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1. INTRODUCTION

Hydroxyl groups on oxide surfaces are of paramount impor-
tance to surface chemistry and interface phenomena. As reactive
surface functional groups, hydroxyls determine the acid�base
chemistry and catalysis of oxidematerials.1 They are directly involved
in the early stages of catalyst preparation as surface ligands for
anchoring metal complexes2 and have been suggested to actively
participate in many catalytic reactions over oxide-supported
metal particles (e.g., in CO oxidation over oxide-supported Au
particles).3 Moreover, hydroxyl groups, among other parameters
such as surface termination and surface defects,4�6 modify the
electronic and chemical interaction at metal/oxide interfaces,
which opens a possibility for tuning the properties of metal/oxide
heterojunctions for future nanotechnology applications.7,8 Clearly,
understanding the macroscopic properties related to hydroxyls on
oxide surfaces requires knowledge of their properties and interac-
tions with atoms andmolecules at a fundamental level. In this study,
we reveal details of the chemical interaction of gold atoms with
hydroxyl groups on a MgO(001) model surface. The results allow
us to conclude about the initial nucleation site as well as about the
relationship of electronic structure and spectroscopic properties of
gold species on the hydroxylated MgO(001) surface.

Supported gold nanoparticles are known to be catalytically
active for a number of reactions including oxidation of CO and
hydrocarbons, synthesis of H2O2, etc.

9 In CO oxidation, the
catalytic performance of oxide-supported gold catalysts is found
to be influenced by several factors including Au particle size,10�12

oxidation state of gold,13�15 and nature of the oxide support.16

Apart from those, the potential role of water and hydroxyls in
catalysis over supported Au nanoparticles has been highlighted
recently. High activity in CO oxidation has been found for
colloidal Au particles deposited on Mg(OH)2 and is attributed
to the enhanced supply of active oxygen on the hydroxylated
support.17 As a coreactant, small doses of water were shown to
increase the catalytic activity in CO oxidation, which is partly
attributed to activation of oxygen and to the transformation of
tightly bound carbonate, which acts as a poison, into bicarbonate
species that are able to release CO2 at moderate temperature.

18 In
situ high-pressure studies addressing the influence of co-fed water in
CO oxidation over model Au/TiO2(110) surfaces have, however,
not been conclusive in this respect.19,20 In addition, hydroxyl species
on the oxide support represent strong anchoring sites for the
solution complexes during preparation of gold catalysts by the
deposition�precipitation method,21 and this interaction has been
suggested to determine the final structure—in particular, high
dispersion and small particle sizes—of supported Au nano-
particles.22,23 This conclusion is substantiated by the observation
of nanometer and subnanometer Au particles after deposition�
precipitation of Au on Mg(OH)2 and Fe(OH)3 supports.

24,25

Fundamental ultrahigh vacuum (UHV) surface science stud-
ies combined with calculations have provided a basic insight
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ABSTRACT:The nucleation and electronic structure of vapor-
deposited Au on hydroxylated MgO(001) surfaces has been
investigated under ultrahigh vacuum conditions. Hydroxylated
MgO(001) surfaces with two different hydroxyl coverages, 0.4
and 1 monolayer, respectively, were prepared by exposure to
water (D2O) at room temperature. Scanning tunneling micro-
scopy experiments show significantly higher gold particle
densities and smaller particle sizes on the hydroxylated MgO
surface as compared to gold deposited on clean MgO(001).
Infrared spectroscopy and X-ray photoelectron spectroscopy experiments were performed to reveal details about the initial
nucleation of gold. Gold atoms are found to chemically interact with a specific type of hydroxyl groups on the MgO surface, leading
to the formation of oxidized gold particles. The enhanced adhesion of Au particles, which is due to the formation of strong Au�O
interfacial bonds, is responsible for the observed higher stability of small Au clusters toward thermal sintering on hydroxylatedMgO
surfaces. The results are compared to similar studies on Au/TiO2(110) model systems and powder samples prepared by the
deposition�precipitation route.
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into energetics and morphological properties of metal deposits
on well-characterized, single-crystalline oxide surfaces.4�7

Most of the experimental studies have been carried out with
pristine oxide surfaces, devoid of any functional surface groups.
However, in any realistic environment, the oxide termination is
subject to changes according to the thermodynamic equilibri-
um imposed by the environment, and in almost all cases an
oxide will be covered by a certain amount of strongly bound
hydroxyl groups after exposure to air and at moderate tem-
perature. Therefore, under the pristine conditions of an UHV
experiment, a materials gap is known to exist, which makes
extrapolating the fundamental insight gained in an UHV
environment to that of powder materials in a realistic environ-
ment a difficult proposition. In order to bridge this materials
gap, several groups reported on the selective modification of
single-crystalline oxide surfaces with hydroxyl groups by ex-
posure to water and investigated the properties of subsequently
deposited metals. The metals studied—Al, Ti, Rh, Co, and
Cu—were shown to become oxidized by the interaction with
surface OH groups.8,26�31 According to the different interac-
tion strengths found for Al, Co, and Cu, a correlation of the
reactivity of the metal toward OH and its oxygen affinity was
proposed.29 Recently, the adsorption energy of atomic oxygen
was shown to be a good descriptor for the activation energy
of water splitting on a given metallic surface.32 According to
this finding, Au surfaces are by far the least active among the
transition metals investigated, in line with the expected inert-
ness of gold. On the other hand, the interaction strength
toward oxygen is considerably enhanced for low-coordinated
gold sites present on nanoparticles as opposed to extended
gold faces,33 implying that a certain reactivity may be expected
toward oxidation by OH for the smallest Au particles. In fact,
Wang and Hammer,34 modeling adsorption of Au7 clusters on
TiO2(110) surfaces with terminal OH groups, found strong
binding of these clusters to the surface and positive charging
of the interfacial Au atoms. On the other hand, in recent
UHV experiments that addressed the effect of water on the
nucleation properties of Au on TiO2(110), bridging hydroxyl
groups formed by water dissociation on oxygen vacancies
were consistently shown to enhance sintering of Au on
TiO2 as compared to a reduced surface, implying a weaker
metal�support interaction on the hydrated TiO2(110)
surface.35�37 The different results for Au on TiO2(110) suggest
that nucleation and diffusion properties strongly depend on
the chemical nature of the various OH groups present on the
surface.

In this article, we provide a detailed picture of the nucleation
and electronic structure of gold on hydroxylated MgO(001)
model surfaces by analyzing the complementary experimental
results obtained from scanning tunneling microscopy (STM),
X-ray photoelectron spectroscopy (XPS), and infrared spectros-
copy. In particular, we are able to identify a site-selective
interaction of Au with hydroxyl groups on this surface, which
results in oxidized gold particles. Furthermore, the comparison of
stretching frequencies of adsorbed CO and corresponding
Au 4f binding energies of the supported Au particles as a function
of annealing temperature allows for a rigorous correlation of
infrared and XPS characteristics, two properties that are most
frequently applied to determine the active state of supported gold
in heterogeneous catalysis research.

2. EXPERIMENTAL SECTION

The experiments were preformed in a UHV chamber equipped with a
hemispherical electron energy analyzer (Specs Phoibos 150) together
with a twin-anode X-ray source (Specs XR50) for X-ray photoelectron
spectroscopy (XPS), and a low-energy electron diffraction (LEED)
system. A small UHV-compatible high-pressure cell connected to the
main UHV chamber was used for hydroxylation of the MgO(001)
substrate as well as for infrared experiments in (grazing) reflection
absorption geometry (IRAS).

The Ag(001) sample was mounted by Ta wires to Mo rods on the
manipulator and could be heated to 673 K or cooled with liquid nitrogen
to 100 K. The temperature was monitored via a chromel�alumel
thermocouple (K-type) spot-welded to the back side of the crystal. The
Ag(001) single crystal used as substrate for the growth of MgO(001) thin
films was cleaned by repeated sputter�anneal cycles. Stoichiometric 13
monolayer (ML) MgO(001) films were grown by reactive deposition
of Mg in an oxygen ambient of 1 � 10�6 mbar of O2 at a substrate
temperature of 573 K and a deposition rate of 1 ML/min. The surface
quality was verifiedwith LEED and the stoichiometry of the filmwith XPS.

Gold nucleation and sintering was studied on three different MgO-
(001) surfaces characterized by different surface coverage, θ, of hydroxyl
groups: Clean MgO(001), which contains a negligible amount of OH,
andMgO(001) samples dosed for 3 min at room temperature at 1� 10�3

mbar and 1 mbar water vapor pressures. According to our previous
quantitative estimations, dosing at 1 � 10�3 mbar results in θ(OH) ∼
0.4ML hydroxyl coverage.38 This sample will be referred to asMgOwith
low hydroxyl coverage, MgOhydr(l). MgOwith high hydroxyl coverage of
θ(OH) ∼ 1.0 ML is obtained after dosing 1 mbar water vapor and is
referred to as MgOhydr(h). (All water dosing experiments were per-
formed with D2O. However, the term hydroxylation instead of deuter-
oxylation will be used throughout the paper.) Annealing the MgOhydr

films to 600 K desorbs weakly bound hydroxyl groups, which reduces the
coverage to θ(OH)∼ 0.1 ML and θ(OH)∼ 0.3 ML for MgOhydr(l) and
MgOhydr(h), respectively. Gold was deposited on the surface of clean
MgO(001) andMgOhydr either at 100 K or at room temperature inUHV
by physical vapor deposition at a rate of 0.1 Å/min (1 ML ≈ 2.5 Å).

Photoelectron spectra were collected by use of Al KR radiation
(1486.6 eV) at an electron takeoff angle of 60�. The hemispherical
energy analyzer was set to constant pass energy of 20 eV. Fitting the two
components of the O 1s region in MgOhydr (OH at high binding energy
and O2� of MgO at low binding energy) is straightforward and has been
previously presented in the literature.38 The Au 4f and Mg 2s spectral
regions overlap and require additional care when fitting (see description
in the Supporting Information). The magnesium and oxygen binding
energies of MgOhydr are subject to downward shifts compared to
MgO(001) because of band bending caused by hydroxylation.38 For
13 ML MgO/Ag(001), the shift is as large as�0.7 eV for hydroxylation
at 1 � 10�3 mbar D2O and �0.4 eV at 1 mbar D2O. Since the binding
energy of Au deposited on MgOhydr is also affected by these shifts, we
used as reference the binding energies of samples that have been
annealed to 573 K to remove the OH species. After this treatment,
the substrate binding energies are similar for both MgO(001) and
MgOhydr (530.5 eV for O 1s and 88.9 eV forMg 2s). The binding energy
scale of the XP spectra obtained at lower annealing temperature
(Figures 1 and 5) has been corrected according to the shift determined
with respect to the reference spectrum.

IR spectra with CO as a probemolecule were collected at 100 K and at
grazing incidence on a Bruker IFS66v/S spectrometer and a liquid
nitrogen-cooled mercury�cadmium�telluride (MCT) detector. Each
spectrum was obtained by averaging 1000 interferograms with a spectral
resolution of 4 cm�1. Background measurements were collected from
the clean MgO and MgOhydr samples before deposition of gold. CO
dosages are given in Langmuir units (1 L = 1.33 � 10�6 mbar 3 s).
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The STM experiments were performed in a different UHV chamber.
For STMmeasurements, MgO(001) thin films of 10ML thickness were
grown on Mo(001) as support and Au was evaporated at room
temperature by procedures similar to those described above. Surface
hydroxylation was achieved by water dosing through a doser at a
background pressure of 1 � 10�5 mbar of H2O at a distance of 1 mm
to the sample, giving an effective pressure of 1 � 10�3 mbar of H2O at
the sample surface. All STM images shown here were acquired at room
temperature in the constant current mode.

3. RESULTS

3.1. Interaction of Au with Water and Hydroxyls on MgO-
(001) and MgOhydr. We have first analyzed the nucleation
behavior of Au on hydroxylated MgO in real space. Figure 1
shows representative STM images and particle size distributions
obtained after deposition of 0.04 ML Au (Figure 1a�c) and
0.20 ML Au (Figure 1d�f) on clean and hydroxylated (1 � 10�3

mbar of D2O) MgO, respectively. A significant increase in
gold particle density, n, on hydroxylated MgO as compared
to MgO(001) is observed: 0.042 nm�2 on MgOhydr versus
0.023 nm�2 on MgO(001) for 0.04 ML Au, and 0.098 nm�2

on MgOhydr versus 0.017 nm
�2 on MgO(001) for 0.20 ML Au.

In line with the increased particle density, the Au particle
diameter, d, is smaller on hydroxylated MgO. When tip convolu-
tion effects are taken into account, amean diameter of 1.5 nmwas
estimated for 0.04 ML Au on hydroxylated MgO, whereas it
is 2.0 nm on MgO(001) [2.5 and 4�5 nm for 0.20 ML Au on
MgOhydr and MgO(001), respectively]. The difference between
Au onMgO(001) andMgOhydr becomes evenmore pronounced
after annealing the sample to elevated temperature. The STM
micrographs shown in Figure 1g,h for 0.2 ML Au after annealing

to 600 K show that large three-dimensional particles form on
MgO(001) with strongly reduced particle density (0.007 nm�2)
compared to the unannealed state (Figure 1d, 0.017 nm�2). In
contrast, both particle density (0.10 nm�2) and particle diameter
(2.6 nm) remain almost unaffected upon annealing of the
MgOhydr surface. Since the thermal energy exceeds the dif-
fusion barriers for Au atoms and small clusters on the regular
MgO(001) surface under the experimental conditions applied
here,39 it is safe to assume that nucleation and growth of Au on
the MgO(001) surface proceeds at particular surface sites, such
as step edges or point defects. The higher Au particle density on
the hydroxylated MgO surface suggests that additional nuclea-
tion centers are created by surface hydroxylation. It is not
possible to extract detailed morphological information about
the Au nucleation centers present on the MgO surfaces from the
STM images shown in Figure 1.
Spectroscopic evidence for the nature of the additional

nucleation centers on MgOhydr is provided in Figure 2, which
shows IRAS spectra of the OD region from theMgO surface that
has been exposed to 1� 10�3 mbar of D2O, and after subsequent
deposition of 0.02 and 0.22 ML Au at room temperature (RT).
The spectrum of the hydroxylated MgO surface (Figure 2a)
contains signal contributions at ν(OD) = 2737, 2745, and
2753 cm�1. Upon deposition of 0.02 ML Au, the band at
2737 cm�1 is reduced in intensity (Figure 2b), and by increasing
the amount of deposited Au (0.22 ML, Figure 2c), this band is
almost completely depleted. None of the other hydroxyl signals
is affected. Two important conclusions can be drawn from the
IRAS results presented in Figure 2. First, the loss of the OD IR
signal indicates that hydroxyls are consumed by interaction
with gold. This result is analogous to previous findings, for
example, for Rh deposited on hydroxylated alumina.40 Second,
this interaction is selective and affects only particular hydroxyl
groups, primarily those that give rise to a stretching frequency
of ν(OD) = 2737 cm�1. The results presented above suggest
that Au becomes oxidized upon selective nucleation at hydroxyls.

Figure 1. STMmicrographs (50 nm� 50 nm) of 0.04 and 0.20 ML Au
deposited at room temperature on clean (a, d) and hydroxylated (b, e)
surfaces of 10 ML MgO(001)/Mo(001), and after annealing of the
0.2 ML Au samples to 600 K (g, h). The hydroxyl coverage in panels
b and e is∼0.4ML, corresponding toMgOhydr(l). Tunneling conditions:
it = 0.1 nA,Us = +5�6 V. The Au particle size distributions are presented
in panels c, f, and i, respectively [black = Au/MgO(001); red = Au/
MgOhydr].

Figure 2. IR spectra taken at room temperature after (a) hydroxylation
of 13 ML MgO(001)/Ag(001) at p(D2O) = 1 � 10�3 mbar for 3 min
[MgOhydr(l)], (b) subsequent deposition of 0.02 ML Au, and (c)
additional deposition of 0.20 ML Au.
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To obtain more information about changes in the electronic
structure of Au induced by its interactionwithOH, we performed
XPS and IRAS using CO as a probe.
3.2. Electronic Structure of Au onMgO(001) andMgOhydr.

Figure 3 displays the results of XPS measurements for 0.04 ML
Au (i) deposited at room temperature on a clean MgO(001)
surface, (ii) after subsequent hydroxylation of the surface, and
(iii) for 0.04 ML Au deposited at RT on hydroxylated MgO-
(001). A binding energy of 84.0 eV for the Au 4f7/2 component in
spectrum i of Figure 3a is consistent with the formation of
metallic Au particles on clean MgO(001). Subsequent exposure
of the surface to 1 mbar of water at RT leads to complete
hydroxylation of the MgO surface, as evident from the additional
O 1s component at 532.7 eV [O 1s(OH)] typical for hydroxyl
groups on MgO (spectrum ii in Figure 3b).38 After posthydrox-
ylation treatment, the Au 4f7/2 signal is found at 84.3 eV, shifted
by 0.3 eV to higher binding energy compared to the clean MgO
surface (Figure 3a). Recently, it was shown that the shape of
supported Au particles is subject to dynamical changes during
H2�O2 cycling experiments, with chemisorbed oxygen at millibar
exposures of O2 being responsible for rounding of the otherwise
octahedral particles.41 Along the same lines, the binding energy
shift of the Au 4f7/2 component after posthydroxylation (Figure 3a)
can be attributed to a change in the chemical nature of the Au
particles due to chemisorption of hydroxyl groups, which result
either from direct water interaction with the small Au particles or
from spillover of hydroxyl groups from the oxide support onto
the Au particles.
If gold is deposited at room temperature onto the hydro-

xylated MgO surface, the Au 4f7/2 binding energy is shifted to
even higher values as compared to the posthydroxylation experi-
ment, and the maximum appears at ∼85.0 eV (spectrum iii in
Figure 3a). The electronic structure of the Au particles formed on
the hydroxylated MgO surface cannot be unambiguously deter-
mined from the XPS spectrum in Figure 3, because both final
and initial state effects can contribute to the observed XPS
chemical shift. Initial state effects42 refer to local electron density
of the atom from which the photoelectron originates and could
arise from oxidized gold species, where the gold core level
binding energy is known to shift higher.43 On the other hand,
final state effects44 are of particular concern for small metal
clusters supported on insulating substrates and refer to the
influence of screening of the positive charge created after electron

detachment, which will raise the core level binding energy.45,46

Deconvoluting the positive shift into initial and final state
contributions has proven to be an experimental challenge. Typi-
cally, the most applied method is the Auger parameter analysis;47

however, gold’s weak Auger emission renders this sort of
procedure feasible only for samples with high gold loading or
at synchrotron facilities. Our approach is to use the complemen-
tary results of XPS and IRAS to qualitatively separate the two.
In order to obtain more detailed insight into the electronic

structure of Au on hydroxylated as compared to clean MgO
surfaces, we probed the evolution of Au-specific spectroscopic
features in XPS as a function of temperature. We have performed
a complete temperature series between 100 and 600 K, and the
spectra were fit to evaluate the temperature dependence of
distinct Au oxidation states. Two examples are presented in
Figure 4, which shows Au 4f XPS spectra and fits obtained for
0.02 ML Au on MgOhydr(l) (a) directly after deposition at 100 K
and (b) after annealing to 573 K. [A description of the fitting
procedure and XPS spectra and fits for 0.02 ML Au on MgO-
(001), MgOhydr(l), and MgOhydr(h) at various annealing tem-
perature can be found in the Supporting Information.]
In Figure 5 we compare the binding energy of the Au 4f7/2

components as a function of annealing temperature for 0.02 ML
Au on the three different MgO surfaces. On MgO(001), two
components with Au 4f7/2 binding energies of 84.4 and 85.6 eV,
respectively, are present after deposition of Au at 100K (Figure 5a).
The binding energy of the former component increases slightly

Figure 3. XPS spectra of the (a) Au 4f and (b) O 1s spectral regions for
0.04 ML Au (i) deposited at room temperature on 13 ML MgO(001)/
Ag(001) and (ii) after subsequent hydroxylation at 1 mbar of D2O.
(iii) Spectra obtained after deposition of 0.04 ML Au on hydroxylated
(1 mbar of D2O) 13 ML MgO(001)/Ag(001).

Figure 4. Experimental photoemission spectra and results of fits of
the Mg 2s and Au 4f region for 0.02 ML Au (a) deposited at 100 K onto
13 ML MgOhydr(l) and (b) of the same sample after annealing to 573 K.
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upon annealing to 130 K, probably due to thermally induced
rearrangement of the small Au species on theMgO surface. Upon
further annealing, the binding energy of both components tends
downward and the two components merge into a single one
at ∼240 K, which at 300 K exhibits a binding energy of 84.1 eV
and reaches the bulk Au value of 84.0 eV after heating to 573 K.48

A similar trend is visible in the annealing series for Au
deposited on the hydroxylated MgO samples (Figure 5b). Com-
pared with Au on MgO(001), however, the Au 4f7/2 binding
energies are higher at all annealing temperatures. After deposi-
tion at 100 K, the low binding energy component is found at
85.3 and 85.2 eV on MgOhydr(l) and MgOhydr(h), respectively,
and remains almost constant up to an annealing temperature of
300 K. Only after heating to 573 K does the binding energy shift
to lower values, 84.3 eV [MgOhydr(l)] and 84.4 eV [MgOhydr(h)].
The second Au component at high binding energy exhibits values
of 86.9 eV [MgOhydr(l)] and 87.1 eV [MgOhydr(h)] directly after
deposition at 100 K. With increasing temperature, the bind-
ing energy of this component shifts to lower values (Figure 5b)
and the peak intensity decreases steadily between 150 and 270 K

(Figure 5c). At 300 K it has completely vanished on both
MgOhydr(l) and MgOhydr(h) surfaces, and the spectra show only
a single Au 4f component. The binding energy shifts observed for
Au deposited at low temperature on MgOhydr of up to +3 eV
compared to bulk Au (84.0 eV) are significantly higher than the
maximum contribution expected from final state effects, which is
reported to be in the range +1.0 to +1.5 V.49 Therefore, the XPS
data provide strong evidence that the initial nucleation of gold on
hydroxyls leads to oxidized gold species on the surface. This
statement can be confirmed by complementary IRAS studies of
CO adsorbed on Au particles that have been prepared under
the same conditions as in the XPS experiments described above.
CO IRAS is particularly suited for this purpose because the CO
stretching vibration is a sensitive probe of the Au oxidation
state.50

Figure 6 shows the IRAS spectra taken following a 1 L
exposure of CO at 100 K for 0.02 ML Au on 13 ML MgO-
(001)/Ag(001) (black, upper spectra), MgOhydr(l) (red, middle
spectra), and MgOhydr(h) (blue, lower spectra) as deposited (a)
at 100 K and after annealing to (b) 300 or (c) 600 K. All spectra
were collected at 100 K. TheCO IRAS spectra for 0.02MLAu on
MgO(001) have been described in detail previously48 and are
presented here for comparative reasons. At 100 K onMgO(001),
three distinct absorption bands at 2170, 2154, and 2121 cm�1 are
evident. The former two signals are assigned to cationic gold
species nucleated at defect sites such as anion vacancies (F2+)
and grain boundaries, while the band at 2121 cm�1 originates
fromCO adsorption on small metallic Au clusters or at the oxide-
cluster periphery. With annealing to 300 K, a single broad absorp-
tion feature with weak intensity centered around 2110 cm�1

remains, which is due to CO adsorption on flat, 2 ML high Au
particles. Continued annealing to 600 K results in a single sharp
band centered at 2090 cm�1, which is characteristic for CO on
three-dimensional, metallic Au particles. In addition to the IR
bands reported in Figure 6, the contribution of CO adsorbed on
single Au atoms onMgO(001) at 1850 cm�1 is detected at 100 K
(data not shown).48 The atoms are, however, unstable toward
agglomeration at higher temperature and are lost after annealing
to 140 K.
On MgOhydr(l), two broad absorption bands are initially

present at 100 K centered around 2165 and 2125 cm�1, the
latter exhibiting a shoulder at 2135 cm�1. At 300 K the main
spectral contribution is a band at 2130 cm�1. By 600 K a single
sharp band remains at 2090 cm�1 with an intensity 2 times that
seen on Au/MgO(001). At 100 K on MgOhydr(h), two broad
features at 2170 and 2130 cm�1 are observed. These bands are
blue-shifted with respect to Au onMgOhydr(l) and the intensity of
the band at 2170 cm�1 is significantly reduced. After annealing to
300 K, the spectrum is similar to that of Au onMgOhydr(l), with a
band centered at 2130 cm�1 but with a smaller absorption
intensity. By 600 K, a single band remains at 2088 cm�1 with a
signal intensity between that of MgO(001) and MgOhydr(l). On
both MgOhydr(l) and MgOhydr(h), no contribution of CO ad-
sorbed on neutral Au atoms could be detected. The IR data
presented in Figure 6c indicate that the chemical state of Au
after a final anneal to 600 K is the same on all MgO surfaces
investigated here and corresponds to metallic Au particles. At
lower temperature, however, the CO adsorption properties on
MgOhydr-supported Au particles are slightly altered as compared
to those on cleanMgO(001) (Figure 6a,b) pointing to differences
in both morphology and chemical state of Au on these surfaces.

Figure 5. Au 4f7/2 binding energies as a function of annealing tem-
perature obtained from fits of the photoemission spectra for 0.02 ML
Au deposited at 100 K on (a) 13 ML MgO(001)/Ag(001) and
(b) MgOhydr(l) (red) and MgOhydr(h) (blue). (c) Au 4f peak area as a
function of annealing temperature for Au/MgOhydr(l) (red) and Au/
MgOhydr(h) (blue). Open and solid symbols represent the high and low
Au 4f7/2 binding energy components, respectively.
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4. DISCUSSION

Combining the STM, XPS, and IRAS results presented in the
previous section provides us with the ability to draw a very
detailed picture of the initial nucleation of Au atoms on the
hydroxylated MgO(001) surface with regard to the nature of
nucleation sites and Au chemical state. As evidenced by the IRAS
results presented in Figure 2, only a particular type of hydroxyl
group [with ν(OD) = 2737 cm�1] is able to chemically interact
with incoming gold atoms. Based on previous experimental
findings for MgO powders and more recent density func-
tional theory (DFT) calculations, frequencies in the range
2730�2760 cm�1 can be attributed to dicoordinated, isolated
hydrogen-bond acceptor hydroxyls (at lower frequency) and
single-coordinated hydrogen-bond acceptor hydroxyls (at higher
frequency).51,52 More specifically, an experimental study carried
out for MgO smoke particles and thin films combined with
computations identified a hydroxyl group with ν(OH) =
3710 cm�1 [which corresponds to ν(OD) = 2735 cm�1 when
an isotopic factor of 1.356 is taken into account]51 as dicoordi-
nated OH groups on step edges.53,54 Support for this assignment
comes from our own studies on the pressure-dependent hydro-
xylation of 12 ML MgO(001)/Ag(001) films, where a band at
ν(OD) = 2737 cm�1 was detected at low H2O pressure,38

corresponding to water dissociation at highly reactive surface
sites, most likely at step edges. Although some ambiguity still
remains in the exact assignment of OH groups on MgO, the
studies mentioned above enable conclusions about the relation-
ship of certain surface structural elements and associated stretch-
ing frequencies of OH groups on MgO.52�54 On the basis of this
correlation, we assign the hydroxyl band at ν(OD) = 2737 cm�1,
and therefore the Au nucleation site on hydroxylated MgO, to
dicoordinated hydroxyl groups formed by water dissociation at
low-coordinated step sites.

The chemical nature of the Au species nucleated at hydroxyl
groups is inferred from the combined IRAS and XPS results
presented in Figures 4�6. Before going into the details of the
Au/MgOhydr samples, it is useful to recall the results of the
temperature-dependent behavior of 0.02 ML Au deposited on
clean MgO(001), which has been discussed previously.48 Briefly,
the Au 4f7/2 binding energy component at 85.6 eV and the IR
absorptions at 2154 and 2170 cm�1 observed at 100 K have been

assigned to small, cationic Aun (n = 2, 3) clusters nucleated at
defects such as anion vacancies and grain boundaries that act as
electron trapping sites. The Au 4f7/2 component at 84.5 eV and
the IR band at 2121 cm�1, on the other hand, are attributed to
small, metallic Au clusters.48 Annealing to elevated temperature
promotes diffusion and agglomeration of the small Au species,
leading to larger Au particles. Hence, the binding energy of both
components shifts to lower values. The shift of the lower binding
energy component is attributed to the better final state screening
in larger particles, whereas the shift of the higher binding energy
component is due to dilution of the initial positive charge upon
attachment of neutral atoms. By 240 K, only one Au 4f7/2 com-
ponent at 84.2 eV remains, which shifts to 84.1 eV at 300 K and
to 84.0 eV at 600 K, consistent with the formation of large,
metallic Au nanoparticles.48

The XPS and IRAS results for Au on hydroxylated MgO
surfaces show qualitatively similar trends compared to those for
Au on MgO(001). However, the details reveal differences in the
chemical nature of the Au species as well as their morphology
over the entire temperature range investigated. We first note the
high binding energy Au 4f7/2 components at 86.9 and 87.1 eV
observed at 100 K on MgOhydr(l) and MgOhydr(h), respectively,
which fall into the range reported for Au2O3 and strongly
oxidized gold clusters.43,55 The disappearance of these species
after annealing to 300 K coincides with the loss of the CO band at
2165�2170 cm�1, suggesting a direct relationship between these
XPS and IRAS signals. The second Au 4f7/2 component is
recorded at 85.2 eV on hydroxylated MgO surfaces, which is
shifted by 0.7 eV to higher binding energy than the correspond-
ing low binding energy Au 4f7/2 component onMgO(001) at this
temperature. In addition, the binding energy of this component
stays almost constant in the temperature range between 100 and
300 K on MgOhydr, whereas on MgO(001) it decreases to
84.1 eV. Because of the rather limited mobility of Au at 100 K
and the small Au coverage (0.02 ML), the initial cluster sizes
at 100 K are not expected to differ significantly from one support
to the other. We, therefore, exclude that final state effects
contribute to the binding energy difference observed for
0.02 ML Au on MgOhydr and MgO(001) and assign the Au
4f7/2 component at 85.2 eV on MgOhydr also to oxidized gold.
Support for this assignment is provided by the CO IRAS results

Figure 6. IR spectra of adsorbed CO on 0.02 ML Au on (upper, black) 13 ML MgO(001)/Ag(001), (middle, red) MgOhydr(l), and (lower, blue)
MgOhydr(h) as a function of annealing temperature: (a) 100, (b) 300, or (c) 600 K. Spectra were all collected at 100 K following a 1 L exposure of CO.
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for Au onMgOhydr, where signals in the area of 2130 cm
�1, blue-

shifted with respect to CO on metallic gold particles, are
observed at 100 and 300 K, respectively.

Upon annealing to 573 K, a single Au species with a binding
energy of 84.4 eV remains on MgOhydr, shifted by +0.4 eV
relative to that of bulk Au. This temperature is high enough to
facilitate complete reduction of the oxidized Au particles into the
metallic state,55 a fact that is corroborated by the IRAS results
showing a similar CO stretching frequency of ∼2090 cm�1 for
the annealed Au particles on all MgO supports. The higher
binding energy for Au on MgOhydr as compared to MgO(001)
after annealing to 573 K is, therefore, mainly ascribed to the final
state effect, suggesting that the Au particles are significantly
smaller on MgOhydr. The latter conclusion is in agreement with
our previous TPD study, which provided evidence for higher Au
dispersion on MgOhydr as compared to MgO(001),56 as well as
with the STM data presented in Figure 1.

The correlation of XPS and IRAS results discussed above
allows for the following classification of Au species present at the
initial stages of nucleation on hydroxylated MgO(001): The Au
species on MgOhydr with Au 4f7/2 binding energies in the range
86�87 eV, and CO stretching frequencies in the range
2165�2170 cm�1, are assigned to small AuxOy aggregates.
The second Au species exhibiting a binding energy of ∼85 eV
and a related CO IR signal at 2130 cm�1 correspond to small Au
clusters with a few oxidized gold atoms at the oxide/cluster
interface. The decrease of intensity of the XPS peak at 86�87 eV
in the temperature range 100�300 K together with the increase
of intensity of the lower binding energy component (Figure 5c)
may be attributed either to decomposition of the small, strongly
oxidized Au species or to agglomeration into larger but still
partially oxidized Au particles.

To summarize, the results of this study provide clear evidence
for the selective chemical interaction of Au atoms with hydroxyl
groups on the MgO surface. Hydroxyl groups not only act as
strong anchoring sites for Au atoms but also are able to oxidize
gold, leading to small AuxOy aggregates with characteristic XPS
and CO IRAS properties. Furthermore, the interaction of Au with
only one type of hydroxyl groups highlights the site selectivity of
this interaction and, in addition, provides information on the
chemical properties of hydroxyl groups on MgO. The enhanced
sinter stability of Au particles on MgOhydr compared to
MgO(001) reported previously may consequently be explained
by the enhanced interaction of Au particles with theMgO surface
due to the formation of strong Au�O interfacial bonds, which
hampers diffusion and aggregation as the temperature is increased.

It is interesting to compare the present results with previous
Au nucleation studies on differently functionalized TiO2(110)
surfaces performed in UHV. Matthey et al.35 found that Au
homogeneously nucleates on the terraces of reduced, r-TiO2, and
oxidized, o-TiO2, surfaces, whereas agglomeration to larger
particles and decoration of step edges was observed for a
hydrated, h-TiO2, sample. Although not obvious at first sight,
these findings are in agreement with what is reported here. The
h-TiO2 surface is prepared by H2O dissociation at O-vacancy
defects, leading to the formation of bridging hydroxyl groups,
OHbr. Therefore, h-TiO2 can essentially be described as H
adatoms capping some of the bridging oxygen of a stoichiometric
TiO2(110) surface. Corresponding DFT calculations revealed
low diffusion barriers for Au on h-TiO2, in agreement with
the experimental finding.35 The chemical properties of this type
of OHbr are clearly different from the dicoordinated hydroxyl

groups that are involved in oxidation of Au on MgOhydr. Our
results should, therefore, be compared with the behavior of Au on
o-TiO2. According to DFT, small gold clusters interacting withO
adatoms on o-TiO2 become cationic and exhibit large adhesion
energies.35 The same behavior is found in the present study
for the interaction of Au with OH on MgOhydr, which suggests
that dicoordinated hydroxyl groups with a stretching frequency
of ν(OD) = 2737 cm�1 [or ν(OH) = 3710 cm�1] interact in a
similar way with Au as O adatoms on TiO2. This conclusion is
also in agreement with the finding that treatment of TiO2 powder
with aqueous pH 10 solution enhances the sinter resistance of
small Au particles on this surface as compared to untreated TiO2,
which has been related to the formation of strongly bound
hydroxyl groups.23

The presence of hydroxyl groups on the supporting oxide is an
important factor in determining the dispersion of gold particles
during the frequently employed deposition�precipitation meth-
od for the preparation of supported gold catalysts.21,22 The
present study carried out on a model oxide surface fully supports
this assumption. Although the nature of the precursor, Au�
hydroxyl complex in deposition�precipitation, as opposed to Au
atoms in the present study, is clearly different, we notice various
similarities in the XPS and CO IRAS signatures in the present
work on hydroxylatedMgO and powder samples prepared by the
deposition�precipitation method.13,57 For example, after ther-
mal treatment of a freshly prepared Au/Al2O3 sample at 473 K in
vacuum, which leads to decomposition of the Au�hydroxide
complex and the formation of oxidic gold, Hadjiivanov and
co-workers57 observed a CO IR signal at 2167 cm�1 and assigned
this to CO adsorbed on Au+. In addition, after oxidation of
metallic Au clusters, an IR signal at 2139 cm�1 was observed due
to partially oxidized gold particles. The CO stretching frequen-
cies of the two Au species reported by Hadjiivanov and co-
workers57 agree well with those reported in the present study
observed after Au deposition on hydroxylatedMgO.We take this
as clear evidence that the chemical identity of the gold species
found on the hydroxylated MgO model system is the same as
those that are frequently observed in real catalyst samples.
Moreover, careful analysis of the data presented here allows for
an unambiguous correlation of IR and XPS signals of these gold
species.

Finally, we point out that the finding of enhanced stability of
Au particles on a hydroxylated oxide surface, which holds for
MgO(001) and TiO2(110) with terminal OH(OD) groups, may
not generally be applied to other metal/oxide systems. For
example, the opposite trend, higher adhesion energies on non-
hydroxylated surfaces, is predicted in calculations for Pd13 on
γ-Al2O3, which is explained by the strong Pd�Al bond that
forms on the nonhydroxylated surface and cannot be established
on the hydroxylated one.58

5. CONCLUSION

This study presents a detailed experimental investigation of
the reactivity of MgO-supported gold toward water vapor and
surface hydroxyl groups. The interaction of small supported
gold particles with water in the millibar pressure range leads to
changes in the electronic structure due to partial oxidation of
the particles with hydroxyl groups. Hydroxyl groups present on
the MgO(001) surface prior to gold deposition have been shown
to influence the nucleation, bonding, and electronic structure
of gold on the MgO(001) surface in a wide temperature range.
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The results presented here show that gold atoms are reactive
toward oxidation when deposited onto hydroxylated MgO. The
IR data provide clear evidence for a selective OH�Au interac-
tion, which is found to affect only dicoordinated OH groups. The
stronger interaction of Au with the hydroxylated MgO surface
due to the formation of strong Au�O interfacial bonds is
responsible for the enhanced thermal stability and, hence, the
higher gold dispersion on hydroxylated as compared to clean
MgO(001). Finally, the comparative infrared and photoemission
results presented here are in good agreement with data from
powder samples at the various stages of their preparation history
and enable a direct correlation of the chemical nature of Au and
the respective spectroscopic signatures.
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