoms, but with
opposite sign, as described in references 3¢ and *2. In brief, entropic contributions to the free

energy are small compared to the large changes in enthalpy measured here, so we neglect these
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entropic contributions, and the chemical potential of a metal atom in particles of diameter D,
(D), relative to that of the bulk metal, (), (set as the reference zero here) is just the heat of
sublimation of bulk Au minus the differential heat of Au adsorption at diameter D. Thus, another
way to view the data from Figure 5 is to plot the chemical potential versus average effective
particle diameter (or particle thickness), which is shown on the right-hand axes of Figure 5.
When evaluated in this way, we see that 1 nm diameter bilayer Au islands are ~160 kJ/mol
higher in chemical potential that those that have reached the bulk size limit (>7 nm in diameter
and >2.5 nm thick). Additionally, Au atoms in 1.5 nm diameter 2D islands at 100 K are ~65
kJ/mol higher in chemical potential than 1.5 nm diameter 2D islands at 300 K (due to the
difference in Au particles nucleated at defects at 300 K versus terraces at 100 K, see below).

The surprisingly large change in chemical potential with 2D island size alone at 100 K
(~100 kJ/mol, Fig. 5 inset) implies that catalytic activity and sintering rates of Au nanoparticle
catalysts change dramatically with 2D island diameter, since both measures of catalytic
performance are known to depend strongly on chemical potential'®®. The strong increase in
chemical potential with decreasing 2D size seen here reflects the thermodynamic driving force
for catalysts to sinter into larger particles with time on stream, leading to dramatic increases in
sintering rates with increasing chemical potential 363234 It also shows why it is challenging to
maintain gold nanoparticles at their small size, and reflects a decreasing propensity for the metal
to bind strongly to small adsorbates.>*?

Finally, the heat of adsorption and corresponding chemical potential of Au atoms in Au
particles versus the number of atoms per particle is shown (as determined above) over a larger
coverage range without an assumption of particle geometry at 300 K and 100 K in Figure 6.
These two datasets converge at particle sizes above ~1400 atoms. Interestingly, Ferrando et. al."’
calculated that above 1200 atoms, Au particles cross over from FCC(001) geometry to the Au
bulk-preferred FCC(111). The convergence in the heat data suggests that once particles reach
this size, they are spread across such a large area of the MgO(100) surface that the incoming
adatoms that attach to the particle no longer feel any significant energetic difference between
attachment to a particle nucleated on a terrace and one at a defect. This seems to coincide well
with the point at which these nanoparticles are beginning to reach a size that resembles their

stable bulk properties.

19



4.4 The effect of temperature on adsorption energy: the role of defects

We proposed previously that the heat data at 100 K includes more contributions from Au
binding at terrace sites than the heat at 300 K. To examine this, we compare the heat of
adsorption of Au on MgO(100) at 300 K to that at 100 K for the smallest common particle size
that we are able to measure. At 300 K, the initial Au heat of adsorption (285 kJ/mol) corresponds
to Au particles that contain ~31 atoms. In contrast, the heat of adsorption of Au at the same
particle size of 31 atoms at 100 K is only 217 kJ/mol, 68 kJ/mol lower than at 300 K. This large
difference in the temperature-dependent adsorption energies on MgO(100) can only arise if these
Au particles are at different sites. The fact that the adsorption energies are so dramatically lower
at 100 K — where there is less thermal energy for Au atom diffusion —indicates that these
measurements at 100 K are due to Au particles at weak-binding terraces, while at 300 K they are
from Au particles that were thermally able to nucleate at the stronger-binding defects, which was

enabled by the faster diffusion of Au particles at 300 K.

4.5 Adhesion Energy of Au on MgO(100)

The adhesion energy of nanoparticles onto a flat surface, Eadhesion, can be found from the
integral heat of adsorption and the morphology measured in LEIS using a thermodynamic cycle
described in reference *°. This gives the following relationship:

N Y nAHadsorption = -1 AHsublimation + A *[(1+/)yv/m — Eadhesion] (7)
where yvmis the surface free energy of the bulk nanoparticle material, fis the surface roughness
factor, Y nAHadsorption 1S the integral molar heat of adsorption up to the coverage of interest, n is
the number of moles of the adsorbate on the surface at that coverage, 4 is the total area covered
by the metal, and AHsublimation 1s the bulk heat of sublimation of the adsorbate.

For particles, we typically apply this method to the large-particle limit, which is the
highest coverage where no more than ~35% of the surface is covered by the adsorbate (as
determined by LEIS).!% (At higher coverages, particles may start to overlap, after which their
size can no longer be estimated.) For Au on MgO(100), the normalized LEIS signals do not
reach this point until ~5.5 ML, which is in the region where these particles have become
approximately hemispherical. This method also requires us to know the surface roughness factor

at the point where adhesion is determined. When the Au particle geometry is changing at any
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given coverage, the roughness factor changes with it. For instance, for a continuous, atomically-
smooth adsorbate layer, the roughness factor is 1; for hemispherical caps it is 2; and for flat disks
with @ = 0.3 (as seen with STM at 2 ML*), the roughness factor is 2.2.

At 300 K, if we use the integrated heat at 2 ML along with measured particle density of
3.0 x 10! particles/cm? assuming flat disks with this same STM aspect ratio (i.e., a = 0.3, for
which f=2.2), the resulting adhesion energy is 2.24 J/m?. These disk-shaped particles are ~8.1
nm in diameter and ~2.4 nm thick at this coverage according to this model. If the value of Au/
MgO(100) adhesion is lower than the Au/ Au adhesion energy -- which is simply twice the Au
surface free energy -- this indicates that Au favors forming 3D clusters rather than wetting the
surface. Using the value of 1.51 J/m? for the Au(111) surface free energy,''® assuming that once
these Au particles reach this size, they adopt their preferred 111 interface, then the Au/ Au
adhesion energy is 3.02 J/m?. This value is indeed larger than the range of Au/MgO(100)
adhesion energies measured here at 300 K, consistent with our observation of the formation of
3D particles at high coverages. The formation of 2D bilayer islands at low coverage thus seems
to be due to a kinetic limitation in this case, rather than a thermodynamic preference, since the
heats of Au adsorption measured here at low coverage are far lower than on large 3D particles.
Kinetically-driven 2D growth is common,®*!1%? and has been observed for Ag on MgO(100).!!"!

An important role of defects on the adhesion energy can be seen by comparing this
adhesion energy at 300 K to the corresponding value at 100 K, where defects are less populated
due to slower metal monomer diffusion.2880-82.93.112 By ysing the same coverage region (up to 2
ML) and roughness factor discussed above at 300 K, a similar analysis of the calorimetry data at
100 K gives an adhesion energy of 0.31 J/m? at 100 K for 6.7 nm diameter disk-shaped particles.
To compare particles of similar size, the adhesion energy of ~7 nm particles at 300 K (assuming
the same shape and aspect ratio as the value 2 ML coverage found above for 8.1 nm particles), is
1.81 J/m?, which is nearly6-fold larger. Combined with the evidence presented above for
particle-size dependent adsorption energies that depend on temperature, these very different
adhesion energies at 300 K and 100 K further confirm that at 100 K, we are measuring the
adsorption and adhesion energies of Au particles on the terraces of MgO(100), while at 300 K
we are measuring the adsorption and adhesion energies of Au particles at defects. While we
cannot directly visualize the binding sites of Au particles using calorimetry, the combined

spectroscopic and calorimetric results presented here are strong evidence that we have measured
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information about the binding strength of large Au particles at defects at 300 K and on terraces at
100 K.

The calorimetric adhesion energy of ~7 nm diameter disk-shaped Au particles on
MgO(100) measured here at 300 K (1.81 J/m?) is much higher than the values determined at 300
K using TEM particle-shape measurements for 2-6 nm diameter Au particles of on MgO(100),
which was only 0.45-0.67 J/m?.2%3>!13 However, the calorimetric adhesion energy of 0.31 J/m? at
100 K for ~7 nm diameter disk-shaped particles agrees far better with these values determined
from TEM particle shapes. Importantly, in these TEM measurements, the Au particles that were
analyzed appear to be at terraces with no morphological defects present.”®!!* Thus, it makes
sense that the 100 K calorimetry value, which is also at terraces, should agree better with these
TEM measurements at terraces than the 300 K calorimetry value, which we attribute to particles
at defect sites instead (probably step edges). These lower values found with TEM at 300 K and
by calorimetry at 100 K also agree significantly better with DFT calculations of the adhesion
energy of 1-2 layers of Au on MgO(100) terraces (0.16-0.42 J/m?).>’

We next rule out other possible reasons why the calorimetric adhesion energy for Au on
MgO(100) at 300 K is so much larger than that at 100 K and from TEM particle-shape analysis
(for particles on terraces at 300 K). The calorimetric values were measured here on MgO(100)
films that ranged from 2 to 5 nm thick, which was thick enough to reach the bulk-thickness limit
for Ag on CeO2(111).7® Therefore, it is unlikely that they were affected by significant interaction
from the underlying Mo(100) substrate. Furthermore, our oxidizing preparation conditions make
it highly unlikely that we have enough oxygen vacancies to affect the heats, also supported by
the absence of vacancy-related signal in the XPS spectra. This is important, because oxygen
vacancies bind Au adatom 210-300 kJ/mol more strongly than terrace sites on
MgO(100).2037-38:9497 The only reasonable explanation for the difference in our adhesion energy
at 300 K relative to that at 100 K or from TEM is the role of step edges or other surface
morphological defects on our calorimetric adhesion energy here at 300 K.

This is the first ever direct comparison between adhesion energies measured with
calorimetry and this same quantity measured using a different technique (TEM). While the value
measured by calorimetry at 300 K differs greatly from that measured by TEM at 300 K, the
disagreement is due to the effect of step edges on the calorimetric value at 300 K. Indeed, the

value measured by calorimetry at 100 K for Au particles on terraces agrees well with that
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measured by TEM at 300 K, also for Au particles on MgO(100) terraces. Our calorimetric
measurements reveal that the energy of Au nanoparticles on MgO(100) is highly sensitive to
morphological defects such as steps, corners, and kinks, where they bind much more strongly
than at terraces. Recently, morphological defects such as the “reverse corner” have been
proposed to explain the electron-transfer properties of MgO(100) films that had previously been
attributed to oxygen vacancy defects.®*%* The thermodynamic cost to form an oxygen vacancy on
an MgO(100) terrace is extremely high (5-10 eV),!'*!1® and in most cases they are not present in
large enough concentrations to effect observed results. In contrast, morphological defects, as
well as those with higher dimensionality such as grain boundaries, have been observed
experimentally in much higher concentrations. These defects can act as efficient electrostatic
traps in thick MgO films, and Au has been observed to nucleate on these defects and grain
boundaries.®? Since Au is characterized by its high electronegativity, the very strong binding we

see for Au at these types of defects may be due to their electron-rich character.

5. Conclusions

The heat of Au adsorption onto MgO(100) versus Au island diameter is measured here
for coverages below 0.4 ML, where the Au grows as flat 2D islands of bilayer thickness. This is
the first time the heat of adsorption has ever been measured as a function of 2D particle diameter
for any metal on any surface. Intensities in LEIS versus coverage showed that at both 300 K and
100 K, Au grows on MgO(100) first as 2D bilayer islands up to ~0.4 ML coverage, where their
diameter grows with coverage until an average diameter of ~7 nm at 300 and 100 K. At ~0.4
ML, these islands suddenly stop growing in diameter, and instead thicken with coverage. Using
details of the Au particle shape and aspect ratio found at 2 ML Au coverage in the STM work of
Benedetti et al*! at 300 K, the Au particle density was determined to be 3.0 x 10! particles/cm?
at 300 K, and slightly larger (5.2 x 10'") at 100 K due to slower adatom diffusion. At 300 K, the
Au heat of adsorption for particles containing 31 atoms is 285 kJ/mol, while at 100 K it is 68
kJ/mol lower, indicating that the measurements at 100 K are from Au particles at weak-binding
terraces, while at 300 K they are from Au particles that nucleate at stronger-binding defects. An
analysis of the lineshape of the Au mass spectrometer signal for nonsticking atoms provides an
upper limit for the desorption activation energy for Au monomers on MgO(100) of 69 kJ/mol at
300 K, and 24 kJ/mol at 100 K. The adhesion energy of Au particles on MgO(100) at 2 ML Au
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coverage was determined using the particle shape and roughness factor described by Benedetti

et. al.?! At 300 K this value for ~7 nm particles is 1.81 J/m?, while at 100 K it is 0.31 J/m?. The

value at 100 K agrees far better with adhesion energy measurements found on this system using

particle shape techniques, which supports the conclusion that the adhesion energy at 100 K is for

Au particles nucleated on MgO(100) terraces, while the much larger value at 300 K is due to

particles at step edges and kinks, or other defects.
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Figure 1: Measured sticking probability of Au atoms on MgO(100) as a function of total Au
coverage in ML at 300 K (red circles) and 100 K (blue diamonds). The data at each temperature
represent the average of three runs. The sticking probability starts at 90% at 300 K, 95% at 100
K, and reaches unity sticking by ~2 ML at both temperatures.
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Figure 2: (a) Integrated LEIS signal intensities for Au (closed circles), O (closed triangles), and
Mg (open squares) as a function of total Au coverage on MgO(100). Data at both 300 K (red)
and 100 K (blue) are shown. The substrate signals are normalized to the clean MgO(100) film,
while the Au signals are normalized to the final Au coverage point scaled by the average of the
remaining Mg and O signals to represent a thick Au overlayer covering the substrate. For Au
coverages of 40-60 ML, ~25% of the Mg and O was typically still visible in LEIS. The black
dashed lines correspond to the normalized LEIS signal expected from a bilayer growth
mechanism. The solid red (300 K) and blue (100 K) line correspond to Au growing as flat
circular disks with a fixed aspect ratio of 0.3 and a fixed particle density that is fit to the data at 2
ML. This particle density that best fits the 2 ML data is 3.0 x 10'! particles/cm? at 300 K and 5.2
x 10!"! particles/cm? at 100 K. (b): Average Au particle thickness versus Au coverage as
measured by LEIS assuming flat circular disks with a constant number density determined by
fitting Figure 2(a) at 2 ML with the STM-measured aspect ratio, and assuming a constant
macroscopic shadowing factor of 1.382. These thicknesses were found using the Au, O, and Mg
LEIS data from Figure 2(a) (using the same symbols). The solid curves are the expected result
from the same flat-disk, fixed-aspect-ratio model and particle number densities shown in Figure
2(a). Using this representation, the failure of this fixed-aspect-ratio model is clear — Au particles
are thinner than this model predicts at low coverages and thicker at high coverages, i.e., their
aspect ratio is constantly increasing with coverage above ~0.3 ML.
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Figure 3: Average Au particle a) diameter and b) aspect ratio calculated concurrently from the
total quantity of Au deposited and the fractional Au coverage as determined by the normalized
LEIS signals from Figure 2(a) for Au (closed circles), O (closed triangles), and Mg (open
squares) at 300 K (red) and 100 K (blue). These two Au particle parameters were determined
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from each LEIS point by assuming that the particle density remains constant at all coverages, and
is equal to the best fit values at 2 ML for 300 K and 100 K from Figure 2(a). The black dotted
lines are shown to guide the eye, and indicate that Au particles increase rapidly in diameter from
0-0.4 ML, after which they grow thicker but with constant diameter from 0.5-3 ML. The aspect
ratio increases nearly linearly with coverage above 0.5 ML at both temperatures. ¢) Real average
Au particle thickness determined using the total amount of Au deposited, the aspect ratio, and the
diameter at each point, using a macroscopic shadowing factor that is determined by the aspect
ratio at each point. Compared to Figure 2(b), the low-coverage points are even thinner and the
high-coverage points even thicker than the constant-aspect ratio model predicted. Using a
varying aspect ratio reveals that the first several coverage points lie at the thickness of an
Au(100) bilayer. The dashed red and blue lines correspond to exponential fits to the 300 K and
100 K data, respectively, to map Au coverage to average particle thickness.
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Figure 4: Heats of Au atom adsorption on MgO(100) at 300 K (red circles) and at 100 K (blue

diamonds) as a function of total Au coverage (1 ML= 1.12 x 10'> atoms/cm?). The inset expands
the range from 0-1 ML where the heat changes most rapidly with coverage.
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Figure 5: Au heat of adsorption (left axis) and the chemical potential of Au atoms in Au
nanoparticles (right axis) versus average Au particle thickness, which is obtained from the total
Au coverage using the exponential fits to the data in Figure 4(c). Data that falls below the
thickness of one Au(100) bilayer (0.407 nm) is forced to this thickness. This is done rather than
forcing data to a single layer thickness due to the LEIS results, however it may be possible that
some of these very early data points are in fact from single-layer islands. The inset shows the
heat and chemical potential data in this 2D-island region as a function of 2D island diameter
(bottom axis), which is obtained from the best-fit particle density found in Figure 2 and assuming
bilayer thickness. The top axis of the inset shows the number of atoms per island, which is
proportional to the square of the island diameter. The data at thicknesses above this 2D-island
range show the effect of particle thickness at constant particle diameter of ~7 nm.
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Figure 6: Au heat of adsorption (left axis) and the chemical potential of Au atoms in Au
nanoparticles (right axis) at 300 K (red circles) and 100 K (blue diamonds) plotted versus the
number of Au atoms per Au particle as determined from the total Au coverage at each point,
assuming a constant particle density at the values found in Figure 2 (3.0 x 10!! particles/cm? at
300 K, 5.2 x 10" particles/cm? at 100 K). The smallest number of atoms per particle is 10 for
100 K and 31 for 300 K. The heat data (and therefore chemical potential) for these temperatures
are different at similar particle sizes due to the much lower rate of diffusion of Au atoms at 100
K, so that more Au particles occupy the less favorable terrace sites on MgO(100) at 100 K,
whereas they grow at the more stable step edges at 300 K. However, as these particles grow
larger, the heats converge by the time they reach ~1400 atoms, at which point these particles are
large enough that the majority of the heat of adsorption comes from the formation of Au-Au
bonds within the particle, with little influence from the bonding to the oxide below.
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