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the most important effects that contribute to their high catalytic activity. We synthesize and characterize with
high resolution transmission electron microscopy (HRTEM) 3.4, 5.3, and 9.5 nm diameter TiO,-supported Au
nanoparticles with nearly spherical shape and measure their valence band using Au 5d subshell sensitive hard

X-ray photoelectron spectroscopy (HAXPES) conducted at Spring-8. Based on density functional theory (DFT)
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calculations of various Au surface structures, we interpret the observed changes in the Au 5d valence band struc-
ture as a function of size in terms of an increasing percentage of Au atoms at corners/edges for decreasing particle
size. This work elucidates how Au coordination number impacts the electronic structure of Au nanoparticles,
ultimately giving rise to their well-known catalytic activity.

© 2016 Published by Elsevier B.V.

1. Introduction

At this point in time it has been well-established that whereas bulk
gold is catalytically inert, gold nanoparticles <10 nm diameter support-
ed onto metal oxides can be highly catalytically active for a number of
reactions, including low temperature CO oxidation [1], water gas shift
(WGS) [2], and NO reduction [3], and also selective for important
oxidation and hydrogenation reactions where selectivity is crucial, e.g.
propene to propene oxide [4] and 1,3 butadiene to 1-butene [5], respec-
tively. However, the origin of the nanoscaling effect on catalysis by gold
(Au) is still debated [6]. The leading explanations for enhanced activity
are depicted schematically in Fig. 1 and are enumerated in Table 1, a list
to which we shall refer throughout this work in discussing the possible
origins of catalytic activity.

In short, there are two general classifications of nanoscale effects,
those that are predominantly geometric in nature and those that are
electronic in nature. The predominantly geometric effects have to do
with the physical orientation of Au atoms that can change with size [7,
8], shape [8-11], lattice strain [11,12], and the Au-support perimeter
[7]; while the predominantly electronic effects can arise from charge
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transfer to/from the support [13-18], or from quantum size effects
[19-22].

With so many proposed explanations for the high activity of small
supported gold nanoparticles, an approach is needed to experimentally
disentangle these effects and assess which of these are dominant in
contributing to catalytic activity; not a trivial undertaking as many of
the effects are correlated with one another.

Critical to sorting out these effects is understanding the valence band
electronic structure of supported Au nanoparticles. This, along with de-
tailed knowledge of the physical structure of the nanoparticles regard-
ing size and shape, can be particularly helpful in understanding trends
in catalysis [23-26]. This approach has been applied in the field of catal-
ysis over a wide range chemical and electrochemical reactions, e.g. the
oxygen reduction reaction (ORR) in fuel cells [27] and CO oxidation in
conventional heterogeneous catalysis [24].

To this end, a number of studies have measured the valence band
electronic structure of Au nanoparticles supported onto TiO, [19,28],
Al,O3 [29], and NiO [16] using ultraviolet photoelectron spectroscopy
(UPS, ~40 eV) and Au nanoparticles supported onto carbon [30-33]
using conventional Al Ko X-ray photoelectron spectroscopy (XPS,
1486 eV). UPS and conventional XPS have been valuable in understand-
ing the electronic structure of Au nanoparticles. One key point resulting
from these studies is that a metal-insulator transition occurs as a func-
tion of size, observed between Auss and Auss, ascribed to quantum
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Fig. 1. Nanoscaling origins of Au catalysis. Schematic showing possible nanoscale origins of gold catalysis. Red atoms in 1a and 1b indicate undercoordinated atoms. Red atoms in 3 indicate

perimeter sites.

size effects. However, UPS and conventional XPS have their limitations,
as it has been found that for many supports the main spectral features of
the Au d-band are generally difficult to distinguish as the nanoparticle
size decreases or as gold coverage decreases, due to a heavy background
valence band signal from the support that overlaps with the signal from
the Au nanoparticles [16,19,28-30].

Another means to study Au d-band structure is through electronic
structure theory calculations. Density functional theory (DFT) calcula-
tions have revealed that undercoordinated gold atoms have d states
that are higher in energy than their corresponding full coordinated
bulk gold atoms [10] and thus bind adsorbates such as O, more strongly.
This provides a compelling explanation for the enhanced CO oxidation
activity of small gold nanoparticles.

Given the importance of a catalyst's electronic structure in determin-
ing its catalytic activity, there remains a critical need to measure the va-
lence band of gold nanoparticles in a manner uninhibited by the metal
oxide support signal, and with high-energy resolution. We accomplish
this by using an unconventional form of XPS, the hard X-ray (8 KeV)
photoelectron spectroscopy (XPS) beam-line (BL47) at the Spring8
Synchrotron. Due to the proportionately large photoionizaiton cross-
section of the Au 5d subshell versus those of the metal oxide support
at this photon energy, we are able to straightforwardly deconvolute

Table 1

Leading nanoscaling effects in gold catalysis.

The nanoscaling effects are broken down into geometric and electronic effects, each with
selected references from the literature that support the importance of the effect.

Geometric effects Associated
references
1. Exposing catalytically active/undercoordinated a. Size [7,8]
gold sites by changing: b. Shape [8-11]
2. Lattice strain [11,12]
3. Unique gold/support perimeter sites 7]
Electronic effects
4. Charge state [13-18]
5. Quantum size [19-22]

any signal from the metal oxide support in the valence band that could
otherwise overwhelm the valence band signal from a submonolayer
of Au nanoparticles. Our study also employs DFT calculations to help
interpret the spectral features that we observe. For our studies, we
chose TiO, as a support since it is known as one of the more active
supports for Au nanoparticle catalysis and does not contribute to
CO oxidation on its own [34]. In this manuscript, we aim to fill the
gaps in our current knowledge within the area of Au nanoparticle ca-
talysis by addressing the following two key questions for Au nano-
particles supported onto TiO,: (1) How does the physical structure
of the Au nanoparticles, e.g. size, shape, and lattice constant/strain,
influence its valence band electronic structure? (2) How can knowl-
edge of the electronic structure help sort out the different possible
origins of catalytic activity, and help determine which are most im-
portant within our system of study?

Our approach to answering these questions is outlined here. We
started by synthesizing size-controlled Au nanoparticles onto a flat,
well-defined, conductive TiO, support by means of a ligand-free
synthetic method in an effort to avoid organic contaminants. High-
resolution transmission electron microscopy (HRTEM) was used to
measure the size, shape, and lattice constant/strain of the supported
gold nanoparticles. With detailed knowledge of these physical char-
acteristics, we then measured the electronic structure of the Au
nanoparticles by means of hard X-ray (~8 KeV) photoelectron spec-
troscopy (XPS). With this incident photon energy, the ratio of the
absorption cross-section for the valence 5d electrons of gold to the
photoionizaiton cross-section for the O 2p and Ti 3d valence electrons
from the TiO, support is predicted (Fig. 2) to be an order of magnitude
greater than with conventional Al Ko X-rays at 1486 eV (~1500 eV),
and two orders of magnitude greater than with UV photons (~40 eV)
[35].

Using hard X-rays allowed us to see an enhanced signal from gold
versus the background TiO,, which to the best of our knowledge has
not yet been reported for catalytically relevant oxide supported gold
nanoparticles. Based on our findings described below, we believe
that selectively probing 5d transition metal catalysts on oxide sup-
ports could become very important to achieve the objective of

means of hard X-ray photoel...,
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Fig. 2. Photoionization cross-section ratios. Theoretical calculation of the Au 5d/O 2p and
Au 5d/Ti 3d photoelectron cross-section ratios at three different photon energies
(~40 eV, ~1500 eV, and ~8 KeV) [35].

correlating valence band structure to catalytic performance in many
areas of catalysis.

2. Experimental
2.1. Sample preparation

First, 1400 A of titanium was deposited by electron beam evapo-
ration onto silicon(111) (0.001 ohm * cm) in a clean room environ-
ment using an Innotec ES26C evaporation system. The rate of
deposition was 0.15 A/s for 5 min and then ramped to 2 A/s for the
remainder of the deposition. The chamber temperature and pressure
were 45 °C and 2 x 10~ torr, respectively. The titanium film was
then exposed to ambient air to form a thin TiO, native oxide. Finally,
3, 8, and 20 A nominal thicknesses of gold were electron beam de-
posited at a rate of 0.15 A/s onto several titanium-metalized Si wa-
fers to achieve three different sized gold nanoparticles on TiO,,
respectively. The chamber temperature and pressure were 30 °C
and 2 x 10~ 7 torr during Au deposition. The remaining gold-free,
titanium metalized Si wafers provided background controls for elec-
tronic structure measurements. The bulk gold surface studied in this
investigation consisted of an evaporated film of gold on a copper
substrate that is stored inside the ultra-high vacuum chamber at
beam-line 47XU at the Spring8 Synchrotron. That sample will be re-
ferred to as “bulk gold” from this point on.

2.2. Transmission electron microscopy (TEM)

The supported gold nanoparticles were examined in an FEI Tecnai
G2 F20 X-Twin Transmission Electron Microscope (TEM) to determine
the size distribution and shape. Both plan view (top-down) and cross
sectional view (side-on) samples are prepared using standard TEM
preparations which included: heating of the sample with crystal bond
to 180 °C for use as a binder, SiC film lapping, diamond film lapping,
alumina slurry dimpling, and Ga ion milling.

2.3. Electronic structure measurements

The valence band and the Au 4f X-ray photoelectron spectra for the
TiO, bare support, the three different TiO, supported gold nanoparticle
samples, and bulk gold were measured at the Spring-8 Synchrotron,
BeamlineBL47XU, and the hard X-ray photoelectron spectroscopy
(HAXPES) beam-line, at a photon energy of 7945 eV (~8 KeV). Photo-
electrons were collected using a GammadataScienta R4000 spectrome-
ter with a total resolution better than 0.25 eV. Each photoelectron
spectrum was measured by illuminating the x-ray beam at 1° incidence

to the surface and collecting the appropriate photoelectrons at 89° to
the surface plane. Additionally, the Ti 2p region was collected for analy-
sis of the TiO, support and to rule out any charging induced binding en-
ergy shifts or broadening among the XPS spectra of the gold
nanoparticles.

24. Electronic structure calculations

The electronic structures of Au surfaces with various coordination
numbers were determined from density functional theory (DFT) calcu-
lations using the Quantum Espresso code [36]. The (100), (111), and
(211) surfaces were modeled using 2 x 2 x 6 slabs, with 20 A of vacuum.
The (421) surface was modeled using a 36 atom (1 x 1) surface unit cell,
containing five close-packed layers, with 13 A of vacuum. The Crystallo-
graphic Information File (CIF) of each model is provided as supporting
information: Au100.cif, Aul11.cif, Au211.cif, Au421.cif, and Aubulk.cif.
For all surfaces, Brillouin zone sampling with a grid-spacing of no
more than 0.05 A" with Fermi smearing of kgT = 0.1 eV was used,
and the Kohn-Sham bands were expanded in plane wave basis sets
with 500 eV cut off. Static calculations were carried out using the exper-
imental lattice constant, 4.08 A [34], and for 3% compressive strain (in all
X-Y-Z). Generalized gradient approximation (PBE [35,36]) was used to
describe the exchange-correlation effects. Spin-orbit coupling was
taken into account by using an ultrasoft pseudopotential with j-
dependent projectors [37,38]

3. Results & discussion
3.1. Physical characterization

Electron beam evaporation produces size-controlled gold nanoparti-
cles with a very high surface density, as depicted in the TEM images in
Fig. 3. Both low magnification and high-resolution (HR-TEM) images
of the three samples in plain view are shown in Fig. 3 (1-A, 1-C, and
1-E) and (2-A, 2-C, and 2-E), respectively. The particles are mostly circu-
lar in cross-section, with the following average diameters: 3.4 nm,
5.3 nm, and 9.5 nm with an error in the mean of 0.1 nm, 0.1 nm, and
0.2 nm, respectively. These results agree well with SEM observations
(see supporting information).

By imaging the samples in cross-section, we are able to directly ob-
serve the nature of the TiO, support and the shape of the gold nanopar-
ticles, shown in Fig. 3 (1-B, 1-D, and 1-F and 2-B, 2-D, and 2-F). The
native TiO, layer (see supporting information) can be seen clearly by
the contrast between the polycrystalline titanium phase and the TiO,
layer on top from Fig. 3 (1-F). The thickness of the TiO, layer is roughly
6 nm, indicated by a pair of arrows. The thickness as measured by XPS
(see supporting information) is 1.1 nm. The difference between the
XPS and TEM derived thickness measurements is most likely due to
the 180 °C heating step during TEM preparation, which likely causes
growth in the TiO, layer. The cross-sectional TEM images show that
the gold nanoparticles bind to the TiO, surface in a spherical but
slightly flattened form (see supporting information). We have
ruled out significant shape change or sintering of the gold nanopar-
ticles during TEM preparation or imaging based on comparisons of
size and surface density (# particles/area) in SEM versus TEM (see
supporting information).

Since the particles are nearly spherical, the diameters as determined
from the TEM plan view are used throughout the discussion. The histo-
grams of each nanoparticle size and associated standard deviation as
determined by TEM plan view imaging are shown in the insets of
Fig. 3 (1-A, 1-C, and 1-E). It has been shown previously that the truncat-
ed octahedron geometry fits well for small nanoparticles of face cen-
tered cubic (FCC) metals such as gold [39] and has been used to model
supported gold catalysts [10]. As such, it is assumed that each nearly
spherical gold nanoparticle is a truncated octahedron of the closest
size to that which we measure by TEM. The model is shown in Fig. 4.
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Fig. 3. Au nanoparticle imaging. Morphology, size, size distribution, and atomic scale features of gold nanoparticles on TiO2 as observed by TEM. The gold nanoparticles of 3 A, 8 A,and 20 A
nominal deposition thickness are shown in the top row, middle row and bottom row, respectively. The TEM low resolution and high resolution images of the gold nanoparticles are shown
in 1-A through 1-F and 2-A through 2-F, respectively, with the top-down (plan) views noted A, C, and E and with the cross-sectional views noted B, D, and F. Additionally, the histograms for

the TEM plan-view based nanoparticle diameter distributions are shown as insets to 1-A, 1-C, and 1-E. Finally, a TiO2 layer thickness of around 6 nm is indicated on 1-F with arrows that
define the boundaries of the oxide layer above the titanium metal.
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Fig. 4. Truncated octahedron model. Truncated octahedron model of a nanoparticle with
associated 2D cartoon renderings of the nanoparticles of each size (3.4 nm, 5.3 nm,
9.5 nm diameter).

Shape change with size due to the support (nanoscaling effect #1b,
Table 1) is therefore not an important consideration for these gold
nanoparticles.

3.2. Electronic structure characterization

3.2.1. Au 4f XPS

Core-level shifts in the Au 4f spectral region have previously been
used to describe changes in the chemical state [40-43] or geometric ar-
rangement [41,44,45] of the Au surface. For all of our samples, including
bulk gold and the three TiO,-supported gold nanoparticle samples, the
Au 4f core level measurements from Fig. 5 show only one doublet
with the Au 4f;/; binding energy at 84.0 £ 0.1 eV.

This agrees well with measurements on bulk metallic gold, with an
Au 4f7,, binding energy also at 84.0 eV [46], supporting the notion
that all the Au nanoparticle samples are in a charge-neutral, bulk-
like state. Metallic (charge-neutral) gold has been shown to be the
catalytically active state for CO oxidation [47]. It should be noted
that some supported gold nanoparticles in this size regime, synthe-
sized by other methods, have been reported as having a shell of oxi-
dation [40]. In our case there is no observable oxidation at the
surface, as this would manifest itself as additional Au 4f;/, and Au
4f5, contributions upshifted significantly in binding energy. Others
have shown that there are a number of possible final and initial state ef-
fects that can shift the binding energy either up or down [41]. Final state
(screening) effects are expected to be minute at this size regime [48],
especially on a conductive support [41].

From the initial (electronic) state viewpoint, it has been found that
oxygen defect sites on the TiO, support can anchor nanoparticles to
the surface while polarizing the gold atoms bound to those anchor
sites. Given the size and shape of the nanoparticles in the present

Au 4f 2.0
Au4f,
L 1.5
3.4 nm AuTiq [; %‘
4 1.0 £
: 2
4 L =
5.3nm Aurig] | } ; =
95nmAu/T|0; \ ‘J}\\ L 0.5
Bulk Au Z k _J L
. 0.0
90 84 82
BE (eV)

Fig. 5. Au 4f XPS. Au 4f core level spectra collected using ~8 KeV hard X-rays for each of the
3.4 nm, 5.3 nm, and 9.5 nm average diameter TiO,-supported gold nanoparticles as well as
bulk gold. Intensities have been normalized.

study, however, the fraction of gold atoms affected in this manner is ex-
pected to be miniscule [15] and any binding energy shift due to these
atoms would likely be outside of the detection capability of XPS. For ex-
ample, only 3-4 atoms of Au would be affected for a 3 nm spherical gold
nanoparticle on TiO, [15]. Given the size range studied here (3.4 nm,
5.3 nm, and 9.5 nm), electronic promotion effects are expected to be
negligible as such effects have previously been found to be insignificant
for gold nanoparticles above 2-3 nm in diameter on a number of oxide
supports [17]. While a surface core level shift of 0.4 eV has been ob-
served before for a gold surface [44], in our case we do not observe
such an effect. To explore whether increased core level line broadening
due to the heterogeneity of surface sites for a given nanoparticle size
and the finite size distribution of nanoparticles could potentially mask
such subtle shifts [41], we carefully examined line broadening in our
samples. We observed line broadening for the smaller Au nanoparticles
by virtue of an increasing full width at half max (FWHM) with decreas-
ing nanoparticle size: The FWHM of the Au 4f;,, peak was measured as
0.54eV,0.60 eV, 0.68 eV, and 0.77 eV for bulk gold, while 9.5 nm, 5.3 nm,
and 3.4 nm for gold nanoparticles, respectively. Though this line broad-
ening is measurable and indicates an increasingly heterogeneous
surface with smaller nanoparticle sizes, the broadening is not sufficient-
ly large as to mask significant (e.g. 0.4 eV) shifts in the core-level
electronic structure of the Au nanoparticles. Therefore, our spectral
analysis of the Au 4f core level region suggests that nanoscaling effect
#4(Table 1) does not play a significant role, as the bulk gold and the
3.4 nm, 5.3 nm, and 9.5 nm in diameter gold nanoparticles are all in a
charge-neutral, bulk-like state.

3.2.2. Valence band XPS

The normalized raw valence region spectra for the TiO, support and
the 3.4 nm, 5.3 nm, and 9.5 nm gold on TiO, are shown in Fig. 6.

As expected from Fig. 2, there is a very large enhancement of the
gold signal in the valence region as compared to the bare TiO, support.
This enhancement increases with the amount of gold deposited. The va-
lence region photoemission spectra after background TiO, subtraction
of the 3.4 nm, 5.3 nm, and 9.5 nm diameter TiO,-supported gold nano-
particles as well as that of bulk gold are shown together in Fig. 7.

The scheme used to reference the binding energy scale and proce-
dures relating to the normalization and subtraction for all samples are
described in the supporting information.

The main features of the gold valence band are evident in all
four spectra. There is a broad and flat band related to d states re-
hybridized with s/p states [49] which extends from the Fermi level
through the sharper and more intense part of the d-band that spans
from roughly 2 eV to 9 eV. Although there is a slight shift observed at

means of hard X-ray photoel...,
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Fig. 6. Total valence band X-ray photoelectron spectroscopy. Total valence band
photoelectron spectra collected using ~8 KeV hard X-rays for blank TiO, (gray), 3.4 nm
(dark cyan), 5.3 nm (blue), and 9.5 nm (red) gold nanoparticles on TiO, normalized
with the Ti 3p (0) peak area at BE = ~32.5eV.

the Fermi edge for the 3.4 nm Au nanoparticles, this is within the esti-
mated experimental resolution (~0.25 eV) and is within reasonable
error due to the method of TiO, background subtraction (see supporting
information). The observation of occupied states at the Fermi Level im-
plies that the gold is metallic, therefore there is no observed quantum
size effect (nanoscaling effect #5, Table 1) within this size regime
(3.4-9.5 nm).

The sharper and more intense part of the d-band shows a number of
peaks, as is expected for the bulk gold valence band spectrum [50,51]. To
facilitate comparisons among all samples, we will focus our attention on
features observed in the vicinity of 3.5 eV. For bulk gold, this feature
consists of a trough surrounded by two clear peaks. The data shows a
clear trend with particle size regarding this feature; the trough gradual-
ly fills in as the gold nanoparticle size decreases, until, at the smallest
size (3.4 nm), there is only one broad peak around 3.5 eV. While there
are other, more subtle changes in the valence band spectra, this partic-
ular difference among the samples is the most prominent.

Morphology and support can play significant roles in the electronic
structure of Au nanoparticles. Previously, it was found for thin Au nano-
particles several monolayers thick on Al,03 [29] and NiO [16] and Au
mono/bi/multilayers on TiOy [19] that the lower binding energy peak
of the Au d-band shifts to higher binding energies. We do not observe
this shift, which suggests that such a shift may be related to an intimate

Intensity

4
BE (eV)

Fig. 7. Au valence band. Valence band spectrum of the Au d-band after TiO, background
subtraction for 3.4 nm, 5.3 nm, and 9.5 nm diameter gold nanoparticles on TiO,. Bulk
gold is shown for reference.

contact with the support since our nanoparticles are spherical and are
not intimately contacting the TiO,. In support of this hypothesis is
other work on spherical gold nanoparticles 1.6-10 nm in diameter on
a “non-interacting” carbon support, which found that the two main
d-band features remain essentially the same [30]. We thus attribute
the filling in of the trough in the d states observed at ~3.5 eV to an in-
trinsic gold nanoparticle effect, not a support effect, which synchrotron
radiation enables us to observe more clearly within the valence band re-
gion than observed by others using more conventional methods.

3.2.2.1. Valence band hypothesis, nanoscaling effects #1a and/or #2
(Table 1)?. It has been suggested previously that undercoordinated Au
atoms at the nanoparticle surface with coordination numbers (CN) 6
& 7 are the most active sites for the CO oxidation reaction [10].
Undercoordinated sites at the surface can facilitate the reaction's rate
determining step and activate molecular O, [52] because these
undercoordinated atoms relative to bulk atoms have markedly higher
energy d-states, which leads to stronger adsorbate interactions [10].
As the nanoparticle size decreases, the ratio of surface atoms and espe-
cially undercoordinated surface atoms to bulk atoms increases, which
could, at least in part, explain the observed filling in of the d-band of
Au with decrease in size.

Straining lattice parameter is also expected to have an effect on both
its catalytic activity as well as its d-band structure [53], and therefore
could, at least in part, explain the changes we observe in the d-band of
our supported Au nanoparticles. In light of this, we attempted to address
lattice-straining effects by measuring the d spacing of a variety of differ-
ently sized Au nanoparticles in HRTEM. The variability in the derived
Au-Au bond length using this method, in some cases greater than 3%,
precludes us from making any conclusive statements regarding the po-
tential straining of the lattice. Nevertheless, previous EXAFS studies
have shown that the overall compressive strain in Au nanoparticles
above ~3 nmin diameter is at most ~ 1%, with the compressive strain be-
coming more prominent below this size [54-56]. This implies that for
the size regime explored in our study (3.4, 5.3, and 9.5 nm diameter)
the overall strain in the nanoparticle should not be a major factor.
Surface and near surface straining, however, plays a critical role in
gold nanoparticles 3-5 nm in diameter, as determined by diffraction
experiments [57] and therefore must be considered as a possible
cause of the observed changes in electronic structure.

Therefore, our spectroscopic measurements of the Au valence band
(Fig. 7) suggest that the filling in of the trough in the d states with de-
creasing nanoparticle size can be attributed to an increase in the propor-
tion of surface gold atoms probed by the XPS experiment that contains
an increasing proportion of undercoordinated Au atoms (e.g. CN 6 and
7) and/or that exhibit surface (near surface) strain.

Our approach to test the coordination number and/or surface
straining hypothesis is to computationally generate the gold d-band
for each of the 3.4 nm, 5.3 nm, 9.5 nm nanoparticles and bulk gold con-
sidering the effects of both coordination number and strain and then
compare with the experimental XPS results. To realize this, we consider
that each gold atom within the truncated octahedron model (Fig. 4) has
its d-band fully specified by CN and either no strain or a reasonable de-
gree of contractile strain (3%). For these calculations, we use periodic
DFT and obtain d-band spectra of gold atom coordination numbers of
6, 7, 8,9 and 12 using model periodic surfaces of Au(111), Au(100),
Au(110), Au(211), and Au(421) slabs (see supporting information)
that are either unstrained or contractile strained in all X-Y-Z by 3%.

Shown in Fig. 8 is an example of the d-band for a gold CN 7 atom
(step edge) from a Au (211) slab that is not strained, one that is strained,
and a gold CN 12 atom from a bulk Au crystal that is not strained.

The d-band for gold atoms with CN 7 is markedly shifted toward the
Fermi level compared to the d-band of CN 12 atoms, with some broad-
ening of the d-band due to the effects of strain. Interestingly, the d-band
of CN 7 atoms (strained or unstrained) peaks at approximately the
same region where, in our d-band measurements of supported Au
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nanoparticles, we observe the filling in of the trough. This lends cre-
dence to the hypothesis that the surface coordination number and/or
surface (or near surface) straining can explain the systematic changes
in the d-band measurements at approximately 3.5 eV (Fig. 7).

The d-DOS of each coordination number Au atom (strained or un-
strained) is then inputted into the truncated octahedron geometric
model (or a simple flat surface model for the bulk Au), taking into
account effects such as XPS attenuation through the Au atoms, finite
nanoparticle size distribution, and the expected geometrical statistics
of Au atoms with various coordination numbers within the truncated
octahedron model of each relevant sizes. In total, this model appropri-
ately captures some of the most important experimental features that
are expected to be present within the measured spectra so that a one
to one comparison can be made between the measured and the calcu-
lated spectra. The full model is described in detail in the supporting
information.

Fig. 9 A-C shows the calculated d-DOS for the three nanoparticle
sizes and bulk Au for the cases where all Au atoms are strained (3% con-
traction) (Fig. 9A), only the top layer Au atoms are strained (3% contrac-
tion) (Fig. 9B), and where none of the Au atoms are strained (Fig. 9C),
and compares these cases to the measurement (Fig. 9D).

The important observation from this comparison is that there is a
filling in effect in the ~3.5 eV region for all calculated d-bands
(Fig. 9A-C) with a decrease in nanoparticle size. This effect is present re-
gardless of whether all atoms are strained, only top layer atoms are
strained, or no atoms are strained, which strongly suggests that the ob-
served filling in of the d-band trough around 3.5 eV in the measured
spectra (Fig. 9D) is primarily due to coordination number effects only
and less so to surface (or near surface) strain. While surface (or near
surface) strain is still likely present and could potentially still have
an impact on the catalytic activity, it apparently has little effect on the
d-band structure of Au within our system.

The other differences that are observed in regions outside of where
the d-band trough is present (~3.5 eV) should be mentioned briefly,
keeping in mind their peripheral nature to our main conclusion. 1.
A small shift in relative binding energies of the d-band structure com-
paring Fig. 9A-C to D, which indicates that the theoretical method is ap-
propriately capturing the d-band of Au, but is not perfect, given the
well-known relativistic effects in Au [34]. 2. An obvious broadening of
the entire d-band upon compressing the entire lattice by 3% (Fig. 3A
vs. C), which is expected for transition metals with d electron counts
5-10[53]. 3. The discrepancy in the trend in the d-band intensities at
> ~5.5 eV compared between any of the calculated and the measured
cases, which does not yet have an explanation. 4. There is a discrepancy

n 3.5
CN 7, unstrained —_—
CN 7, contractile strained, 3 % 30
2.5
L 2.0
2
Au 211 slab 2
1.5 @
=
Bulk Au,/ 1.0
No strain
-0.5
T T T T T 0.0
10 8 6 4 2 0 2
BE (eV)

Fig. 8. Calculated Au step edge atom d-band. The calculated d-band of the step edge atoms
(CN 7) with or without strain is significantly different from that of bulk, unstrained atoms
(CN 12). 3% contractile strain on CN 7 atoms resulted in a slight broadening. Inset: A
Au(211) slab with CN 7 step edge atom.
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Fig. 9. Au/TiO; electronic structure: calculated vs. measured Au d-band. The top three
graphs show the effects of 3% contractile strain on all atoms (A), top layer atoms only
(B), and none of the atoms (C). The bottom graph is the measured spectra at 8 KeV (D).

in the intensities in the 0-2 eV region between any of the calculated and
measured d-bands. This region is well known to exhibit the low binding
energy component of the relatively flat sp-d re-hybridization states in
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the measured spectra [30,49] and may be difficult to capture by our
methods of calculation.

Therefore, the filling in that we observe in the d-band trough of gold
nanoparticles with decrease in size is primarily due to an increased
percentage of surface Au atoms, an increasing proportion of which are
undercoordinated (CN 6 and 7).

Generally speaking, the observed changes in the trough region
(~3.5 eV) of the d-band as a function of size should be present regard-
less of the support material, however different support materials
could still potentially influence the Au electronic structure through
other means, e.g. if the support directs the shape of the gold nanoparti-
cle to expose more or fewer of the low CN gold sites. These low CN sites
(steps [CN 7] and corners [CN 6]) are thought by some to be the active
sites in gas phase CO oxidation catalysis [8,58]. Therefore, the filling in
of the trough in the gold d-band with decreasing nanoparticle size can
be attributed to nanoscaling effect # 1a (Table 1), which helps explain
the known catalytic activity of Au at the nanoscale. This effect is catego-
rized as a geometric effect where the local geometric structure of the
atoms ultimately dictates electronic structure.

3.2.2.2. Valence band hypothesis, considering other effects. While the CN of
atoms at the gold surface can at least partially explain the experimental-
ly observed filling in of the d-band trough, we have also considered a
number of alternative possibilities: gold at the interface with TiO-,
including unique perimeter sites; amorphization; gold atoms at the sur-
face to which molecules (C, N5, O,) are adsorbed; and re-hybridization
of the d states with s or p states with size.

Regarding interfacial or perimeter sites in contact with the TiO,, the
only way that these sites could give rise to such marked changes in the
measured XPS spectra is if the shape of the gold nanoparticles yielded a
large fraction of such sites; this, however, is not the case for the nano-
particles studied herein as they possess a spherical geometry with less
than 1% of the atoms representing electronically perturbed interfacial
or perimeter sites [15]. Even a hemispherical geometry would lead to
small fractions of interfacial or perimeter sites (see calculations in the
supporting information). Therefore, perimeter and interface sites can
be ruled out as the cause for the experimentally observed filling in of
the d-band trough. We cannot, however, rule out the possibility that pe-
rimeter sites are the active sites for catalysis (nanoscaling effect #3,
Table 1); such a determination is outside the scope of the present
manuscript.

We have assumed that the small gold nanoparticles can be modeled
as crystalline truncated octahedron or other suitable crystalline polyhe-
dra, however, at these small nanoparticle sizes, amorphization and dis-
order could play a very large role. Indeed, it was found that gold
nanoparticles of 1.6 nm in diameter exhibit substantial atomic disorder
[59] when immersed in solvent. However, when studied in the dry state,
without solvent, much of the disordering is absent. Therefore, given that
the nanoparticles in our study are much larger than those in the afore-
mentioned literature reference and that we are studying "dry" nanopar-
ticles, our nanoparticles should resemble more a crystalline state than a
disordered, glass-like state. The TEM images shown in Fig. 3 are consis-
tent with this view.

We have also considered the effect of small molecules adsorbed
(e.g. H,0, Oy, NO, CH30H) and how they might fill in of the trough
in the d-band; we have ruled out this possibility as well. Most of
the common adsorbates, even for Au(110) surfaces (CN 7), desorb
from the gold surface considerably below room temperature [52]
and especially at low pressure. The only gold surface sites that
might be considered as reactive to these adsorbates are corner sites
(CN 6), which comprise a much smaller proportion of the total gold
atoms within the gold nanoparticles than the magnitude of the pro-
portional change observed within the d-band (see supporting infor-
mation). The same logic applies to the possible influence of sp-d re-
hybridization as a function of gold nanoparticle size. The estimated
perturbation of the d electron count due to sp-d re-hybridization

per Au atom over the full range of sizes measured is 0.3% (see
supporting information) [49], outside the detection capability of
XPS. We can thus rule out sp-d re-hybridization playing a major
role in affecting electronic structure changes as a function of gold
nanoparticle size within the range studied here.

We thus find that the DFT calculations for different CN Au atoms
with and without 3% compressive strain, combined with a straightfor-
ward geometric model of an Au nanoparticle, can explain the observed
sized dependent changes in the d-band. Ultimately, the presence of sur-
face Au atoms, an increasing proportion of which are undercoordinated
(CN 6 and 7) with decreasing nanoparticle size, is responsible for
the filling in of the d-band trough we observe experimentally. As
undercoordinated (CN 6 and 7) atoms are thought to be the catalytically
active sites on small supported gold nanoparticles, this work reveals a
link between the catalytically active sites on Au nanoparticles and
their electronic structure, probed by both experiment and DFT.

While the focus of this study is on nearly spherical gold nanoparti-
cles of 3.4, 5.3, and 9.5 nm diameter deposited onto TiO,, our approach
is broadly applicable to a host of other sizes, shapes and supports. The
principal advantage of our approach is the use of hard X-ray, synchro-
tron based XPS measurements that can discriminate small changes in
the valence band features of gold, as portrayed within the region around
3.5 eV, without major contributions from the underlying metal oxide
support. Measuring the valence band contributions of gold versus a
3d/4d metal oxide support at 8 KeV versus conventional Al Ko
(1486 eV) XPS or standard UPS (~40 eV) amplifies the gold 5d-band
cross-section relative to the valence band contributions (metal 3d/4d
and O 2p) of its support by roughly one and two orders of magnitude,
respectively (see supporting information). With conventional XPS or
UPS, the valence band signal from the 3d/4d metal oxides would typi-
cally overwhelm that of the 5d transition metal. This benefit of using
synchrotron-based hard X-rays can be applied toward the study of
any 5d transition metal catalyst in which one aims to distinguish its va-
lence band signal from 3d/4d metals or metal oxides present in the sys-
tem, e.g. a 5d metal supported onto a 3d/4d metal oxide support or a
metal alloy between a 5d metal and a 3d/4d metal, as has been shown
in a previous study of Pt versus Cu within a Pt-Cu alloy catalyst [60].

4. Conclusions

In this work we have studied how the size and shape of gold nano-
particles supported onto TiO, dictate their electronic structure and
how we can use the measured electronic structure to identify the ori-
gins of the well-known nanoscaling effects in gold catalysis. With
these goals in mind, we synthesized and investigated ligand-free gold
nanoparticles 3.4, 5.3 and 9.5 nm in diameter supported onto a flat,
well-defined, thin-film TiO, support. High-resolution TEM imaging re-
vealed that the nanoparticles were sitting nearly spherically on the
TiO, support. All three investigated sizes of Au nanoparticles as well as
bulk gold were found to be in a bulk-like metallic state, as determined
by the Au 4f doublet from XPS. Valence band measurements using
hard X-ray XPS afforded clearly distinguishable signals for Au valence
band versus that from the TiO, support. We observe significant changes
in the Au valence band as a function of Au particle size. More specifically,
we measured a significant increase in intensity at a binding energy of
3.5 eV, a region between two valence band peaks in bulk Ay, as a func-
tion of decreasing Au particle size. DFT calculations suggest that this is
due to the proportional increase in surface Au atoms, an increasing per-
centage of which are undercoordinated (CN 6 and 7), with a decrease in
gold nanoparticle size (nanoscaling effect #1a, Table 1). This effect of co-
ordination number on d-band will likely occur irrespective of the choice
of support, though different supports will likely still have some impact
on the electronic structure of gold, e.g. through shape effects which
will influence the fraction of low CN sites. By having measured dis-
crete changes in the gold valence band structure of supported gold
nanoparticles using synchrotron-based hard X-rays and utilizing
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theoretical modeling, we have elucidated how coordination number
plays a crucial role in affecting the electronic properties of
nanoparticulate gold, which ultimately determines its catalytic ac-
tivity. The approach utilized herein is of particular value in assessing
the electronic structure of catalytically active surface sites of 5d tran-
sition metal nanoparticles supported onto standard 3d/4d metal
oxide supports.
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