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Abstract

Bimetallic catalysts are an important class of heterogeneous catalysts with catalytic
properties distinct from either of their bulk metal constituents. The structural, electronic,
chemisorptive and catalytic properties of bimetallic surfaces have been widely studied. Surface
reactivity often correlates with adsorption energy of one metal on a single-crystal surface of the
other as measured using temperature programmed desorption (TPD). However, TPD only works
for systems where the metals are immiscible. For bimetallic systems that form an alloy or
intermetallic compound, TPD generally fails since the adsorbed metal penetrates into the bulk
upon heating. The metal-on-metal adsorption energy is unmeasured for all but one such system
previously, but often calculated since these adlayers often have interesting catalytic properties.
We report here calorimetric measurements of the adsorption energy versus coverage of an
adlayer of one metal on another for such a bimetallic system where the metals prefer to alloy: Au
on Pt(111). This bimetallic combination is important in catalysis and electrocatalysis. The first
monolayer (ML) of Au grows pseudomorphically with the Pt(111) surface at 300 K, with an
average heat of adsorption of 389 kJ/mol, ~21 kJ/mol greater than the bulk heat of sublimation of
Au. The heat increases with coverage by ~11 kJ/mol in the first 0.03 ML and then by another ~2
kJ/mol up to a maximum of 395 kJ/mol at 0.7 ML, and it then decreases to near the bulk heat of
sublimation (368 kJ/mol) at 1 ML. The increase in heat is attributed to the increase in size of the
two-dimensional (2D) Au islands that nucleate at very low coverage, and their corresponding
increase in the average number of Au-Au nearest neighbor bonds. The high-coverage decrease in

heat is attributed to the buildup of strain associated with the 4% Au/Pt lattice mismatch. The



second and third layers of Au show similar but much smaller oscillations in heat around 370

kJ/mol, attributed to the same two effects.
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1. Introduction

Bimetallic nanomaterials are an important class of heterogeneous catalysts. Core-shell
nanoparticles are a new class of bimetallic catalysts where the 2" metal exists as a monolayer
coating (“shell”) on the surface of the other “core” metal. They have shown exceptional activity
for some important catalytic and electrocatalytic applications.! The surface reactivity of such
bimetallic solids, specifically the strength with which they bind small adsorbed molecules like
CO, has been shown to correlate with the chemical potential of the metal element that binds the
adsorbate.'®!!" Thus, it is important to know the strength of binding between the two metal
elements near the surface, since it determines this chemical potential. For core-shell systems, this
requires knowing the heat of adsorption of the shell metal onto the surface of the core metal
element.

While the energetics and thermodynamics of alloy formation have been well studied,
much less is known about the energetics of monolayer metal films on other metal surfaces. For
two metals which are immiscible in the bulk, the heat of adsorption of one metal on another has
been measured by temperature programmed desorption (TPD) for decades.'> However, the heat
of adsorption cannot be measured by TPD for one metal on any other metal with which it makes
a bulk alloy or intermetallic compound. This is because the metals intermix (diffuse into each
other) before reaching the desorption temperature. We recently reported the first measurement of
the heat of metal adsorption for any such bimetallic system, using single crystal adsorption
calorimetry to directly measure the heat of Cu adsorption on Pt(111) at 300 K.!* Here we report
a similar study of the adsorption energy for the second such system, Au on Pt(111). This is a
much less stable alloy than CuPt, with a maximum solubility of only ~20% Pt in Au at 400°C.'*
This is still soluble enough to allow mixing upon heating, and prevent clean desorption of
submonolayer coverages of Au adatoms on Pt(111) for the purposes of determining their
desorption energy by TPD. (They would not desorb in TPD until above 400°C, where the
solubility is even higher.) Here, we use calorimetry to study this, and find that the first
monolayer of Au on Pt(111) is ~21 kJ/mol more stable than multilayer Au(solid), with
interesting changes in the heat of adsorption with coverage which we associate with the increase
2D Au island size (at low coverage) and the buildup of lattice strain (at high coverage).

Alloying Au with Pt often markedly improves the catalytic and electrocatalytic properties

of Pt, * 152! and is a prototype bimetallic catalyst that has been well studied to elucidate the



relative importance of electronic effects versus ensemble effects in bimetallic catalysts.!? 2>

Core-shell AuPt bimetallic catalysts have also been studied and show improved catalytic and
electrocatalytic performance.””

The growth of vapor-deposited Au thin films on Pt(111) at room temperature has been
studied using Auger Electron Spectroscopy (AES),?® Low Energy Electron Diffraction
(LEED),% 2% 2% Scanning Tunneling Microscopy (STM),? Temperature Programmed Desorption
(TPD) of CO,* X-ray Photoelectron Spectroscopy (XPS), Ultraviolet Photoelectron
Spectroscopy (UPS)*° and photoemission of adsorbed Xenon (PAX). 23! The AES intensities
versus coverage shows distinct breaks at the successive completions of the first three monolayers
in the Auger signal, indicating layer-by-layer growth. The amount of adsorbed CO measured by
TPD decreased linearly with Au dose, indicating the growth of two-dimensional (2D) islands of
Au, with a break in slope of CO coverage versus Au dose that agreed with the ML coverage
point determined by AES.?® Further, the TPD peak temperature for CO desorption remained
constant with Au coverage and equal to that of clean Pt(111),2° also indicating that Au grows as
2D islands. Also consistent with 2D islands is the STM image at ~0.8 ML Au coverage by
Krupski et al.,?” where islands of Au voids are seen, consistent with 2D Au island coalescence.?’
In addition, the hexagonal Pt(111) LEED pattern remained throughout Au deposition, and no
new LEED spots were observed.?® 28 The lattice constant of the surface layer calculated from the
spot-to-spot distances indicated that the first layer of Au grows pseudomorphically with the
Pt(111) surface, and by 5 ML it relaxed to the bulk lattice constant of Au(111).2¢ Upon heating
~3 ML of Au on Pt(111), PAX showed the onset of fast lateral mobility of gold atoms on the
surface (i.e., 2D islanding) between 250 and 350 K, and their intermixing (alloying) by 750 K.?®

2. Experimental

The experimental apparatus and methods are essentially identical to those reported in our
similar study of the heats of adsorption versus coverage of Cu on Pt(111).!* Specific differences
related to dosing Au rather than Cu can be found in our similar study of Au adsorption energies
on thin films of CeO2(111) grown on Pt(111).*2

To convert the measured adsorption energies to heats of adsorption requires a small
correction to account for the energy difference between the experimental reaction conditions and

the reference reaction conditions used here to define “heat of adsorption.” The heat of adsorption



is defined here as the negative of the standard enthalpy change for the adsorption process with
both gas and surface at the surface temperature. The correction accounts for the extra
translational energy of metal atoms in a molecular beam pulse from a hot evaporation source
relative to these gas atoms in a Boltzmann distribution at the Pt(111) temperature, as described

elsewhere.® All heats of adsorptions reported here have been corrected in this fashion.

3. Results

The differential heat of Au atom adsorption versus coverage on clean Pt(111) at 300 K is
shown in Figure 1. The Au coverage is given in monolayer (ML) units, where 1 ML is defined as
the surface atom density of the (111) plane of the Pt substrate, 1.52 x10'° atom/cm?. The heat is
high in the first monolayer (ML), but by 4 ML it drops to the bulk heat of sublimation of Au
(indicated by a horizontal line) and remains constant thereafter. The sticking probability of Au
onto Pt(111) at 300K was >0.99 at all coverages.

The first ML is shown in expanded scale in Figure 2. The heat of adsorption is initially
382 kJ/mol, but increases quickly to 393 kJ/mol by 0.03 ML, and then more slowly to a
maximum of 395 kJ/mol at 0.6 ML. Above 0.7 ML, the heat decreases steeply to 370 kJ/mol at 1
ML (nearly equal to the bulk heat of sublimation of Au). The coverage-averaged (i.e., integral)
heat of adsorption in the first ML of Figure 2 1s 389 kJ/mol.

Returning to Figure 1, the heat shows a small (~4 kJ/mol) increase and then decrease
between 1 and 2 ML and again between 2 and 3.3 ML. From ~3.5 ML to the highest coverage
studied, the heat has stabilized at the bulk heat of sublimation of Au (368 kJ/mol *%).

The Au/ Pt(111) differential heat of adsorption given above, when integrated up to
multilayer coverage (4.5 ML), can be used to determine the Au(111)/Pt(111) adhesion energy
using the thermodynamic cycle described previously.*® This gives a value of 3.7 J/m? assuming
a flat Au(111) film. This is substantially larger than the adhesion energy of two Au(111) planes
to each other, which equals twice the Au(111) surface energy (1.5 J/m? from ref. 3¢), or 3.0 J/m?,

as expected for the complete film wetting observed experimentally.



4. Discussion

As described in the Introduction, the growth of Au films on the Pt(111) surface by vapor
deposition has received considerable attention in the literature. To summarize those results, the
Au film grows layer-by-layer for several layers, and the first layer grows pseudomorphically
with Pt(111), in 2D islands. We use those previous results together with the unique calorimetry
results above to establish a more complete picture of the film’s structural properties and the
energetics that drive these structures to form.

The heat of adsorption is 382 kJ/mol initially, and it increases to 393 kJ/mol by ~0.03
ML. We attribute this initial steep rise to an increase in the average particle size of the growing
2D islands, and the resulting increase in the number of new Au-Au nearest-neighbor (NN) bonds
per added Au atom. For example, as a triangular Aus trimer adds 4 Au atoms to make a Auy
hexagon, 9 new Au-Au NN bonds are formed, or 2.25 such bonds per atom, but as this Auy
hexagon grows to a 2D Aui9 hexagon, the 12 added Au atoms make 30 new Au-Au NN bonds,
or 2.5 bonds per atom. Assuming that bulk Au solid and 2D Au islands are held together mainly
by Au-Au NN bonds, then each Au-Au NN bond energy is 1/6 of the heat of sublimation (1/6 x
368 kJ/mol) or 61.3 kJ/mol, and the average heat of Au adsorption as Au; grows to Auig should
be larger than that as Aus grows to Auz by (2.5-2.25)(61.3) = ~15 kJ/mol. As the 2D islands
grow to infinite size, the average number of Au-Au NN bonds reaches a limit of 3 per added Au
atom, corresponding to another increase in heat of adsorption of (3.0-2.5)(61.3) = ~30 kJ/mol
compared to that when Auz grew to Auig. This effect qualitatively explains the continued but
much slower increase in heat from 0.03 to 0.6 ML in Figures 1-2. However, as shown below, the
buildup of lattice strain with island size causes a change in the opposite direction at very large
island sizes, slowing down the increase in heat, and finally causing the heat to decrease with
coverage above 0.7 ML.

Due to similar effects of NN bonding, but in this case due to the Au-Pt bonds formed at
the surface, the most energetically favorable adsorption site for a Au monomer is certainly at the
bottom of a Pt step edge. Therefore, the 2D clusters discussed above probably nucleate at step
edges and grow from there. This increases the heats of adsorption for the smallest Au clusters,
thus changing the quantitative values compared to above. However, the qualitative explanation
for the steep initial increase in heat of adsorption up to 0.03 ML, and the much slower increase

up to 0.6 ML, is still certainly valid.



The ~24 kJ/mol drop in adsorption energy from 0.7 - 1 ML in Figures 1-2 can be
attributed to the lattice mismatch between Au and Pt (Au is 4% larger than Pt in lattice constant)
and the resulting buildup of lattice strain within any Au island, as well as the strain-induced
repulsion between neighboring 2D Au islands.'* A similar drop (19 kJ/mol) was also reported by
James et al. !* for Cu adsorption on Pt(111), where the lattice mismatch is larger (Cu is 8%
smaller than Pt). That paper!'? provides a detailed explanation of the physical reasons why the
heat decreases with increasing 2D island size due to lattice strain. Briefly, as the island size
increases, the Au adatoms must sit farther and farther away from the ideal binding site energy
minima (which are periodically separated by the Pt(111) lattice distance), due to this lattice
mismatch. Also, the islands repel each other as they grow closer together due to the resulting
strain induced in the Pt that acts in opposite directions on neighboring islands. That explanation
is equally valid here, even though the lattice mismatch is in the opposite direction.

This effect of lattice strain on the heat of adsorption is clearly much stronger at high
coverages (>0.6 ML, Figure 2). This is because the islands will begin to coalesce at high
coverages, €.g., resulting in a sudden doubling of their size when two islands of similar size
coalesce. This faster increase in island size with coverage will increase the energy cost of lattice
strain more rapidly.

The average heat of adsorption in the first layer is 389 kJ/mol, 21 kJ/mol higher than the
saturation heat at high coverage, indicating that Au/Pt(111) bonds are stronger than Au/Au(111)
bonds by ~21 kJ/mol on average. This small difference could explain why underpotential
deposition of Au monolayers on Pt electrodes has never been reported (to our knowledge). This
small extra stability seen in the first ML in vacuum here is probably more than overcome by the
expected stronger attraction of the electrolyte to the Pt surface than to an added Au layer,
rendering the first layer of Au on Pt unstable relative to 3D particles of bulk Au(solid) when in
electrolyte.

As seen in Figure 1, the second and third monolayers grow with a heat that is slightly
greater than the bulk heat of sublimation of Au(s), and the second layer shows a heat maximum
in the middle (i.e., at ~1.5 ML). The growth in the second layer is probably similar to that for the
first monolayer, with 2D islands first nucleating and growing in size and finally coalescing as the
layer nears completion. This causes the heat to increase and then decrease for the same reasons

as in the first ML: increasing numbers NN Au-Au bonds per added atom with increasing 2D



island size and then buildup of lattice strain. These heat oscillations seen in layers 1 and 2 are
damped out at higher coverage, probably because new layers start before the last layer is
completed, such that the oscillations on different parts of the surface get increasingly out-of-
phase, as is very common in homoepitaxy.’ There may be some evidence for this oscillation
still seen in layer 3, but it is not clear. Above ~4 ML, the heat of adsorption stabilizes at the bulk
heat of sublimation of Au(s) as the Au relaxes to the Au bulk lattice parameter (as reported to
occur by ~5 ML?®). The (111) surface of bulk Au undergoes herringbone reconstruction at room
temperature.’® We do not know if that occurs for the thin films studied here, nor if it affects the

energetics described above.

5. Conclusions

The heat of adsorption of Au on Pt(111) at 300K to make a pseudomorphic monolayer is
389 kJ/mol, compared to 368 kJ/mol at Au coverages above 4 ML (equal to the bulk heat of
sublimation of Au). The heat increases with coverage from 382 kJ/mol initially to a maximum
of 395 kJ/mol at 0.6-0.7 ML, with most of this change occurring in the first 0.03 ML. This is
attributed to the effect of increasing 2D Au island size on the number of Au-Au bonds parallel to
the surface. The heat then decreases to 368 kJ/mol at 1 ML, attributed to the buildup of lattice
strain with 2D Au island size (arising from the 4% Au/Pt lattice mismatch). Small (~4 kJ/mol)
oscillations in heat of adsorption with coverage are seen in the second and third Au layers as
well. The Au(111)/Pt(111) adhesion energy was estimated from the heat of adsorption versus
coverage up to 4.5 ML, and found to be 3.7 J/m?.

6. Acknowledgements
The authors gratefully acknowledge financial support for this work by DOE-OBES
Chemical Sciences Division under grant #DE-FG02-96ER14630. They thank Trevor James and

James Gladden for help with the experimental apparatus.

6. References

1. Alayoglu, S.; Nilekar, A. U.; Mavrikakis, M.; Eichhorn, B., Ru-Pt Core-Shell Nanoparticles for
Preferential Oxidation of Carbon Monoxide in Hydrogen. Nat. Mater. 2008, 7, 333-338.



2. Mani, P.; Srivastava, R.; Strasser, P., Dealloyed Pt-Cu Core-Shell Nanoparticle Electrocatalysts for
use in PEM Fuel Cell Cathodes. J. Phys. Chem. C 2008, 112, 2770-2778.

3. Zhang, J.; Lima, F. H. B.; Shao, M. H.; Sasaki, K.; Wang, J. X.; Hanson, J.; Adzic, R. R., Platinum
Monolayer on Nonnoble Metal-Noble Metal Core-Shell Nanoparticle Electrocatalysts for O-2 Reduction.
J. Phys. Chem. B 2005, 109, 22701-22704.

4, Hartl, K.; Mayrhofer, K. J. J.; Lopez, M.; Goia, D.; Arenz, M., AuPt Core-Shell Nanocatalysts with
Bulk Pt Activity. Electrochem. Commun. 2010, 12, 1487-1489.
5. Ataee-Esfahani, H.; Wang, L.; Nemoto, Y.; Yamauchi, Y., Synthesis of Bimetallic Au@Pt

Nanoparticles with Au Core and Nanostructured Pt Shell toward Highly Active Electrocatalysts. Chem.
Mater. 2010, 22, 6310-6318.

6. Nilekar, A. U.; Alayoglu, S.; Eichhorn, B.; Mavrikakis, M., Preferential CO Oxidation in Hydrogen:
Reactivity of Core-Shell Nanoparticles. J. Am. Chem. Soc. 2010, 132, 7418-7428.
7. Suntivich, J.; Xu, Z. C.; Carlton, C. E.; Kim, J.; Han, B. H.; Lee, S. W.; Bonnet, N.; Marzari, N.; Allard,

L. F.; Gasteiger, H. A.; Hamad-Schifferli, K.; Shao-Horn, Y., Surface Composition Tuning of Au-Pt
Bimetallic Nanoparticles for Enhanced Carbon Monoxide and Methanol Electro-oxidation. J. Am. Chem.
Soc. 2013, 135, 7985-7991.

8. Wanjala, B. N.; Luo, J.; Loukrakpam, R.; Fang, B.; Mott, D.; Njoki, P. N.; Engelhard, M.; Naslund,
H. R.; Wu, J. K.; Wang, L. C.; Malis, O.; Zhong, C. J., Nanoscale Alloying, Phase-Segregation, and Core-
Shell Evolution of Gold-Platinum Nanoparticles and Their Electrocatalytic Effect on Oxygen Reduction
Reaction. Chem. Mater. 2010, 22, 4282-4294.

9. Zeng, J. H.; Yang, J.; Lee, J. Y.; Zhou, W. J., Preparation of Carbon-Supported Core-Shell Au-Pt
Nanoparticles for Methanol Oxidation Reaction: The Promotional Effect of the Au Core. J. Phys. Chem. B
2006, 110, 24606-24611.

10. Campbell, C. T.; Sellers, J. R. V., Anchored Metal Nanoparticles: Effects of Support and Size on
their Energy, Sintering Resistance and Reactivity. Faraday Discuss. 2013, 162, 9-30.

11. Campbell, C. T.; Mao, Z. T., Chemical Potential of Metal Atoms in Supported Nanoparticles:
Dependence upon Particle Size and Support. ACS Catal. 2017, 7, 8460-8466.

12. Campbell, C. T., Bimetallic Surface Chemistry. Annu. Rev. Phys. Chem. 1990, 41, 775-837.

13. James, T. E.; Hemmingson, S. L.; Sellers, J. R. V.; Campbell, C. T., Calorimetric Measurement of
Adsorption and Adhesion Energies of Cu on Pt(111). Surf. Sci. 2017, 657, 58-62.

14. Moffatt, W., G., The Handbook of Binary Phase Diagrams, Vol. 3. General Electric Co.:
Schenectady, NY., 1978.

15. Doherty, R. P.; Krafft, J. M.; Methivier, C.; Casale, S.; Remita, H.; Louis, C.; Thomas, C., On the
Promoting Effect of Au on CO Oxidation Kinetics of Au-Pt Bimetallic Nanoparticles Supported on SiO2:
An Electronic Effect? J. Catal. 2012, 287, 102-113.

16. Luo, J.; Maye, M. M.; Petkov, V.; Kariuki, N. N.; Wang, L. Y.; Njoki, P.; Mott, D.; LIn, Y.; Zhong, C.
J., Phase Properties of Carbon-Supported Gold-Platinum Nanoparticles with Different Bimetallic
Compositions. Chem. Mater. 2005, 17, 3086-3091.

17. Luo, J.; Njoki, P. N.; Lin, Y.; Wang, L. Y.; Zhong, C. J., Activity-Composition Correlation of AuPt
Alloy Nanoparticle Catalysts in Electrocatalytic Reduction of Oxygen. Electrochem. Commun. 20086, 8,
581-587.

18. Luo, J.; Njoki, P. N.; Lin, Y.; Mott, D.; Wang, L. Y.; Zhong, C. J., Characterization of Carbon-
Supported AuPt Nanoparticles for Electrocatalytic Methanol Oxidation Reaction. Langmuir 2006, 22,
2892-2898.

19. Mott, D.; Luo, J.; Njoki, P. N.; Lin, Y.; Wang, L. Y.; Zhong, C. J., Synergistic Activity of Gold-
Platinum Alloy Nanoparticle Catalysts. Catal. Today 2007, 122, 378-385.

20. Petkov, V.; Wanjala, B. N.; Loukrakpam, R.; Luo, J.; Yang, L. F.; Zhong, C. J.; Shastri, S., Pt-Au
Alloying at the Nanoscale. Nano Lett. 2012, 12, 4289-4299.

9



21. Wanjala, B. N.; Luo, J.; Fang, B.; Mott, D.; Zhong, C. J., Gold-Platinum Nanoparticles: Alloying and
Phase Segregation. J. Mater. Chem. 2011, 21, 4012-4020.

22. Ponec, V., Catalysis by Alloys in Hydrocarbon Reactions. Adv. Catal. 1983, 32, 149-214.

23. Yeates, R. C.; Somorijai, G. A., Surface-Structure Sensitivity of Alloy Catalysis - Catalytic
Conversion of Normal-Hexane over Au-Pt(111) and Au-Pt(100) Alloy Crystal-Surfaces. J. Catal. 1987, 103,
208-212.

24. Sachtler, J. W. A,; Vanhove, M. A;; Biberian, J. P.; Somorjai, G. A., Enhanced Reactivity of Ordered
Monolayers of Gold on Pt(100) and Platinum on Au(100) Single-Crystal Surfaces. Phys. Rev. Lett. 1980,
45, 1601-1603.

25. Sachtler, J. W. A.; Biberian, J. P.; Somorjai, G. A., The Reactivity of Ordered Metal Layers on
Single-Crystal Surfaces of other Metals - Au on Pt(100) and Pt on Au(100). Surf. Sci. 1981, 110, 43-55.

26. Sachtler, J. W. A.; Somorijai, G. A., Influence of Ensemble Size on CO Chemisorption and Catalytic
N-Hexane Conversion by Au-Pt(111) Bimetallic Single-Crystal Surfaces. J. Catal. 1983, 81, 77-94.

27. Sachtler, J. W. A.; Somorijai, G. A., Cyclohexane Dehydrogenation Catalyzed by Bimetallic Au-
Pt(111) Single-Crystal Surfaces. J. Catal. 1984, 89, 35-43.

28. Kobiela, T.; Moors, M.; Linhart, W.; Cebula, I.; Krupski, A.; Becker, C.; Wandelt, K.,
Characterization of Bimetallic Au-Pt(111) Surfaces. Thin Solid Films 2010, 518, 3650-3657.

29. Krupski, K.; Moors, M.; Jozwik, P.; Kobiela, T.; Krupski, A., Structure Determination of Au on
Pt(111) Surface: LEED, STM and DFT Study. Mater. 2015, 8, 2935-2952.
30. Salmeron, M.; Ferrer, S.; Jazzar, M.; Somorijai, G. A., Photoelectron-Spectroscopy Study of the

Electronic-Structure of Au and Ag Overlayers of Pt(100), Pt(111), and Pt(997) Surfaces. Phys. Rev. B 1983,
28, 6758-6765.

31. Moors, M.; Kobiela, T.; Krupski, A.; Becker, C.; Wandelt, K., Characterization of Bimetallic
Systems with UPS and PAX: Gold on Platinum and Palladium Surfaces. Acta Physica Polonica A 2008,
114,S77-592.

32. Hemmingson, S. L.; James, T. E.; Feeley, G. M.; Tilson, A. M.; Campbell, C. T., Adsorption and
Adhesion of Au on Reduced Ce02(111) Surfaces at 300 and 100 K. J. Phys. Chem. C 2016, 120, 12113-
12124.

33. Stuckless, J. T.; Frei, N. A.; Campbell, C. T., A Novel Single-Crystal Adsorption Calorimeter and
Additions for Determining Metal Adsorption and Adhesion Energies. Rev. Sci. Instr. 1998, 69, 2427-2438.
34. Lide, D. R., CRC Handbook of Chemistry and Physics (Internet Version). 88th ed.; CRC Press /
Taylor and Francis: Boca Raton, FL, 2008.

35. Stuckless, J. T.; Starr, D. E.; Bald, D. J.; Campbell, C. T., Metal Adsorption Calorimetry and
Adhesion Energies on Clean Single-Crystal Surfaces. J. Chem. Phys. 1997, 107, 5547-5553.

36. Tyson, W. R.; Miller, W. A., Surface Free Energies of Solid Metals: Estimation from Liquid
Surface Tension Measurements. Surf. Sci. 1977, 62, 267.

37. Poelsema, B.; Becker, A. F.; Rosenfeld, G.; Kunkel, R.; Nagel, N.; Verheij, L. K.; Comsa, G., On the
Shape of the In-Phase Teas Oscillations during Epitaxial-Growth of Pt(111). Surf. Sci. 1992, 272, 269-275.
38. Narasimhan, S.; Vanderbilt, D., Elastic Stress Domains and the Herringbone Reconstruction on
Au(111). Phys. Rev. Lett. 1992, 69, 1564-1567.

10



400 prrr

— ' LB L ' LB L -
o) N 3
£ 305 [&2 | Au/Pt(111) @300K 3

pe= W% 1 1ML=1.5x10" atoms/cm? 1

=< 390 fo To & | I =

~ & & | :

c I 3
§ 3 E o ! :
] P - -
Q. 380 3 AH,,, A,= 368 ki/mol 3
@) Sy -
@ 375 R EA ;

o LIPS % -
< *.zl‘..‘"‘: \:’0 :’0 -

370 o * "’0:’/:00 3 g -

Y f\«\- i Se S -

o |<:<3 ‘:::’\’\0 $ W, % -
¥ ¢
+= 365 | 2O =

8 Region 1 I Region 2 i Region 3 a

I 360 Li 11 ri s sl s bl 3331

0 1 2 3 4 5

Au Coverage / ML

Figure 1. Differential heat of adsorption of Au atoms onto the clean Pt(111) surface at 300 K as a
function of Au coverage. (This is the average of three experiments.) Coverage is marked by three
regions, corresponding to different general behaviors (see text). A coverage of one ML is defined as one
Au atom per Pt(111) surface atom.
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Figure 2. The differential heat of Au atom adsorption versus coverage in the first ML of Au on Pt(111)
from Fig. 1. At low coverage, the increasing 2D Au island size results in an increasing heat due to the
additional metal-metal bonds formed per added Au atom. Above 0.7 ML, the 2D islands begin to merge,
exacting increasingly larger energy penalty due to lattice strain from lattice mismatch.
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