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Abstract Density functional theory, informed by exper-

imental studies, is used to investigate the interplay of

surface morphology, the adsorption site of reactants, the

nature of the interaction between adsorbates and the sur-

face, the potential energy landscape for adsorbates on the

surface, adsorbate coverage, temperature, and the dynamic

evolution of these factors during adsorption and reaction.

We summarize our current understanding of Au atom

release on the (111) surface and the corresponding effects

on adsorption and reactivity. Gold was selected for these

investigations because of the recent intense interest in the

activity of gold nanoparticles for several important cata-

lytic reactions. Fundamental experimental studies on Au

single-crystal surfaces have established that atomic O is

extremely active for oxidation of CO and olefins, that the

local bonding of O is an important factor in determining the

reactivity and selectivity for oxidation, and that Au atom

release is induced by electronegative adsorbates, such as O,

Cl, and S. These experimental results guided our theoreti-

cal studies. Density functional theory is an extremely

useful tool since it evaluates the energetics associated with

the incorporation of gold into the adsorbate layer, while

providing fundamental physical insight into the underlying

cause of gold incorporation. We use our results from static

DFT calculations along with ab initio molecular dynamics

simulations to understand the effect of surface morphology

on the activity of gold for CO oxidation. Our investigation

of Au atom release and incorporation induced by electro-

negative atoms clearly illustrates the importance of using

experiments in combination with theory to establish the

importance of and the underlying reasons for metal atom

release and the affect on bonding and reactivity.
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1 Introduction

Development of structure–reactivity relationships is a

cornerstone in developing predictive models for chemical

behavior in all fields of chemistry. In surface chemistry and

catalysis, the types of coordination sites are widely rec-

ognized to be an important factor because their nature

determines the local bonding of adsorbed species on sur-

faces, ammonia synthesis [1–3] being an established

example. While well-defined surfaces can be prepared from

single-crystal surfaces, the surface structure is not always

an extension of the bulk and often changes when adsorbed

species are present on the surface [4, 5], which is of deep

fundamental importance to many areas of surface chemis-

try, especially catalysis and surface reactivity [6–9]. For

example, adsorption on most fcc and hcp close packed

metal surfaces will result in some reconstruction, buckling,

or distortion of at least the first layer of metal atoms [10,

11]. Adsorbate induced restructuring of the (111) crystal

faces of platinum and rhodium are important for C–H bond
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activation [12, 13]. Oxygen-induced reconstructions are

driven on many surfaces, including (but not limited to)

Pt(111) [14, 15], Pt(110) [16, 17], Pd(111) [18], Ni(110)

[19, 20], Cu(110) [21], Cu(111) [22], Fe(211) [23].

Dramatic changes in surface structure that include metal

atom release from metal surfaces induced by adsorbed

species has been established, even for close-packed sur-

faces [24]. Understanding metal atom release is crucial for

a fundamental understanding of the surface chemistry of

metals relevant to catalytic processes since the local

bonding sites available, the overall surface morphology,

and the ability of reactants to diffuse on the surface are all

affected by metal atom release [4]. There are many

examples of metal atom release. Tao et al. used experi-

mental and theoretical tools to show that CO adsorption on

hex-Pt(100) induces release of Pt, yielding metal nano-

clusters on the surface [25]. Metal release and restructuring

also occurs on Pt(100) with NO [26] and O2 [27]. McCrea

et al. found that formation of a platinum carbonyl species

on Pt surfaces could drive metal atom release [28].

Dynamic restructuring of the Ag(111) surface occurs dur-

ing the reaction of sulfur dioxide with Ag(111)-p(4 9 4)-O

resulting in the incorporation of added silver atoms [29].

While a complete review is not within the scope of this

report, it is evident that atom release from metal surfaces is

a general phenomenon.

Controlling the morphology and reactivity of gold sur-

faces is particularly important because these surfaces play a

vital role in all aspects of modern technology and science,

from heterogeneous catalysis [30–33] to nanotechnology

[34]. Supported gold nanoparticles can catalyze a wide

variety of reactions including the reduction of NOx by

hydrocarbons [35, 36], the oxidation CH4 [37, 38], CO

[39], and propene [40], and the epoxidation of propylene

[41]. Gold is extensively used as a substrate for self-

assembled monolayers (SAM) [42, 43] in materials science

[44], as interconnects in electronic devices [45–47], as a

substrate for conducting polymers in chemical sensors [48],

and in many different types of biosensors [49, 50]. Gold

can be used in plasmonic electronic devices and is an

important substrate for surface enhanced Raman spectros-

copy [51, 52]. Surface morphology, the local bonding, and

the mobility of gold atoms are important in all of these

applications, rendering it essential that the underlying basis

for adsorbate-driven metal atom release be understood.

While gold incorporation may be one of the most

important factors affecting the reactivity of gold surfaces,

there are several other factors that control the catalytic

activity of gold nanoparticles on oxide supports, although

as we will explore, many are closely related to metal atom

release. For example, the size [53, 54] and shape [55] of

supported Au nanoparticles has a substantial effect on its

catalytic activity [56]. Other factors that have been

discussed in determining catalytic activity of Au-based

materials include the nature of the metal oxide support, the

oxidation state of Au, and the method by which the catalyst

was prepared [57]. Recent results indicate that gold can be

activated even in the absence of a reducible metal oxide

support and that even large, micron-size gold particles are

catalytically active. For example, micron-size gold powder

is active for CO oxidation [58–60] and CO oxidative

amination [57], and nanoporous Au promotes CO oxidation

[59] and selective oxidation of glucose [61].

Experimentally, O bound to single-crystal gold is

exceedingly active for a variety of oxidation reactions,

whereas clean Au is essentially inert for these processes

[62–64]. Molecular O2 species may also promote some

reactions, e.g. CO oxidation; however, analogy with Ag

[65] suggests that adsorbed O, which behaves as a Brønsted

base, is a key component of a broader range of oxidation

reactions. Furthermore, the morphology of gold surfaces

and particles is affected by O adsorption, based on exper-

imental imaging studies [65, 66]. The local bonding of O,

which depends on surface morphology, also affects activity

for CO oxidation [62] and both the activity and selectivity

for propene oxidation [67]. These results suggest that

dynamic restructuring can occur during reaction, which

will affect reaction kinetics as was recently illustrated for

the reduction of resazurine on Au nanoparticles [68].

While the mechanism for oxidation on gold is still a

controversial topic, it has been suggested that under-coor-

dinated Au atoms are important for gold’s activity [69–71]

and could be possible sites for the binding and dissociation

of O2, an important step in the catalytic process [72–74].

Moreover, adsorption of CO and O is stronger on Au sites

with lower coordination number [56]. It is, therefore,

important to understand how under-coordinated atoms can

be created on the surface and under what conditions they

are stable. Gold atom release induced by adsorbed species

is also important for understanding how agglomeration

(sintering) of Au particles supported on metal oxide sup-

ports occurs, which is one mechanism for catalyst deacti-

vation [75].

Theory in conjunction with fundamental studies of sur-

face reactivity can provide guiding principles for under-

standing the catalytic properties of metals and can therefore

be used for the future design of novel catalysts [76–78].

Advances in modern density functional theory (DFT) and

the increase in computational power over the past decades

have made relatively accurate, slab calculations feasible for

systems important in catalysis. Norskov and coworkers

have pioneered the use of DFT to successfully describe

trends in reactivity for many transition metals and alloys

[79–82]. For example, Norskov and others have illustrated

how simple bond strength correlations can be used as a

guide for establishing metals that are best for particular
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reactions [83, 84]. Linear relationships exist between dis-

sociation activation energies and enthalpy changes, known

as Brønsted–Evans–Polanyi (BEP) relationships, which

have been very useful for describing the activity of tran-

sition metals [85, 86]. Electronic considerations are also

important for understanding adsorption and reactivity.

Norskov and coworkers have found a coupling between the

adsorbate valence states and the transition metal d-states;

the higher the energy of d-states relative to the Fermi

energy of the metal, the stronger the interaction of the

adsorbate [87, 88]. DFT calculations have also been used to

show that low coordination sites on metal surfaces are

important. Along with the examples important for gold

oxidation [56, 72, 89, 90] it was found that steps were

important in calculating the rate of ammonia synthesis on

ruthenium nanoparticle catalysis [91], for methane activa-

tion on Ni [92, 93], and for carbon monoxide oxidation on

Ru(0001) [94] and other metal surfaces [95]. It is important

to point out that experimental surface science studies pro-

vide critical information for constructing and testing the-

oretical models, such as unit cell dimension, surface

morphology, and vibrational frequencies.

Herein, we review recent work from our groups aimed at

understanding the interplay between adsorbate bonding and

surface morphology of flat and defective Au(111) using

state-of-the-art DFT calculations and comparison to

experimental measurements. In the first section we inves-

tigate how the adsorption of electronegative atoms (spe-

cifically oxygen, chlorine, and sulfur) on Au(111) will

incorporate gold atoms into the adsorbate layer. We

understand how the coverage can affect this incorporation

and try to provide physical insight into the cause of this

incorporation. In the second section, we review how DFT

and ab initio molecular dynamics (AIMD) was used to

understand how the morphology of the surface and gold

incorporation into the adsorbate layer can affect the

bonding of O and the activity for CO oxidation. Finally, we

place our work in a broader context and outline remaining

challenges in understanding reactivity relevant to hetero-

geneous catalysis.

2 Computational Methods

A variety of theoretical tools are used throughout this

report, with the exact details described elsewhere [96–99].

To summarize, static calculations and AIMD simulations

were performed in the framework of density functional

theory using the VASP code [100] often with the GGA-

PW91 functional and ultrasoft pseudopotentials [101–103].

Other functionals were tested and used in cases where the

GGA-PW91 functional was not appropriate. In each case

the plane-wave cutoff energy, k-space sampling, supercell

size and number of layers, electronic and ionic conver-

gence tolerance, and other parameters were tested over a

range of values and converged to provide accurate results.

AIMD calculations were performed in the canonical

ensemble [104], with a time step of 2 fs, for the reaction of

carbon monoxide with atomic oxygen covered Au(111). At

each oxygen coverage, 100 independent simulations were

performed, each lasting 8 ps. All results are obtained after

a sufficient equilibration time, as evaluated by the point in

time at which fluctuations in the average energy, temper-

ature, and other measurable quantities were small (\5%).

3 Understanding the Relationship Between Surface

Reactivity and Gold Atom Release

3.1 Release of Au Upon Adsorption of Electronegative

Elements on Au(111): Effect on Surface

Morphology

The interaction of electronegative atoms (specifically

oxygen, chlorine, and sulfur) with gold is important to

understand because of the number of applications in which

they are used. Atomic oxygen is active for a wide range of

oxidative transformations promoted by gold surfaces and

nanoparticles [62–64]. Accordingly, most proposed mech-

anisms include atomic oxygen in at least one step of the

catalytic cycle [89, 105–109]. Au–Cl interactions are of

interest; for example, Au(III) chloride is used as a homo-

geneous catalyst for a number of important organic

reactions including intramolecular cyclizations and cross-

cycloisomerizations [110, 111]. Chlorine is used as a lixi-

viant for gold [112] and plays an important role in the

contact between gold and semiconductor electrodes [113].

The interaction of sulfur and gold plays a vital role in the

formation of self-assembled alkylthiol monolayers (SAMs)

which have the possibility to be used in a wide variety of

applications [114]. We are specifically interested in how

the coverage of O, Cl, and S affects the morphology of the

Au surface because experimental studies show that there

are significant changes in both local bonding and overall

morphology as a function of adsorbate coverage

[115–117]. To this end, we have performed calculations

that probe the interplay between the coverage of Cl and O

and the energetics of defect formation.

Our results on Au(111) show that simple adsorption into

an overlayer is most favorable for O and Cl on Au at low

coverage, whereas Au adatom release becomes favorable at

higher coverage. While Au(111) may be especially prone

to the release of gold atoms due to the ‘herringbone’

reconstruction, which contains an excess of *4.5% Au

atoms compared to the bulk (111) plane [118–120], our

theoretical and experimental results clearly show that gold
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adatom release and bonding to, e.g. O, is also favored for

the unreconstructed, close-packed (111) surface. Experi-

mentally, we find that there are substantially more Au

adatoms incorporated into the adsorbed layer, than the

4.5% excess in the herringbone reconstruction [115].

Scanning tunneling microscopy images in Fig. 1 illustrate

this gold removal and also the dependence of the surface

structure on oxygen coverage. Gold incorporation is even

observed for molecular adsorption on the Au(111)-her-

ringbone; for example, styrene [121], NO2 [122], and

CH3SH [123, 124] induce Au atom release.

In our theoretical calculations aimed at understanding

the affect of atomic oxygen coverage on the morphology of

gold [97], a
ffiffiffi

3
p
�

ffiffiffi

3
p

� �

R30�surface unit cell was used as a

model for testing the energetics of gold incorporation

versus overlayer coverage on Au(111) for oxygen cover-

ages of 0.33, 0.66, and 1.00 ML. This model provides

insight into coverage effects, but does not model the exact

structure at higher coverage, which has a complex, disor-

dered structure that is not amenable to study using periodic

calculations. Therefore, factors, such as adsorbate–adsor-

bate repulsion that lead to Au incorporation, will only be

qualitatively similar in the real and model systems, but the

model will still provide insight into the coverage-depen-

dent bonding of adsorbates on the gold surface.

The approach we take to evaluating whether Au atom

release is favored is to estimate the Gibbs free energy,

G(T, P, NAu, NO), using a technique described previously

[125–127]. In this construction, the most stable surface

minimizes the surface free energy, c(T, P), defined as:

c T ;Pð Þ ¼ 1=Að Þ½G T ;P;NAu;NOð Þ � NAulAu T ;Pð Þ
� NOlO T;Pð Þ�

where lAu and lO are the chemical potentials of a Au atom

and an O atom, NAu and NO are the numbers of these

species, and the surface energy has been normalized by

dividing by the surface area, A [125–127]. In principle the

Gibbs free energy could be calculated by considering the

contributions of vibrational and configurational entropy; in

practice these contributions can be small and are often

neglected allowing the terms to be approximated as DFT

total energies [128]. Enthalpic contributions are likely the

most prominent factor controlling the morphology of the

surface, but it is important to note that entropic

contributions can become important as discussed later in

this report. The surface free energy becomes:

cDFT T ;P; nð Þ ¼ 1=Að Þ½EAu=O � EAu � NOlO T ;Pð Þ
þ Ecost nð Þ�

Because the terms in the above expression can be related to

DFT energies, this formula is very similar to the typical

expression for the adsorption energy, where EAu/O is the

total energy of the entire adsorbed system and EAu is the

energy of the gold substrate. The last term, Ecost, has been

added to account for the energetic cost for creating gold

adatoms on the surface:

Ecost nð Þ ¼ Es�ad nð Þ � nEb � Es

with Es-ad(n) the total energy of the Au(111) substrate with

n adatoms, Eb the energy of a gold atom in the bulk, and Es,

in this case, the energy of the bare Au(111) substrate. The

chemical potential of oxygen could be related to an oxygen

pressure and temperature by calculating the translational

and rotational partition functions of the gas phase, but for a

qualitative phase diagram it suffices to consider a range of

chemical potentials [125]. Figure 2 is a plot of the surface

free energy as a function of the oxygen chemical potential

for the lowest energy structures for overlayer adsorption

and gold incorporation. Oxygen dissociation is not ther-

modynamically favorable in the small unlabeled region in

Fig. 2 at the lower bound of the chemical potential. As the

oxygen chemical potential increases, a higher oxygen

coverage is possible on the surface creating three distinct

regions, labeled Ia, Ib, and II.

Fig. 1 Scanning tunneling microscopic images (50 nm 9 50 nm) of

oxidized Au(111) surfaces where a 0.2 ML and b 0.5 ML of oxygen

was deposited at 200 K using ozone. These images illustrate the

roughening and restructuring of the gold surface upon adsorption of

atomic oxygen. As the oxygen coverage increases, the number and

size of islands increase and the ‘herringbone’ reconstruction is

completely lifted (reprinted with permission from Ref. [62])
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The structures with the lowest surface free energy in

regions Ia and Ib are the 0.33 and 0.67 ML of oxygen

coverage, respectively, both without gold adatom incor-

poration. Interestingly, a transition between flat overlayer

adsorption and gold incorporation occurs between region I

and II when the oxygen coverage with the lowest energy

increases from 0.67 to 1.00 ML. At the higher oxygen

coverage it is energetically favorable for gold atoms to be

removed from the substrate and bind with oxygen atoms.

Our work agrees with Shi and Stampfl [129] who per-

formed similar calculations using a larger unit cell; they

predict, however, that the energetically most favorable

configuration at all the coverages they tested, is a ‘‘surface-

oxide-like’’ layer that has gold incorporated into its struc-

ture. Several other groups have also investigated oxygen

adsorption on gold using DFT; however, the possibility of

gold release from the surface induced by adsorbed O was

not considered [31, 38, 89, 106, 130–132]. For example,

Miller and Kitchin [130] calculated a surface free energy

plot for different coverages and structures of oxygen on

Au(111), but without considering structures involving Au

extraction from the surface. Consideration of metal atom

release is critical since changes in metal–metal bonding

due to such added-metal structures will substantially affect

bonding mechanisms and bond energies. In this regard,

experiment plays a critical role in guiding theoretical

studies, since atomic-scale imaging provides direct infor-

mation about whether metal atom release must be consid-

ered or not. We also find, as described in the second section

of this report, that gold incorporation significantly affects

the reactivity of the surface for CO oxidation.

Both experiment (STM, see Fig. 3) and theory show a

similar transition from overlayer adsorption at low cover-

age to gold incorporation at high coverage for Cl on

Au(111) [97, 116]. Using DFT calculations, we have

energetically verified experimental results using the same

model
ffiffiffi

3
p
�

ffiffiffi

3
p� �

R30� unit cell. To compare the adsorp-

tion of chlorine on each substrate (overlayer and gold

incorporation structures), the total electronic energy is

calculated in a similar fashion to the oxygen surface

energy, which contains both the Cl binding energy and the

cost for creating gold adatoms on the surface:

Fig. 2 Surface free energy, cDFT(T, P) as a function of the oxygen

chemical potential, lO for different oxygen and gold adatom

coverages. The clean surface is represented by a horizontal line at a

surface free energy of 0 eV. The transition range in the oxygen

chemical potential between regions, representing the error introduced

by the choice of exchange-correlation functional, is indicated by

checkered-square region (reprinted with permission from Ref. [97])

Fig. 3 STM images of a *0.8 ML chlorine on Au(111) showing the

honeycomb structure. The inset shows that each unit in the hexagon

adopts a dimer structure. b Flashing a to 750 K. c Annealing a at

750 K for 1 min. d Annealing a at 750 K for 5 min. Cl2 is dosed at

300 K. All STM images were collected at 120 K. a Gold incorpo-

ration, which is verified in c where Cl has been removed by annealing

but gold islands remain on the surface. However, when annealed for

long enough the gold adatoms are incorporated back into the surface

and the characteristic ‘herringbone’ reconstruction of Au(111)

remains d (reprinted with permission from Ref. [116])
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Etotal n; pð Þ ¼ ECl�ads pð Þ þ Ecost nð Þ

where Ecost(n) has been defined above and ECl-ads(p) is the

adsorption energy of Cl on the gold substrate defined as:

ECl�ads pð Þ ¼ EAu=Cl � Es �
p

2
ECl2

where EAu/Cl is the total energy of the system consisting of

the Au surface with p Cl atoms bound on the gold substrate,

Es is the energy of the gold substrate, and ECl2 is the energy

of the Cl2 molecule. A similar phase diagram could be

produced for chlorine adsorption as was done for oxygen,

but for simplicity only the Cl2 binding energy is used; there

is no change in the overall conclusions in doing so.

While there is a strong coverage dependence in the

overall energetics for O and Cl adsorption on Au(111),

there are differences in the two cases. In contrast to the

oxygen results, the transition from overlayer adsorption to

gold incorporation occurs between 0.33 and 0.67 ML of

chlorine, compared to between 0.67 and 1.00 ML for O.

Table 1 summarizes the calculated total energies for Cl.

The chlorine structure with the lowest total energy is the

overlayer with Cl in FCC three-fold sites, with a total

energy of -0.91 eV, for a coverage of 0.33 ML. The

configuration with 0.33 ML of gold adatoms has two

chlorine atoms bound on top of a gold adatom on either

side, coordinated only to the gold adatom. But at a higher

coverage, 0.67 ML, the overlayer is no longer the lowest in

energy; instead, the gold incorporated structures with 0.33

and 0.67 ML of gold adatoms are lowest in energy. The

structure with 0.67 ML of chlorine adsorbed on 0.67 ML

of gold adatoms (labeled ‘half-bridge site’ in Table 1) has

Cl bound directly to one gold atom but in an off-center

position, tilted towards the vacancy and close to what

would have been the bridge site of the surface without the

vacancy. An alternative structure, with the Cl atom directly

on top of the gold atom is substantially higher in energy

(Table 1). At both tested coverages of Cl, the Au–Cl

interaction is stronger on the adatom covered surface, but

when taking into account the cost of creating the adatom-

covered surface, the 0.33 ML chlorine overlayer is lowest

in energy while at 0.67 ML of chlorine, the adatom cov-

ered surfaces are lowest in energy. Other groups have

performed important calculations of Cl on gold surfaces,

but gold incorporation was not considered, which could

have important implications on their results as discussed

above for O [133–136]. However, Peljhan and Kokalj did

allow metal incorporation for Cl adsorption on Cu(111)

and they found many of the same trends [137].

Gold incorporation is also observed for sulfur adsorption

on gold. Experiments revealed that sulfur adsorption at

300 K lifts the surface reconstruction of Au(111) in the

low-coverage regime (0.1 ML) and leads to the formation

of a 2D AuS phase involving large-scale mass transport in

the high coverage regime ([0.3 ML). The reaction is

completed once the S coverage reaches a value of

approximately 0.6 ML. At this point, the surface is com-

pletely covered with an AuS overlayer, although it is

broken into domains. Further annealing to 450 K decreases

the sulfur coverage by approximately 20% (to 0.5 ML),

and large vacancy islands of monatomic depth develop by

Ostwald ripening of the original irregular etch pits. At this

point, the Au(111) surface is uniformly covered (terrace

areas as well as vacancy islands) with an ordered, incom-

mensurate AuS film [117, 138].

Density functional theory has been used to develop an

atomistic model of the AuS overlayer [139]. The structure

obtained is robust, reflects the rich coordination chemistry

of Au, and reproduces experimental observations. Since an

incommensurate layer interacts only weakly with the sub-

strate, first calculations were performed that considered an

isolated AuS layer. Several models were explored with

different numbers of atoms with the ratio Au:S = 1:1,

which was found experimentally. Using a unit cell that was

consistent with experiment, only one stable structure is

found in which gold is incorporated, shown in Fig. 4. This

layer is then placed on a Au(111) surface, the optimal

configuration is found, and STM images were simulated in

excellent agreement with the experimental results. A

bonding analysis based on Wannier functions showed that

the Au–S layer exhibits a rich coordination chemistry

corresponding to different Au oxidation states.

It is clear from our work that electronegative atoms (like

O, Cl, and S) incorporate gold into the adsorbate layer,

even though the details of the structures and the coverages

at which Au atom release is favored depends on the spe-

cific adsorbate. Past work has attributed adsorbate-induced

Table 1 Summary of total electronic energies, Etotal(n,p), for two Cl

coverages, p (expressed in ML for the
ffiffiffi

3
p
�

ffiffiffi

3
p� �

R30� unit cell) on

Au(111) with different gold adatom coverages, n

n (ML) p (ML)

0.33 ML CI 0.67 ML CI

Site Etotal (eV) Site Etotal (eV)

0.00

Top -0.65

Bridge -0.37
Bridge -0.87

HCP -0.88

FCC -0.91

0.33
Top -0.43

AuCl2 -0.54
Side -0.47

0.67
Bridge -0.81 Half bridge -0.57

Hollow -0.24 Top -0.20

Bold characters indicate the systems with the lowest energy at each

chlorine and adatom coverage (reprinted with permission from Ref.

[116])

370 Top Catal (2010) 53:365–377

123



restructuring as thermodynamically driven to optimize the

strength of the chemisorption bond. The exothermic heat of

adsorption compensates for the relocation of metal atoms

around the adsorption site that weakens metal–metal bonds

[24].

We find two similar factors that contribute to gold

incorporation: (1) the adsorbate-gold bond becomes

stronger and changes (more covalent-like with a smaller

amount of charge transfer) when gold is incorporated and

(2) adsorbates can stabilize the presence of adatoms or

other defects in the gold substrate. The first factor is not

surprising since adsorption is often stronger with the

presence of defects, and has been energetically verified for

these systems in our previous calculations [96–98]. How-

ever, stronger adsorption does not ensure that the structure

that incorporates Au is the lowest in energy since there is

an energetic cost for creating under-coordinated gold atoms

on the surface.

Electronic density plots reveal that adsorption on gold

adatoms is generally more covalent in nature compared to

overlayer adsorption, since bonding is more localized [97].

The stronger covalent interaction resulted in a smaller

degree of charge transfer from the gold to the adsorbate,

imparting a smaller partial negative charge compared to

overlayer adsorption. This result provides an explanation

for the dependence of gold incorporation on adsorbate

coverage: as the coverage increases, the inter-adsorbate

distance decreases and the Coulombic-repulsive interaction

between the partially negatively charged adsorbates

increases. Gold incorporation, however, decreases this

negative charge since the adsorbate-gold bond becomes

more covalent in nature. Hence, the repulsive interaction

between adsorbates decreases.

Furthermore, analysis of our theoretical results using

partial density of states (PDOS) plots show that electro-

negative adsorbates stabilize gold defects on the surface. A

comparison of the Au d-PDOS for the Au(111)-(1 9 1)

surface, the surface containing 0.33 ML of adatoms, and

the adatom-covered surface with 0.67 ML Cl, provides

insight into bonding changes (Fig. 5). As expected, without

chlorine adsorbed on the surface, the Au d states are higher

in energy for the gold adatoms, suggesting that adatoms are

more reactive [79, 140]. With chlorine adsorbed, the gold

adatom d electronic states are significantly lowered in

energy, suggesting that adsorbed Cl can stabilize adatoms

that are created on the surface. This helps explain why the

adsorption energy for chlorine at any coverage is lower

than the clean surface. Similar behavior is observed for

other adsorbates suggesting this may be a general factor in

explaining why metal atoms can be incorporated into the

adsorbate structure.

3.2 Impact of Gold Release on Reactivity: AIMD

Simulations of O Adsorption and CO Oxidation on

Au(111)

The release of gold atoms not only affects the morphology of

the surface as we have detailed in the previous section, but

also changes the local bonding and the reactivity of oxygen.

We specifically explored how gold incorporation affects the

atomic oxygen species present for CO oxidation on Au(111).

In the previous section, we used static DFT calculations to

model the oxygen-covered gold surface; however, experi-

ments show that this system is dynamic, disordered, and

quite complex [115]. Unfortunately, modeling complex,

Fig. 4 Model of planer Au–S layer. Light and dark spheres represent

gold and sulfur, respectively. The numerical subscripts correspond to

the coordination of each atom. The AuS structure is planar. The

number and lower case letter in the parenthesis next to the labels of

each atom indicate number of neighboring atoms and (when

necessary) the distinction between two different atoms with the same

coordination number (reprinted with permission from Ref. [139])

Fig. 5 Au d-PDOS versus energy E for the surface gold atom of the

clean surface (black), gold adatom for the 0.33 ML adatom-covered

surface (red), and gold adatom for the 0.33 ML adatom-covered surface

with 0.67 ML Cl (blue) (reprinted with permission from Ref. [97])
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disordered systems presents a major challenge for theoreti-

cal treatment because a specific starting structure must be

assumed. Indeed, previous theoretical studies of CO oxida-

tion on Au surfaces have used static, zero-temperature DFT

calculations [56, 89, 141–155].

A popular theoretical technique used for modeling

dynamic events on surfaces is kinetic Monte Carlo (kMC)

[156], but it presumes prior complete knowledge of events

important to the dynamics of the system. Furthermore, the

spatial degrees of freedom of the system are typically

reduced to a simple lattice. For the complicated dynamical

interaction of oxygen with gold it is impossible to know all

the important events a priori and it is unrealistic to confine

these events within the context of a lattice. Ideally, a fully-

atomistic molecular dynamics simulation with accurate

forces between ions and under realistic external conditions

(temperature and oxygen concentration) would be used to

capture all relevant effects.

Recently, we developed the ability to use ab initio

molecular dynamics (AIMD) simulations to model the

dynamic restructuring of the Au(111) surface due to the

adsorption of atomic oxygen. We simulated the adsorption

of atomic oxygen at three different coverages (0.22, 0.33,

and 0.55 ML) and three different temperatures (200, 500,

800 K) using AIMD. We found that the morphology and

local binding site of oxygen depends on the coverage and

the surface temperature, in agreement with experimental

results. Calculated vibrational frequencies derived from

these simulations are in agreement with vibrational spec-

troscopy experiments [157].

Three different categories of O on the surface were

identified in our simulations: (1) chemisorbed oxygen

bound to a threefold hollow site, similar to that identified at

low coverage in our static DFT studies; (2) surface oxide,

which incorporates gold into the structure; and (3) sub-

surface oxide, in which O migrates to the subsurface

region, Fig. 6. At low oxygen coverage (\0.33 ML) or

temperature (200 K), the Au(111) surface is smooth and

contains mostly the overlayer of chemisorbed oxygen, in

agreement with our static DFT calculations. At higher

coverages ([0.33 ML) or temperatures (500, 800 K), the

surface forms a significant amount of surface and sub-

surface oxide species, defined above. Experimental mea-

surements of vibrational spectra also show that the local

bonding of O depends on the coverage and on the surface

temperature [157], with the chemisorbed O favored at low

coverage and low surface temperature (200 K).

Based on experiment, the reactivity of O also depends

on local bonding. For example, the rate of CO oxidation is

faster for the predominant species at low coverage and low

temperature [62]. By matching calculated vibrational

spectra with the experimental results under conditions that

produce the most reactive surface for CO and olefin oxi-

dation, our AIMD simulations suggested that chemisorbed

oxygen, i.e. O in local threefold hollow sites, was the most

reactive species for CO oxidation on Au(111).

Fig. 6 Model (left) and examples (right) of the three oxygen species:

a chemisorbed, b surface oxide, and c subsurface oxide. A prototyp-

ical model of each oxygen type is shown on the left. Dark brown, light

brown, yellow, and red spheres represent the second layer of gold, top

layer of gold, gold adatoms, and oxygen atoms, respectively.

Illustrative examples of each oxygen type at each coverage are

shown on the right. Brown and red spheres represent gold and oxygen

atoms, respectively. An asterisk labels subsurface oxygen atoms in c.

We did not observe the subsurface oxide below an oxygen coverage

of 0.33 ML
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To test this hypothesis, we simulated the oxidation of

CO on oxygen-covered Au(111) surface using AIMD to

model the dynamics of the reaction, and confirmed our

predictions regarding the nature of the reactive oxygen.

The adsorption of CO and its oxidation to CO2 on an

oxygen-covered Au(111) surface at 500 K was simulated at

three different oxygen coverages: 0.22, 0.33, and 0.55 ML

[99]. We observed varying degrees of adsorption and

reactivity as a function of the coverage. Compared to

adsorption on the oxygen-free surface, CO has a longer

average residence time on the surface, however, the

adsorption lifetime decreases with increasing oxygen cov-

erage. Earlier theoretical [157] and experimental [115]

work has shown that with increasing oxygen coverage, the

gold surface becomes rough and consists of a higher con-

centration of under-coordinated surface gold atoms. It has

been suggested in a variety of systems, including supported

Au nanoparticles [56, 131, 155, 158, 159] and Au clusters

on Au(111) [90, 108], that under-coordinated surface gold

atoms are the key factor to gold activity and the increased

residence time could be a cause of this effect.

Reactions involving a chemisorbed oxygen atom pro-

ceed mainly through one pathway, labeled A1 in Fig. 7. In

this pathway a CO molecule is bound on top of a gold atom

neighboring a three-fold site. During the reaction, the CO

molecule moves into the bridge site and towards the oxy-

gen, while at the same time the O atom moves towards the

CO through the same two-fold site. The C of the CO

molecule meets the absorbed oxygen atom forming CO2

which then desorbs from the surface. A less frequent

pathway for CO reaction with chemisorbed oxygen, labeled

A2 in Fig. 7, occurs when CO binds to the same gold atom

to which an adsorbed oxygen is bound to in a three-fold

site. The reaction following adsorption is fast due to the

instability of the system and because the CO molecule can

easily find the adsorbed oxygen atom. Other reactions

involving a gold adatom occur when the carbon reacts with

chemisorbed oxygen (E1) or the surface oxide or sub-sur-

face oxygen (E2). Carbon monoxide oxidation was previ-

ously studied in several static DFT calculations; Su et al.

[141] found a barrier of 0.29 eV for the oxidation on the

Au(111) surface, while Liu et al. [89] found a barrier of

0.25 eV for the same reaction on the Au(221) surface. The

careful work of Wang et al. also showed that the barrier

and rate of CO oxidation depends the coordination of gold

atoms using static DFT [90].

We find the most reactive surface to be the one with

0.22 ML of oxygen, in mostly chemisorbed form. Table 2

breaks down the oxygen type present at 0.22 and 0.33 ML

of oxygen and the oxygen type that participates in the

reaction at each coverage. The type of oxygen present

before reaction is also determined from separate AIMD

calculations and the oxygen type that participates in each

reaction is found by analyzing each independent AIMD

trajectory that resulted in CO oxidation. The chemisorbed

oxygen contributes to the majority of the oxidation reac-

tions. For 0.22 ML of oxygen coverage, initially 80% of

the surface is covered with chemisorbed oxygen while 20%

is covered in surface oxide. However, of the oxygen type

responsible for oxidation, 86% is chemisorbed oxygen. The

same is true for 0.33 ML of oxygen: the surface is covered

with 60% of chemisorbed oxygen, yet chemisorbed oxygen

makes up 83% of the reactive atoms, illustrating that the

chemisorbed oxygen is the most reactive type on the sur-

face. Table 2 also illustrates the calculated relative reaction

rate for each oxygen type. Even when the rate is normal-

ized to take into account the ratio of each oxygen species

on the surface (bottom line of Table 2), the relative rate for

reaction with chemisorbed oxygen (overlayer) is signifi-

cantly higher than surface oxide (gold incorporation). This

work illustrates the effect on reactivity due to the surface

morphology.

3.3 Future Challenges

We have demonstrated the value of using DFT-based

dynamical simulations to model disordered systems.

Unfortunately, these methods require substantial compu-

tational resources and for the systems we are interested in,

they are limited to short simulation times, *10 ps. Gen-

erally, two key factors need to be taken into consideration

when simulating such systems: the ability to accurately

describe the important characteristics of the system (such

as the forces between nuclei, charge transfer, etc.) and the

Fig. 7 Snapshots (top and side views) of reaction pathways for CO

oxidation to CO2 on oxygen covered Au(111) surfaces. Yellow, blue,

and red spheres represent gold, carbon, and oxygen atoms, respec-

tively. Reaction E1 and E2 differ in that CO reacts with a chemisorbed

oxygen in the former, while CO reacts with a surface oxide in the

latter. The first column illustrates the start of the reaction while the

second column approximates the transition state
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need to minimize the computational cost of the simulation

so that the dynamics of the system can be modeled for long

time scales. Coarse-grained and lattice based methods,

such as kMC, are capable of investigating processes over a

long time scale but these methods must simplify the

complicated electronic and ionic system using approxi-

mations, or reduce the dimensionality of the fully atomistic

system to a lattice. For systems as complicated as the

interaction of adsorbates on gold, neither of these

approximations is acceptable. To avoid this problem, fully

atomistic simulations can be done with forces between

nuclei accurately calculated using DFT, but this level of

accuracy is computationally costly resulting in short

dynamical runs. Future calculations where the computa-

tional cost can be kept to a minimum will undoubtedly be

performed using ab initio molecular dynamics or other

accurate dynamical methods (for example, Car-Parrinello

molecular dynamics) to understand the reactivity of cata-

lytic surfaces.

Along with dynamic methods, static density functional

theory calculations have provided valuable insight into

surface phenomenon. These calculations will most likely

become more important in catalysis as they improve and

develop. Their increased use, however, depends on solving

some very important problems in using theory to under-

stand catalysis. While modern DFT can provide accurate

results for many properties of a material (for example, the

GGA exchange-correlation functional can provide accurate

lattice constants and bond distances for a wide range of

metals and other solids [160]), other simple properties, like

adsorption energies, can have significant errors for many

systems important in catalysis. The development of better

exchange-correlation functionals along with other novel

methods is vital to improve the accuracy and applicability

of DFT calculations. The speed of the calculations is also

another important concern; the capability to simulate larger

systems allows for larger unit cells and the ability to model

a wider range of systems. While theorists will gain some

‘free’ speed as computer hardware improves, more work is

needed to improve the efficiency of simulations along with

the scaling of computational cost versus simulation size.

When calculating reaction rates and barriers another

important but often overlooked factor is the contribution of

entropy to the free energy. Changes in entropy (or the

entropy of activation) can be approximated using DFT by

calculating the partition function, which can be found

within the harmonic approximation by calculating vibra-

tional frequencies [128, 161]. However, accurate vibra-

tional frequencies can be computationally expensive and

different approximations (for example, the choice of atoms

within the system to freeze) can produce different energies.

Furthermore, the temperature dependence of enthalpy is

often not considered. The entropic contributions in some

catalytic systems may be small enough (\0.1 eV) to be

neglected [128], but there are likely systems where entropic

contributions and zero-point energy corrections can have a

significant contribution. For example, Valdes et al. found

these contributions to be *0.4 eV for reactions important

for the oxidation and photo-oxidation of water on rutile

TiO2(110) [162]. Future work will include efficient and

accurate methods for calculating the change in entropy

during reactions.

Finally, theoretical tools are needed to model a wider

range of phenomenon, which can allow for a better match

with experimental observations. Progress will need to

continue if we hope to use DFT to simulate the interaction

of photons and electrons with solids (for calculating dif-

ferent types of vibrational and electronic spectra), improve

the ability of DFT to simulate STM images, reactions and

kinetic properties, and other important properties which can

improve the range of insight found from DFT along with

providing more connections to experimental observations.

4 Conclusions and Relationship to Modeling

of Heterogeneous Catalysis

Metal atom incorporation upon adsorption is an important

factor to consider when understanding the chemistry and

physics of metal surfaces as shown in both our experi-

mental and theoretical work. The investigation of Au atom

release and incorporation induced by electronegative atoms

Table 2 Ratio of chemisorbed oxygen and surface oxide on the

surface before CO oxidation (surface species) and the oxygen atom

type consumed during oxidation (reactive species) along with the

relative rate and normalized relative rate (by oxygen type) for the

reaction for each oxygen type on 0.22 and 0.33 ML oxygen covered

Au(111)

0.22 ML 0.33 ML

Chemisorbed Surface oxide Chemisorbed Surface oxide

Surface species 0.80 0.20 0.60 0.40

Reactive species 0.88 0.12 0.83 0.17

Relative rate 7.7 1.0 5.0 1.0

Normalized relative rate 1.9 1.0 3.3 1.0
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clearly illustrates the importance of using experimental

results to inform the theoretical model, which leads to an

understanding of the underlying reasons for specific

chemical behavior.

In our theoretical work to date, we have demonstrated

that Au atom release significantly affects the surface

morphology, local bonding, and reactivity of adsorbed

species, especially for the interaction of electronegative

atoms on Au(111). Overlayer adsorption without metal

atom release is energetically preferred at lower coverages

while gold incorporation is favored at higher coverages.

In an effort to probe for differences in the reactivity of

different types of adsorbed O, dynamical ab initio molec-

ular dynamics simulations were used to simulate CO oxi-

dation on oxygen covered Au(111). We found that

chemisorbed oxygen in three-fold sites is significantly

more reactive than gold incorporated structures (surface

oxide and sub-surface oxygen). These results suggest that

Au activity will be highest for lower temperature and low

coverages, in agreement with experiment.

Our results are a basis for including metal atom release

in realistic simulations of catalytic reactions on surfaces. It

is clear from our work that gold incorporation must be

included in static theoretical models that are used to

understand either adsorption or reactions on gold surfaces,

especially at high coverage. The absence of metal atom

release at low coverage, at least when O and Cl are

adsorbed on Au(111), suggests that metal atom release is

not as favorable in the low coverage limit. It is interesting

to note that calculations that do not account for metal

release have demonstrated predictive value for heteroge-

neous catalysis [76], which may be due to the fact that most

catalytic processes are designed to operate under condi-

tions where steady state coverages of reactants are low.
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