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ABSTRACT: First-principles electronic structure calculations are presented on a
variety of Au compounds and species—encompassing a wide range of formal A
oxidation states, coordination geometries, and chemical environments—in order
to understand the potentially systematic behavior in the nature and energetics of d
states that are implicated in catalytic activity. In particular, we monitor the
position of the d-band center, which has been suggested to signal catalytic activity
for reactions such as CO oxidation. We find a surprising absence of any kind of
correlation between the formal oxidation state of Au and the position of the d-
band center. Instead, we find that the center of the d band displays a nearly linear
dependence on the degree of its filling, and this is a general relationship for Au
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irrespective of the chemistry or geometry of the particular Au compound. Across

the compounds examined we find that even small calculated changes in the d-band filling result in a relatively large effect on the
position of the d-band center. The results presented here have some important implications for the question of the catalytic
activity of Au and indicate that the formal oxidation state is not a determining factor.

Bl INTRODUCTION

Gold, that most noble of metals, is perforce not catalytically
active in the bulk. However, even in the early 1800s Dulong
and Thénard employed gold to catalyze the reaction of
hydrogen and oxygen' and the decomposition of ammonia.”
The new era in catalysis by gold, jump started by Haruta,® has
given rise to extensive ongoing research, with a key goal being
to address the origin of the catalytic activity of nanoscopic gold
and the nature of the active species. Many different factors have
been suggested to be responsible for the exceptional change in
chemical behavior that occurs in reducing the particle size of
gold to the nanoscale, such as quantum size effects,* onset of
the metal-to-insulator transition,” interactions at metal—support
interfaces,” and participation of charged gold species.” The
possible role of oxidized or reduced gold species and the
oxidation state of such species has been a widely debated topic:
for reactions such as the oxidation of CO’~'® and water—gas
shift'’ "' there remains little consensus on whether cationic
gold, anionic gold, metallic gold, or combinations thereof is
responsible for the observed activity.

Certainly there is compelling evidence for participation of
undercoordinated atoms on the surfaces of clusters and
nanoparticles,”” >” a concept with historic roots dating back
to the nonuniform catalyst surface envisioned by Taylor.”® The
appreciable activity of unsupported nanoporous gold for the
oxidation of CO? supports the notion that the presence of
charged species is not a requisite for gold to behave

catalytically.
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The nobleness of bulk gold is attributed to relatively low-
lying 5d states and, consequently, the filling of adsorbate—metal
d antibonding states when molecules interact with its surface,
thereby preventing adsorption.® Nanoscopic gold contains a
large proportion of undercoordinated surface atoms, and for
these atoms the center of the d band is believed to be nearer to
the Fermi energy (Eg).”>***” This can push the antibonding
adsorbate states above Eg and stabilize chemisorption. Nerskov
and co-workers developed an extensive body of work relating
how the energy of transition metal d states influences
adsorbate—substrate interactions, commonly known as the d-
band model.*' ~** The d-band model provides a qualitative and
quantitative framework in which to evaluate and predict trends
in the catalytic activity of transition metal and alloy surfaces. In
general, the closer the d states are to the Fermi energy, the
stronger an adsorbate will bind to a surface since the
antibonding states of the adsorbate will be less filled. Norskov
and co-workers have shown that because activation energies are
related to the stability of intermediates, there is a universal
(reactant independent) correlation between adsorption en-
ergies and catalytic activity.>® Thus, adsorption behavior and
therefore catalytic activity can be tuned by manipulating the
position of transition metal d bands with respect to the Fermi
energy. The often encountered volcano relations are easily
understood in this context: a catalyst must not bind an
adsorbate too strongly or the surface will become poisoned; on
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the other hand, if the adsorbate does not bind strongly enough
then the low surface coverages that result preclude high
turnover rates. Numerous successes in the understanding and
design of catalytic materials have been demonstrated based on
these and related principles.”’ > The d-band energy is a
somewhat coarse-grained descriptor for predicting the reactivity
of transition metal surfaces. More fine-grained descriptors have
been developed in the context of catalysis by Au nanoparticles
and clusters, for example, in the use of frontier molecular
orbital theory, by Metiu and co-workers.*>*!

As a strategy for addressing questions surrounding the
possible catalytic role of ionic gold and platinum group species,
we looked to well-defined model compounds and recently
reported a comparison of two highly stable oxides containing
square planar and isoelectronic Au** and Pd*", La,LiAuOg and
La,BaPdO,.** Given that Pd** and Pt** in the solid state are
well known to catalyze a variety of reactions,* a natural
question is whether Au** can behave similarly. We determined
that La,LiAuOg is a very poor catalyst for oxidation of CO to
CO,, in contrast to La,BaPdOs, which is quite a good catalyst
for this reaction, despite being tested as a low surface area bulk
powder. Electronic structure calculations reveal distinct differ-
ences in the average energy of the Pd 4d and Au 5d states—the
Au d states are held deep below the Fermi energy with the
centroid positioned at approximately —5.0 eV. The Pd d states
of La,BaPdO;, on the other hand, are only about 2.5 eV below
Ep. In the context of the d-band model, the distinct behaviors of
these isoelectronic model compounds can be interpreted in
terms of the differing abilities to interact with adsorbates: the d
states of La,LiAuOg are not accessible, while the d states of
La,BaPdOjy are. Thus, we were led to the following question: If
the d states of cationic Au** are too stabilized to be of interest
for catalysis, where are the d states located in compounds
containing formally or partially anionic gold?

Although a number of compounds of Au~ are known,**
of them are sufficiently stable to warrant catalytic testing and
many are air sensitive; for example, dealloying of alkali—Au
films exposed to O, has been found to occur near room
temperature.**® Au®~ species, however, which are encountered
in polar intermetallics of Au with the early transition metals, are
comparatively quite stable. As we began to study ordered gold
alloys, however, similarities in the electronic structure of gold
compounds containing Au in vastly different formal oxidation
states quickly became apparent. It became clear, as we shall
demonstrate here, that the formal oxidation state of Au was
uninformative about the electronic structural features that
dictate catalytic activity.

Here we present first-principles bulk electronic structure
calculations on a variety of Au compounds and species,
encompassing a wide spectrum of formal oxidation states,
coordination geometries, and chemical environments, and
demonstrate that the center of the d band is linearly dependent
on the degree of d-band filling. This is a general relationship for
Au irrespective of its surroundings. Although changes in the d-
band filling are small, the population of the d shell has a
significant effect on the energy of the Au d states. By probing
the electronic structure of well-defined gold compounds, this
work emphasizes the somewhat unique electronic structural
features encountered in undercoordinated gold, characterized
by nanoparticles.

none
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B METHODS: COMPUTATIONAL DETAILS

The electronic structures of various Au, and Ag compounds were
studied by the density functional theory (DFT) method. Calculations
were performed using the Vienna ab initio Simulation Package
(VASP),*”** employing the projector-augmented wave (PAW)
method**® and the Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximation (GGA) of exchange correlation.’' The GGA
+U method was also separately employed in order to take into account
the potential for orbital-dependent Coulomb and exchange
interactions. Geometric parameters including the lattice constants
and internal atomic coordinates were optimized in all of the
calculations, initialized with structural parameters listed in the
Inorganic Crystal Structures Database (ICSD).>* In order to ensure
convergence of the total energy, forces, and stresses, a high cutoff
energy of 550 eV was used in all calculations. The k-mesh grid
employed varied across the different compounds but was in all cases
tested for convergence. All calculations were performed at the scalar
relativistic level, which is important for gold. Spin—orbit coupling
(SOC) was not taken into account. SOC is believed to be important in
low-dimensional gold species, such as gold chains.>® However, from
the data displayed in ref 54, the d-band center in a number of neutral
gold structures of varying dimensionality is relatively unaffected by the
presence or absence of SOC.

The charges on Au were determined by the Bader method with the
aid of the Bader analysis program,® based on the atoms in molecules
(AIM) theory.*® The d-band center was computed as the first moment
of the d-band projected density of states, referenced to the Fermi
energy. Filling of the d states was calculated by integrating the d-
projected density of states up to the Fermi energy or to the top of the
valence band in the case of insulating compounds.

In view of the fact that the d-projected densities of state (DOS) is
calculated within a finite sphere enclosing Au or Ag, not all of the
charges are counted. However, because of the localization of the d
orbitals, the majority of the d charges have been included, except for a
small portion (~10%) that always spills out of the sphere. This leads to
an error in the position of the d-band center since the point at which
the d bands are half filled should no longer be exactly one-half the
nominal filling. However, this error is systematic and similar in all of
the compounds. On the other hand, the Bader charges of Au atoms in
the various compounds are independent of the choice of the sphere.

B RESULTS AND DISCUSSION

Undercoordinated Au Compounds as NP Surrogates.
As surrogates for the electronic structural features encountered
in gold nanoparticles, we elected to examine the electronic
structure of gold in simple periodic structures in which the Au
coordination number (CN) is reduced relative to bulk fcc-Au,
for example, simple cubic (sc, CN = 6) or Au-graphene (CN =
3). We begin by addressing the question of whether these
hypothetical systems are valid surrogates.

Equilibrium nearest-neighbor Au—Au bond distances for fcc-
Au and the hypothetical Au’ structures as a function of
coordination number are displayed in Figure 1. The results
from first-principles calculations of Au—Au distances were
taken from the published work of Paul and Narasimhan,®” and
Au—Au distances determined from molecular dynamics
simulations using embedded-atom potentials, are the published
results of Huang et al.>® In order of decreasing coordination
number, the structures considered include fcc (CN = 12), body-
centered-cubic (bee, CN = 8), sc and hexagonally close packed
(hep) sheet (CN = 6), diamond and square lattice (CN = 4),
graphene (CN = 3), and the linear chain (CN = 2). It is
particularly noteworthy that gold appears to be rather
indifferent to the geometry of its surroundings: the
dimensionality of the structures does not influence the
preferred bond length for a given coordination number, ie.,
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Figure 1. Equilibrium nearest-neighbor Au—Au bond length as a
function of coordination number for Au in a variety of structures: fcc
(CN = 12), bee (8), sc and hep sheet (6), diamond and square lattice
(4), graphene (3), and a chain (2). DFT data is from Paul and
Narasimhan,®” and the molecular dgnamics data, with embedded atom
potentials, is from Huang et al.>® The curvelabeled Pauling is an
empirical bond-strength—bond-length correlation as explained in the
text.

the equilibrium bond lengths are nearly identical for the sc
lattice and hcp sheet and for the diamond and square lattices,
respectively. These density functional predictions show
remarkably close agreement with the empirical CN—bond-
length relation suggested by Pauling,*”*® as shown in eq 1

Dcy = D, - 0610 (M)

CN CN=1 -0 1og, CN (1)
where D¢y is the interatomic distance for a particular value of
the coordination number, Dcy_; is fixed at 2.678 A, and the
value of Nyp, the number of electron pairs in neutral gold, is
taken to be 5.56. The validity of the relation suggests that the
interatomic distance in gold structures is independent of the
specifics of geometry. Additionally, the CN—bond-length
relation obtained using these hypothetical Au compounds
agrees well with the CN dependence found in nanoscopic gold.
The structure of individual gold nanoparticles was studied using
coherent electron diffraction by Huang et al.*® Experimentally
observed diffraction patterns were compared with simulated
patterns generated from a coordination-number-dependent
radial contraction model based on the Pauling relation and
with a model obtained from molecular dynamics (MD)
simulations. Coordination-number-dependent relaxation mod-
els captured some critical features of the observed patterns, and
the MD model provided even better agreement. Close
inspection of the MD-generated models provides great insight
into the underlying complexities of surface relaxation and
nanoparticle structure. Specifically, (i) coordinatively saturated
atoms in the core of particles have bulk-like bond distances;
strain imposed by surface relaxation propagates only ~0.5 nm
into the core. (ii) Contraction based on CN alone is insufficient
to describe surface relaxation. Atoms with the same CN on
different positions of the same facet display different amounts
of bond-length contraction, i.e., there are strain gradients across
facets. (iii) Contraction is not uniformly radial and
perpendicular to the surface. On Au{100} faces, which are
not close packed, the contractions are mostly parallel to the
surface normal; however, atomic relaxations on the close-
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packed Au{l11} faces have large in-plane components
(perpendicular to the surface normal).>® It is clear that a
complete description of nanoparticle structure defies any
traditional crystallographic model. Nonetheless, the equilibrium
bond distances in the hypothetical crystallographic models that
we examined, in which all of the nearest-neighbor distances are
equivalent, trend very closely as a function of CN with those
observed experimentally.

A similar coordination-number—bond-length correlation has
been observed by Miller et al., obtained from an EXAFS study
of a range of Au NP sizes.’" We note, however, that the Au—Au
distances determined in the EXAFS study are significantly
longer than suggested here from the DFT calculations and also
longer than those determined by Huang et al.*® from coherent
electron diffraction. The origin of the difference arises from the
difficulty in accurately determining average bond lengths and
coordination numbers of small nanoparticles (<5 nm), as
discussed by Yevick and Frenkel.®> When standard EXAFS
fitting procedures are used to model the nongaussian
distribution of bond distances in realistic NP models, average
coordination numbers are underestimated and average nearest-
neighbor bond distances are overestimated.

From a structural perspective, it is clear that these
hypothetical compounds with reduced coordination numbers
are reasonable first-approximation surrogates for undercoordi-
nated atoms on the surface of Au nanoparticles. The next
question that arises is whether the electronic structural features
of these compounds are consistent with the electronic
structural features of Au nanoparticles. The crucial feature
suggested to impart such a dramatic change in catalytic
properties in moving from the bulk state to nanoscale Au is a
shift of the d-band center nearer to the Fermi energy. Such a
shift occurs, for example, in the case of coordinative
unsaturation (i.e., for atoms at the surface of nano-
particles)*****7%3 or for a surface under tensile strain,** and
the shift facilitates energetically favorable adsorption of
molecular species.”® In the following section, we begin to
examine the Au d-state energetics of non-neutral Au
compounds, during which we demonstrate that the d-band
centers of the hypothetical Au compounds undergo shifts
consistent with those of nanoparticulate systems.

Structures and Densities of States. The different crystal
structures examined in this contribution, their space groups,
and the experimental references are listed in Table 1. Structural
depictions of subsets of the neutral (unary) Au, intermetallic,
cationic, and anionic compounds and species investigated in the
present study are shown in Figure 2. Neutral Au structures
highlighted here include fcc, sc, graphene, and the linear chain.

The series of ordered intermetallics in the Ti—Au system was
selected as a representative subset of intermetallic Au’~
compounds with inherent structural diversity and a variety of
Au environments. Ti;Au adopts the Cr;Si (ALS) structure type,
in which Au resides in the center of a Ti icosahedron. TiAu
crystallizes in the CsCl structure, reducing the nearest neighbor
(Au—Ti) coordination number to 8. There are no nearest-
neighbor Au—Au contacts in either Ti;Au or TiAu. There are
five nearest-neighbor Au—Au contacts in TiAu, (MoSi, C11,
structure), and the coordination environment can be viewed as
a capped cube, compressed along the long (vertical) axis. Au
caps a face comprising 4 Ti, and Ti caps a face with 4 Au. In
TiAu,, which has the Ni,Mo structure, there are nine nearest-
neighbor Au—Au contacts. Both Ti and Au sit at the center of
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Table 1. Space Groups and References to the Experimental

Structures of the Au Compounds Examined in This

Contribution
compound  space group ref compound
intermetallic compounds
Ti;Au Pm3m 64 TiAu,
TiAu Pm3m 66 TiAu,
V;Au Pm3m 68 MgAu
ZnAu Pm3m 70 BiAu,
cationic compounds
AuCl 14, /amd 72 Au,0
AuCN P6mm 73 Au,S
Au,0; Fdd2 75 LisAuO,
LaAuO; Pbem 77 La,LiAuOg
anionic compounds
CsAu Pm3m 79 Cs;Au0
K;AuO Pm3m 81 BaAu,

“Au,0O has not been observed experlmentallgr but has been previously
examined computationally by Shi et al®

space group

I,/mmm
I4/m
Pm3m
Fd3m

Pm3m®
Pm3m
Immm®

Ammm

P6,/mmc
P6/mmm

ref

65
67
69
71

74
76
78

80
82

The crystal structure

reported for Li;AuO, contains site mixing between Au>* and Li*;” ®in
this contribution, Li;AuO, was modeled in space group Pmmm with
Au and Li fully ordered.

cuboctahedra, with Ti surrounded by only Au, whereas three of
the vertices of the cuboctahedron around Au are Ti atoms.
The Au’* oxide La,LiAuOg crystallizes in an ordered variant
of the Nd,CuO, structure containing 2D sheets with square
planes of AuO, separated by square planes of LiO,.”*** Highly
electropositive La*>* and Li* countercations destabilize the O 2p
states and drive strongly covalent Au—O bonding in
La,LiAuQOg, revealed by maximum entropy restoration of the
electron density,*®* rendering the compound exceptionally
stable toward thermal decomposition and reduction, partic-
ularly given the oxophobicity of gold. The Au'* compounds
AuCl, Au,O, and AuCN all contain linearly coordinated gold.
AuCl contains zig-zagging chains of Au and Cl; Au,O adopts
the cuprite structure, with Au forming a tetrahedron around O;
and AuCN contains hexagonally close-packed sheets of Au,
with the sheets separated by linear CN bridges. Among the
formally Au'~ aurides, BaAu, can be viewed as graphene sheets
of Au sandwiched between hcp sheets of Ba (AlB, structure). In
the inverse-perovskite K;AuO, Au resides on the perovskite A
site in cuboctahedral coordination by K. Cs;AuO adopts an
inverted-CsNiCl; structure in which Au is also 12 coordinate,
with 6 in-plane nearest neighbor Cs atoms plus 3 above and 3
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Figure 2. Structures and Au Sd-projected densities of states for a variety of compounds containing neutral, intermetallic, cationic, and anionic gold.
Densities of state (DOS) of (a) neutral Au compounds, (b) ordered intermetallics in the binary Ti—Au system with structure types given in
parentheses (Ti;Au (Cr;Si, A-15), TiAu (CsCl), TiAu, (MoSi,, C11-b), and TiAu, (NiyMo)), (c) compounds containing cationic Au (La,LiAuOg

(ordered Nd,Cu0Q,), Aw,0 (Cu,0)), and (d) compounds containing the Au'~

auride anion: BaAu, (C32), K;AuO (inverse perovskite), Cs;AuO

(inverse CsNiCly), CsAu (CsCl). Squares denote the position of the respective d-band centers.
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below. Perhaps the best known auride, CsAu, has the CsCl
structure.

The corresponding Au 5d-projected densities of states are
presented in Figure 2a for the neutral species, Figure 2b for the
Ti—Au intermetallics, Figure 2c for the cationic compounds,
and Figure 2d for the anionic compounds. In all cases, the DOS
are normalized to a single Au atom and referenced to the Fermi
energy. For semiconductors the Fermi energy is taken as the
midpoint between the valence band maximum and the
conduction band minimum. Squares denote the position of
the Au Sd-band center.

In the neutral compounds, the d states become more
localized (narrow) and the d-band center is shifted nearer to
the Fermi energy as the Au coordination number is decreased
in going from fcc-Au to a chain of atoms. The position of the d-
band center is relatively insensitive to the dimensionality of a
compound and shows a much more pronounced dependence
on the coordination number. This is demonstrated by the four
examples in Figure 3a, which shows the density of Au d states
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Figure 3. (2) Density of Au d states in periodic neutral gold structures
with the (top to bottom) CN = 6 structures, hcp sheet and sc, and CN
= 4 structures, a square lattice and diamond. For a given coordination
number, the d-band center is relatively insensitive to the structural
arrangement of atoms. (b) Density of Au d states in planar (top) and
tetrahedral (bottom) Au,, clusters. Position of the d-band center is
very similar for the periodic compounds and clusters, supporting the
use of reduced coordination number compounds as surrogates for
nanoscopic gold.

for the pairs of periodic neutral gold structures with
coordination numbers of 4 and 6. The insensitivity of the d-
band center to the structural arrangement supports the utility of
the periodic, undercoordinated neutral Au compounds studied
here as surrogates for Au nanoparticles. In Figure 3b the d-
projected DOS are displayed for planar and tetrahedral clusters
of Auy,. These clusters, which have previously been studied by
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some of us,®® have d-band centers in the same region as the
reduced coordination number periodic compounds, reinforcing
the validity of using simple periodic structures as surrogates for
nanoparticles.

The d-band center lies further from the Fermi energy in all of
the Ti—Au compounds than the d center in bulk gold and is
pushed increasingly lower as the amount of Ti increases. Due to
the isolated nature of Au atoms in Ti;Au and TiAu, particularly
narrow band dispersions are observed. As the number of
nearest-neighbor Au—Au contacts increases in going to TiAu,
and TiAu,, the Sd band broadens significantly. The band
dispersion in TiAu, resembles that of fcc-Au.

Despite the overall dispersion being quite large in
La,LiAuOQg, it displays relatively localized d states, reflective
of the isolation of AuO, units in the structure, exhibiting
splitting consistent with a square planar crystal field. The
experimentally determined band gap which is near 3 eV* is
underestimated (by 2 eV), as is commonly encountered with
DFT calculations. In La,LiAuQOg, the d-band center is
positioned about 5 eV below the Fermi energy. In the Au'*
compounds, the width and shape of the Sd states are quite
similar. The d states in the anionic Au compounds in K;AuO,
Cs;Au0, and CsAu are very narrow due to the absence of short
Au—Au contacts. BaAu, is the only anionic compound in the
group containing nearest-neighbor Au—Au interactions and
therefore has a somewhat broader d band. However, for BaAu,,
the d-band center is the furthest from the Fermi energy of the
aurides shown here.

We believe that the trends in the valence d states that we
investigate here will not be strongly influenced by the
underestimated band gaps of the insulating compounds
included in this study. However, we recognize that this is
dependent on the reference level for semiconducting and
insulating compounds: if the Fermi energy is regarded as
corresponding to the top of the valence band, then the d-band
center is relatively insensitive to the magnitude of the gap
because the d-band center is always below the Fermi energy. In
this work, however, the Fermi energy has been referenced at
the midpoint of the gap, and thus, the magnitude of the gap will
shift the position of the d band downward (relative to a system
referenced at the top of the valence band) by one-half the
energy of the gap. Given that none of the gaps predicted are
much larger than 1 eV, the position of the d band will only vary
by as much as 0.5 eV, which is on the order of the scatter in the
data points. It is perhaps convenient that the gaps are in some
cases severely underestimated. In this regard, we are confident
that the center-filling dependence is a robust one, particularly
given the wide energy range over which the dependence holds.
A more rigorous approach for dealing with insulating systems
would be to use the vacuum level as a reference, and this is the
subject of future work.

Trends in d-Band Positions in Au Compounds. Figure
4 displays the Au Sd-band center as a function of the calculated
Bader charge on Au for the compounds described above and a
few additional ones as well, characterized by their containing
formally neutral, cationic, and anionic gold species. In addition
to the fec, sc, graphene, and chain structures that we highlighted
in the previous section, the neutral Au compounds and species
include bcc, a trimer, dimer, and an isolated Au atom, all of
which were calculated in large unit cells with sufficiently large
spacings between atoms employed to arrive at the appropriate
structure and dimensionality.

dx.doi.org/10.1021/ic3002674 | Inorg. Chem. 2012, 51, 7569—7578
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Figure 4. Position of the Au Sd-band center, relative to the Fermi
energy, plotted as a function of the calculated Bader charge on Au for a
wide range of gold species. There is not a strong correlation between
the charge on Au, nor its formal oxidation state, and the average
energy of its valence d states. Unrealistically negative Bader charges on
some of the intermetallic compounds presumably arise from difficulties
associated with charge density partitioning. Range of Bader charges
that occur in the Au,, clusters are indicated with error bars.

The intermetallic compounds include those between
elements with unfilled d states (Mg), partially filled d bands
(Ti, V), filled d bands (Zn), and filled d with partially filled p
states (Bi). In addition to the cationic gold compounds
described previously, Au,'*S, Au,>*O;, Li;Au**O,, and
LaAu*O, are included in Figure 4. All of the anionic
compounds that were calculated were introduced above.

We find that for the compounds calculated the Bader charges
vary from zero, as expected for the neutral species, to
approximately —1 for the formally anionic species such as
CsAu, going to typically less than 0.5 for all the formally
monovalent, cationic compounds (Au,S, AuCN, AuCl, and
Au,0) to a maximum of a little over +1 for the formally
trivalent compounds. This finding for the cationic compounds
is in line with the expectation that Au is rather electronegative
and the cationic compounds are therefore quite covalent. This
has been specifically described earlier for trivalent La,LiAuOg
from both experiment and theory.*> The intermetallic
compounds studied here display Bader charges varying from
—2.3 to —0.1, and the only apparent correlation is that the
charges become more negative in the more Au-poor
compounds.

It is clear that there is no obvious correlation between the
center of the Au d states and the calculated Bader charges for
the different systems examined here and indeed, between the
Au d states and the formal oxidation states. What is in fact
striking is that even for all the neutral species (excluding the
Auy, clusters), although the Bader charge is zero as expected,
the center of the d band tends to shift up by almost 2.5 eV
toward the Fermi energy in going from 12-coordinate fcc-Au to
a free Au atom, ie, with decreasing coordination number.
Considering the reduced coordination-number Au compounds
and species as surrogates for the electronic structures of Au
nanoparticles and clusters, we see that, indeed, their d-band
centers are significantly closer to the Fermi energy than the d-
band center of fcc Au, as pointed out before from calculations
on Au nanoparticles®® and clusters.”****” We additionally see
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that the d-band centers of most of the other systems examined
here are not in this same regime of d-band center energy as
undercoordinated Au. The Au,, clusters undergo some charge
redistribution, evidenced by slightly negative Bader charges on
vertex and periphery atoms. As we will later discuss, the charge
redistribution in monatomic gold clusters appears to be relative
to polyatomic gold compounds a special case.

The absence of any simple correlation between the position
of the Au d-band center and the Bader charge is a consequence
of relativistic effects which stabilize Au s states and destabilize
Au d states.®”®® Hybridization between the s, p, and d states
lead to a redistribution of some d-band population into the
conduction band. The degree to which gold undergoes sp—d
hybridization results from the strong relativistic stabilization
and contraction of the 6s (and 6p, ;) orbitals and consequent
destabilization and expansion of the Sd (and Sf) orbitals.®”#®
The 6s and Sd states of gold are closer to each other in energy
than the corresponding Ss/4d and 4s/3d states in Ag and Cu,
and this has profound implications in the chemistry of Au,
enabling a larger range of oxidation states to be accessed than in
its lighter congeners. The electron affinity of gold is comparable
to that of iodine,*>*” and gold admits of halogen-like chemistry
in forming (stoichiometric) ionic compounds with the alkali
metals Rb and Cs.

The ready formation of Au'~ in compounds such as CsAu
arises from Au possessing relatively stabilized s states, which
also manifests as a relatively large Pauling electronegativity (for
a metal) of 2.54. However, the destabilization of d states results
in Au readily forming compounds in the formal +3 oxidation
state (exemplified by La,LiAuQOy). This schizophrenic behav-
ior—summarized as s electronegative but d electropositive—is
what results in the intermetallic compounds in Figure 4
displaying such a wide variation in the Au d-band center
position and, indeed, sharing the same range of d-band center
positions as compounds of Au that are formally 3+.

In alloys and intermetallics of gold, the strong tendency to
undergo sp—d hybridization plays a crucial role in determining
the average energy of the Au d band. It has been known that
even in bulk gold, which has a nominally filled d shell, the d
band is not occupied by an integer number of electrons.”
Experimentally, changes in the number of unoccupied d states
are readily probed with X-ray absorption spectroscopy at the
transition metal L edge, and numerous studies have
demonstrated significant modifications to occur in the
occupation of the Au d band, relative to bulk gold, upon
alloying. The literature is rich with XANES studies of the d-
band population in random alloys and ordered intermetallics of
gold with alkali,”’ main group,”> ®® and early’””® and late
transition metals.”””'%* Despite being commonly regarded as
the most electronegative transition metal, the number of
unoccupied d states on Au always increases, relative to bulk
gold, upon alloying. Alternative electronegativity scales, such as
the one described by Watson and Bennett'® that was derived
based on the propensity of the elements to give up or receive d
band electrons, are in line with this thinking.

When the center of the d states is plotted as a function of the
d-band filling instead of the Bader population, as shown in
Figure S, a nearly monotonic linear dependence emerges with
the center of the d band being pushed toward the Fermi energy
as the 5d filling increases. The d filling was calculated as
explained in the Methods section. We note that the values for
the filling should not be regarded as actual electron counts,
since the band integration procedure systematically omits some
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Figure S. Position of the Au Sd-band center, relative to the Fermi
energy, plotted as a function of the Au 5d-band population. Despite
rather modest changes in the degree of filling, <0.6 e difference
between Ti;Au and a free Au atom, the effect on the average energy of
the d states is surprisingly large. Dotted gray line is a linear regression
and shown to guide the eye.

of the electron population. However, as this omitted population
is comparable across the different compounds, the trends
reported here should be robust. The scatter of the data points
arises from additional factors that influence the position of the
d-band center, and in this regard it is important to point out
that our intention is not to suggest that the d-band filling is the
only determinant of the energy of the Au d states. However, it
is quite clear that the d-band filling is strongly correlated with
the position of the d-band center across the wide range of
chemical environments probed here. This is particularly notable
given the widely varying position and width of the d band in the
many compounds studied here; in this regard, the strong
dependence between the d-band center and d-band filling is not
a trivial relationship. Indeed, for two equal-shaped and rigid
bands with distinct electron filling, the center of the band
should actually be lower in the system with higher filling, and
the trend observed here is precisely the converse.

In the study of late transition metal surfaces it is commonly
approximated that the filling of the d band remains constant for
a §iven metal upon alloying with other transition met-
als. 331047196 Thig js often a reasonable assumption, as
calculated changes in absolute charge are typically on the order
of 0.1 e for many alloys, consistent with the restrictions of
electroneutrality. Assuming constant band filling enables
changes in the d-band centroid to be readily evaluated within
the context of a rectangular band model. In such a picture,
because the d electrons are “pinned” at the Fermi energy
changes in the position of the centroid can be interpreted as
resulting from alterations in the dispersion of the d band. For
the situation of a band that is more than half filled, band
broadening that would occur because of an increase in
coordination number or orbital overlap would result in a
lowering of the d-band center. Reducing the coordination
number would lead to a narrowing of the d states, pushing the
centroid closer to the Fermi energy. As it pertains to the gold
compounds studied here, a constant filling model guided by
differences in bandwidth cannot be used to reconcile variations
in the Au 5d-band center. One such example is the Ti—Au
series shown in Figure 2b, where it is seen that the d-band
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center moves away from the Fermi energy as the Au 5d
bandwidth decreases.

Of all the compounds and species shown in Figure 5, Au,0;
stands out as an outlier, which may due to difficulty in
accurately describing its electronic structure using the methods
employed here. Comparing K;AuO, Cs;AuO, and CsAu, there
are only small changes in the d-band filling but possibly
significant differences in the position of the d-band center. The
centroid of CsAu lies about 1 eV closer to the Fermi level than
that of K3AuO and about 0.75 eV closer to Eg than the d-band
center in Cs3AuO. The difference can be understood in terms
of the increasing interaction between Au and the highly
electropositive K and Cs cations that is screened by the oxide
anion and is strongest in CsAu. As a cautionary note in
interpreting the trend of the d-band position in these three
compounds, the valence bands in K;AuO and Cs;AuO derive
mostly from O p states, unlike the case of CsAu, where the
valence band is purely Au derived. This difference can result in
differing reference Fermi energies that would influence the
trend.

In the case of gold nanoparticles, Coulthard et al. found that
Au NPs supported on porous silica displayed a decreased
XANES white-line intensity, relative to bulk gold, indicating a
greater filling of the Au d states."”” More recently, Miller and
van Bokhoven reported an extensive L; edge XANES and
EXAFS study of Au NPs ranging in size from about 1 to S nm
and deposited on a variety of different supports.”” They showed
that the filling of the Au d band as interpreted from XANES
white-line intensity increases in smaller particles and that the d-
band population is independent of the support on which the
particles are dispersed. This finding was further borne out in
the same study by quantum chemical calculations for Au
clusters, which indicated a greater degree of filling in the Au d
band and a concurrent shift of the d-band centroid toward the
Fermi energy for smaller particles and for surface atoms relative
to coordinatively saturated atoms. Enrichment of the d-band
population in undercoordinated atoms is consistent with Au 4f
XPS studies of the surface contribution in bulk gold, which was
found to shift to lower binding energy relative to the bulk
value.'*®

In fact, almost all Au-based bimetallic nanoparticulate
catalysts are alloys of Au with other late transition metals,
which do not drain the Au 5d filling to the extent that early
transition metals such as Ti do. For example, it is known for
bulk and nano PtAu alloys the Au d band is slightly
depopulated relative to bulk Au. However, in nanoparticles,
this depopulation of states can potentially be compensated by
reduction of the coordination number (band narrowing) and
increased covalency due to shorter distances between atoms.'*
Given the importance of the d-band population, the charge
redistribution that occurs in bimetallic nanoparticles is not
necessarily well probed by analyses such as the Bader or
Mulliken methods. Although we observe an increase in both the
Bader chages and d-band filling for atoms at the periphery or
vertices of the Au,y, clusters relative to atoms with higher
coordination numbers, this may be a special case limited to
monometallic Au. In bimetallic nanoparticles of Au there is a
balance between depopulation and redistribution of the d-band
charge due to alloying and increasing population of the d band
due to reducing the coordination number, which potentially
will not be captured in population analyses that consider the
entire atomic charge.
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We attribute the strong d center—charge dependence to arise
from Coulomb repulsion of d electrons. Because of the
increased electron repulsion, greater filling destabilizes the d
states, pushing the d-band center nearer to the Fermi energy. In
order to understand the cause of the strong center—charge
dependence and to examine the applicability to other transition
metals, we calculated the d-band center and d-band filling for
compounds and species of Ag. As shown in Figure 6, Ag
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Figure 6. Position of the Ag 4d-band center, relative to the Fermi
energy, as a function of the Ag 4d-band population for a variety of
neutral, intermetallic, and cationic Ag compounds and species.

compounds show a similar dependence for the d-band center
and filling. However, the slope is smaller than for the Au
compounds, ie., the Ag 4d-band center does not change as
dramatically as a function of the d-band filling relative to Au.
One suggestion for the weaker dependence of the d-band
center on the d-band population for the Ag compounds is that
the d bands in Ag compounds are stabilized in contrast to the d
bands in Au compounds which are subject to relativistic
destabilization.*””** It is evident from a consideration of the d-
band centers of the gold compounds and species in Figure 5
with the d-band centers of the Ag compounds and species in
Figure 6 that only for the Au case is the d band found within
—1 and —3 eV of the Fermi energy. This supports the finding
that Ag compounds and species, including nanoparticles, are
not commonly used as CO oxidation catalysts.

The electron—electron interaction is only treated in a mean-
field fashion in DFT-GGA calculations. Since we suggested that
the strong d-center—d-filling dependence is likely Coulombic in
origin, it is germane to consider how robust this dependence is
when Coulomb correlations are included more explicitly via the
Hubbard U. As shown in Figure 7, Au shows a strong d-
center—d-filling dependence with a Hubbard U of 3 eV. The
trend for Au is very similar to that obtained without a Hubbard
U, except for a downward shift of the band centers and
increased d-band filling caused by U.

B CONCLUSIONS

First-principles electronic structure calculations carried out on a
variety of Au compounds and species suggest the complete
(and surprising) absence of any correlation between the
position of the Au d-band center and the formal oxidation
state or Bader charge on Au. The results additionally suggest
that very few Au compounds have d-band centers in the region
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Figure 7. Au Sd-band center, relative to the Fermi energy, plotted as a
function of the Au Sd-band population, calculated using a Hubbard U
=3 eV. Fit (dashed line) to data calculated without a U term is shown
for comparison. Introducing U shifts the d-band center away from the
Fermi energy and increases the calculated filling of the Sd band.

of energy that seem to be implicated in the catalytic activity of
Au nanoparticles. We find strong dependence between the
position of the Au d-band center and the degree of its filling,
irrespective of the chemistry or the geometry of the particular
Au compound. Even small calculated changes in the d-band
filling result in a relatively large effect on the position of the d-
band center.
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